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ABSTRACT

It is well established now that helminths mainly nematodes influence immune responses
and provide protection and even inhibition of chronic inflammatory disorders. Nematode
infection may be a consequence of the stimulation of specific immune responses including
expansion of CD8(+) Tregs that actively contribute to a shift in immune response and gut
microbiota. However, there is growing evidence for alternative CD8 (+) T cell fates influencing
CD4(+) T-cell-mediated responses in the context of allergy and autoimmunity including
neurodegeneration spectrum disorders. It seems to be that CD8 (+) iTregs play a unique role
in restoring immune homeostasis. The article discusses the current status and prospects of
clinical use of immunomodulatory parasitic worms in the treatment of autoimmune and
inflammatory diseases, including MS and AD. Here, we present our current understanding of
the diversity of CD8 (+) iTregs effector cells and possible contribution of nematode factors to
this process.
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Introduction goals, especially for medical and veterinary

= Worm Dependent Treatment Options science [1].
for ADs Intestinal nematodes are highly prevalent in
The phylum Nematoda comprises an ancient and humans and animals. The modulation of the

Lo . . . immune response in specific hosts by parasites
biologically diverse group of moulting animals. v P p Y p

It is the second largest phylum in the animal allows them to survive for long p erlof:ls.
Nematodes have developed several effective
mechanisms to regulate host immunity, thus
ensuring a beneficial environment for survival
with reduced morbidity and pathogenesis in
the host. In many infections, parasite invasion

is often unnoticed until dispersive forms appear.

kingdom. Molecular phylogenetic analyses have
found parasitism of animals to have arisen on
at least five independent occasions in vertebrate
hosts. Nematode infections in humans include
ascariasis, trichuriasis, hookworm, enterobiasis,
strongyloidiasis, filariasis, and trichinosis. These

parasitic diseases, with the exclusion of filariasis,
are provoked mainly in the gastrointestinal
tract. Understanding the evolutionary origins of
animal parasitism, and the mechanisms by which
parasites locate and invade their hosts, avoid host
immunity, and acquire nutrition are important

Upon infection, the larvae migrate to the targeted
tissue, molt and, after relocation and settling in a
particular part of the intestine, reproduce and lay
eggs. After temporary localization of larvae in the
tissue, an inflammatory response is elicited by
antigens secreted by the parasite. The cells of the
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host innate immunity are vigorously entangled
in the destruction of larvae [2].

Parasites are able to evade the action of the
immune system. However, to explain their
effect on innate immunity, which impedes
development of effective adaptive immunity
against adult stages, there is a need for greater
research on parasite molecules. It seems that
from the beginning of infection, nematodes are
able to control the level of host inflammation
by molecules expressed on their surface or
by their excretory/secretory products, which
have been described as a pathogen-associated
molecular pattern [3]. A greater understanding
of how nematodes afflict the immune cells of the
host may allow the development of treatments
that specifically interfere with inflammatory
disorders. Parasitic molecules could operate
as ligands for extracellular and intracellular
receptors in antigen-presenting cells and regulate
the activation of dendritic cells (DC) [4].
Depending on the strength of antigen signals
and molecular characteristics, dendritic cells
may induce protection or tolerance to ongoing
infection. The affinity of the T cell receptor (TCR)
to antigen, the strength of the co-stimulatory
signals provided by antigen-presenting cells and
cytokine production, DCs activated by parasitic
antigens might induce CD4* cells that expand
as either specific T helper or T regulatory cell
populations. In inflammation that is not fully
developed, e.g. in milien, when innate immunity
is not fully expressed, DCs are arrested in a semi-
mature state and promote the development of
naive T cells into Treg cells. Ultimately, these
cells induce a suppressive environment [5].

The regulation of immune response is not only
restricted to infective larvae; it is also valid for all
parasite stages, which may use their own specific
molecules to bring about the most advantageous
circumstances for successful invasion, migration,
settlement, development or reproduction [6].
Common molecules typical for PAMP, which
are present in the tissue invaded by larvae,
may be crucial for the induction of a long-
lasting tolerance required for incoming stages
of the nematode and which would optimize the
conditions for most abundant infection.

T-regulatory cells are primary generated in the
thymus (tTreg), but also could be generated
extrathymically at peripheral sites (pTreg) or
induced in cell cultures (iTreg) in the presence
of transforming growth factor B (TGFp). Two
cytokines: TGF-f and IL-10 have been identified

that play key roles in the expansion and support of
Treg cell function: these cytokines play the most
crucial role for the development of a tolerogenic
environment, both locally and systematically [7].
TGEF-B promotes the induction of iTreg cells,
accompanied by an increase in the expression
of Foxp3, and Foxp3 (+) CD4 (+) cells, and
increases the expression of CD25 and the CTLA-
4 receptor to regulate the immune response [8-
10]. CD4 (+) CD25 (+) Foxp3 (+) Treg suppress
effector CD4 T cell activation and proliferation
[11,12]. In nematode infection de novo Foxp3 is
expressed in T cells along with IL-10 and TGF-f
production and greater expression of CTLA-4
[13]. This cytokine is important for the resolution
of nematode infection, and the neutralization
of TGF-B in mice with monoclonal antibodies
resulted in marked changes in the course of
nematode infection accompanied with cytokine
production. The nematode suppressed the
immune response through pathways involving
TGEF-B, and activity of Th2-related immune
response was not a target upon cytokine
neutralization [14]. The induced Treg cells
express their suppressive activity by influencing
the production of TGF-B, IL-10 and IL-35
[15,16]. IL-10 acts as a positive autocrine factor
in the development of IL-10-producing Treg
cells [17]. The cytokine reduces the expression of
major histocompatibility complex type II (MHC
II) and the co-stimulatory molecules CD80/
CD86, and inhibits cytokine production [13].
Following exposure to the action of IL-10, CD4
T cells become unresponsive to antigens, and are
unable to produce cytokines and reach a state
of anergy [18,19]. T regulatory cells create an
immune homeostasis in filarial infections in an
IL-10-dependent and dominated environment
[20].

Long-term, and usually asymptomatic, infections
with  Ascaris, hookworm, and Trichuris
species in human are significantly linked with
hyporesponsiveness associated with regulatory
cell activation, IL-10 and TGF-B production and
a higher frequency of circulating CD4(+)CTLA-
4(+) T cells [21-23]. It is clear that infection
with nematodes exploits the TGF-B pathway to
suppress host immunity and it is postulated that
an immunoregulated state is a common outcome
across a diverse range of helminths: a diverse
group of multicellular parasitic worms divided
into two major phyla, the nematodes and the
platyhelminths [24,25]. An immunosuppressive
environment might be also created by parasitic
nematode proteins with enzymatic activity
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[26]. Many proteins of different families have
been found to have intense proteolytic activity
and these may be involved in many evading
mechanisms, also resulting in the degradation of
cytokine, antibodies or receptor specificity. The
structure of parasite molecules is a key factor in
their immunoregulation; however, few studies
have proposed nematode molecules with such
potential and their function remains poorly
known.

The pathogenic cause of autoimmune diseases
is currently unknown. However, it is widely
believed that susceptibility to autoimmune
reactions is multifactorial and includes genetic
predisposition, gender, ethnicity, age and
environment. While no single factor has
been identified as preeminent, the role of the
environment has garnered increasing interest,
as postulated by the National Institute of
Environmental Health Sciences (NIEHS). The
increasing incidence of autoimmune diseases,
with their high prevalence in Western countries
and rapid growth in hitherto low prevalence
countries like Japan, has led to a range of
explanations based around environmental
triggers [27]. One such explanation is the
“Hygiene Hypothesis”, a term first used by
Strachan in 1989. This hypothesis proposes
that exposure to pathogens during childhood is
essential for immune system development. The
“Old Friends Theory” or the “Biome Depletion
Theory”, is an extension of the Hygiene
Hypothesis [28], which proposes that the long
association between host and parasite has resulted
in a coevolutionary dependence, where parasitic
helminths rely on their hosts for nutrients
and a niche, and the host immune system is
primed to expect signals from helminths [29].
However, until now, helminth infections have
not been demonstrated as necessary for proper
host immune maturation in either humans or in
animal models, and co-evolution over millions of
years involves a form of mutualism where both
the host and the parasite derive some benefit
from their relationship. In such long-lasting
infections, immunosuppression is obviously
beneficial for the parasite: it prevents parasite
death and expulsion, improves the fitness of the
parasite and benefits the host through inhibition
of inflammatory reactions preventing local and
peripheral pathology generated by itself and
otherwise innocuous antigens [30].

Based on the observation that treatment of
patients in helminth-endemic countries with
anthelminthic drugs lead to exacerbated allergic

disease, and conversely, an infection of allergic
patients with helminths ameliorated allergic
symptoms, inferred that nematode exposure
could prevent autoimmune diseases [31]. Asa
consequence, gastrointestinal nematodes are
currently being evaluated as a novel form of
therapy in the treatment of chronic human
inflammatory disorders, due to their unique
ability to induce immunoregulatory pathways
in their hosts. The most exciting and promising
option in the field is based on the identification
and characterization of immune targets as being
highly specific to well-tolerated molecules
involved in the interaction between parasites and
their hosts.

Clinical data, experiments in NOD mice and
other animal models of inflammatory and
autoimmune diseases have shown that nematode
infections may not only prevent but also reverse
allergy and asthma and autoimmune diseases
such as inflammatory bowel disease (IBD),
Crohn’s disease and ulcerative colitis (UC),
Type-1 and -2 diabetes (T'1D, T2D), multiple
sclerosis (MS), atherosclerosis and celiac disease
by influencing both innate and adaptive immune
reactions [32,33]. One of the advantages of
helminth-induced
that it has the bystander effect of attenuating
dysregulated and pathogenic immune responses

immunosuppression is

to allergens and autoantigens. Consequently,
individuals infected with helminth parasites
have reduced susceptibility to developing
allergies, asthma and autoimmune diseases.
Th2 cell and forkhead box protein 3, (Foxp3*)
regulatory T cell expansion is associated with
downmodulation of Thl and Th17 responses
and is the most common characteristic shared
across different worm infections. However, the
proposed induction of Th2, Treg, regulatory
B (Breg) cells, regulatory macrophages (M2,
alternatively activated AAM@s) and regulatory
dendritic cells (DCs) cells provoked by infection
only partly explains the beneficial effects in
patients with such conditions as UC and MS
[34,35].

For now, research into worm-dependent
treatment options has focussed on three options:
Helminth therapy (HT), Helminth-derived
product therapy (HDPT) and Helminth-
induced immunoregulatory pathways (HIIP).

(TSO) and the

haematophagous hookworm Necator americanus

Trichuris  suis ova

were proposed as improved and effective HT
treatments for inflammatory bowel disease
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and MS, and two clinical trials have been
initiated: NCT01040221 and NCT01070498
[36,37,38]. Although the results obtained from
a small number of patients have indicated that
TSO is safe, the findings are not conclusive. One
recently published study did not find any such
therapeutic effects [39]. Another reports clinical
improvement, but amelioration of symptoms
was only seen when the infection was present and
removal of the parasites resulted in the remission
of disease pathology and the inhibition of
immunomodulatory response [33]. In addition,
many patients feel uneasy about receiving live
worms for therapy.

Aside from the ethical concerns, there are
many practical considerations that may reduce
the efficacy of this approach and even provoke
pathological consequences, especially in an
immunocompromised host [40]. Nematode L4
larvae invade tissues, exhibit aberrant migration
in the human host and influence the physiology
of their respective niches, and even small
numbers of hookworms induce gastrointestinal
pain in the early stages of infection. Live parasite
infections result in the induction of danger
signals and pro-inflammatory stimuli, thus
leading to inflammation. Furthermore, the host
is exposed to the full spectrum of helminth-
derived products including potent antigens,
inflammatory stimuli and potentially disease-
causing allergens in addition to the desired
helminth immunomodulators. In addition,
for safety reasons, the trials used the minimum
number of larvae, and potential clinical benefits
could have been missed. It is also very difficult to
conduct these trials using proper placebo-based
controls as early infection is associated with
obvious symptoms.

It has been argued that treatment of patients
with living nematodes has disadvantages.
Helminths can influence drug efficacy by
modulating the host immune response, and
colonization may worsen other pathogenic
infections in immunocompromised hosts [37].
In addition, in order to survive for a long time
in an adverse and aggressive environment, the
nematodes secrete several soluble factors that
interact with host cells; this may modify host-
cell homeostasis and increase susceptibility
to oncogenic transformation [41]. Factors
secreted by helminths could be involved
in neoplasma promotion and progression:
Schistosoma haematobium, Taenia taeniaformis,
Spiromera mansonoides, and Taenia solium all
have significant tumor-promoting activity [42].

Excretory-secretory (ES) products from the small
intestine nematodes Trichostrongylus vitrinus,
Trichostrongylus  colubriformis,  Cooperia
curticei, Nematodirus battus and the abomasal
nematode Teladorsagia circumcincta have all
been shown to produce over-proliferation in
normal intestinal epithelial cells and/or cell
lines [43]. Additionally, it has been found that
intestinal nematode larval adaptation and growth
significantly increase in mice with colitis [44,45].

An important area of HDPT study is the
characterization of the key molecules responsible
for immunomodulation. These could be used
as drugs or as structural templates for future
drugs with therapeutic potential to control
inflammation and autoimmune diseases. It
has been demonstrated that infection with live
nematodes is not a prerequisite for suppression of
inflammation: Treatment with soluble products
from the nematodes 7. suis and Trichinella
spiralis also induces significant suppression
of symptoms in murine EAE and colids
[46,47]. The best known example is the filarial
molecule- phosphorylcholine product ES-62
from Acanthocheilonema viteae. ES-62 modulates
dendritic cells and macrophage activity in a
TLR-4 dependent manner and attenuates the
symptoms of CIA, AHR, and DSS-induced
colitis [48-50]. Other filarial A. viteae molecules
(AvCystatin) have been shown to prevent asthma
and colitis in animal models of the disease by
induction of macrophage IL-10 production
[51] as a consequence of phosphorylation of
the mitogen-activated protein kinase signaling
pathways ERK1/2 and p38 by macrophages
[52]. The recombinant 53kDa protein from 7.
spiralis prevented experimental colitis in mice
and upregulated Th2 and regulatory cytokines
while downregulating the activity of some
Th1 cytokines [53]. More potential options
are discussed in many excellent review articles
[54-57]. However, the results of studies on
the use of single immune-active components
isolated from nematode products as potential
drugs are not as meaningful as previously
believed. This comes as no surprise for several
reasons: The live nematodes express and
secrete copious quantities of antigens into
host tissues with different immunomodulatory
properties and the immunomodulatory effects
must be multiple and complex. These mixtures
of proteins might aid worm survival in a
number of ways, minimizing or interfering
with inflammatory processes, and selectively
skewing the phenotype of the generated
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immune response [58].

The protective immune responses to native
antigens have been difficult to replicate
using recombinant antigens with incorrect
conformations and lacking post-translational
modifications produced by most popular
artificial expression systems such as bacteria and
yeast. Furthermore, the use of single defined
immunomodulatory products as therapeutics
is doomed to failure as these can be neutralized
and rendered ineffective by the host immune
response.

HIIP studies aimed at the identification and trial
of key helminth- derived immunomodulatory
molecules and identification of therapy targets
according to might provide focused safe
therapy. This is a relatively recent approach
developed as a result of long-term study of the
topic. Recently Terrazas et al. [59] identified
the critical role played by PD-L1 (+)/PD-L2
(+) alternatively activated macrophages in the
regulation of autoimmune disorders following
tapeworm Tuaenia crassiceps infection. Adoptive
transfer of PD-L1 (+)/PD-L2 (+) AAMg¢s into
mice in whom experimental autoimmune
encephalomyelitis [60,61] had been induced
reduced disease incidence, delayed disease onset
and reduced clinical disability [59]. The PD-
L1 and PD-L2 macrophages recognized and
activated by AvCystatin of A. viteae have also
been found to transfer adoptive protection
against allergy and colitis [62]. At this aspects
clinical trials use macrophages to treat MS
could be expected. In our last study, an induced
population of CD8 regulatory T cells has been
proposed as participating in the intervention
by the intestinal nematode Heligmosomoides
polygyrus in chronic EAE in mice [63]. We
found that infection with H. polygyrus (H.
polygyrus as a useful laboratory model for the
hook worm N. americanus infection study [55])
dramatically diminished EAE symptoms at the
early pre-patent phase, while nematode L4 stage
colonized the small intestinal wall. At this stage
of exposure to L4 stage we observed extensive
leukocyte infiltration into the CNS, consisting
mainly of CD8 (+) CD25 (+) (IL-122) FoxP3
(-) T cells [63]. In the cerebrospinal fluid (CSF)
of EAE mice infected with nematode, CD8
T cell subpopulation contained several times
more CD25 expressing cells than EAE control
mice that were not exposed to nematodes. The
accumulation of CD8(+)CD25(+)FoxP3(-
) T cells in the CNS correlated with visible

regeneration of brain edges and an increased

quantity of blood vessels, reduced proliferation
of T cells and reduced demyelination, as well
as an increased concentration of nerve growth
factor (NGF) [63] vascular endothelial growth
factor (VEGF) and myelin basic protein (MBP)
(unpublished data). Interestingly, nematode
infection in unimmunized mice did not enhance
the proportion of the CD8(+)CD25(+)FoxP3(-) T cell
population, which can confirmed the regulatory
potential of myelin/nematode-specific CD8(+)
CD25(+)FoxP3(-) T cells in inflammation.
Enhanced expression of a CD8(+) regulatory T
cells in the intestine of H. polygyrus infected Rag
mice (T and B cell deficient) with piroxicam-
induced colitis was reported previously. H.
polygyrus required total CD8 (+) T cells in vivo
to reverse the disease process and the regulatory
cells required cell contact but did not need IL-
10 or TGF- signalling through the T cell [64].
Although much is to determined, the above
observation reveals that the suppression of
this autoimmune disease by parasitic worms is
strongly associated with the induced CD8 (+)
regulatory T lymphocytes and, importantly, the
CD8 (+) lymphocyte subpopulation induced
by helminths seems to be different from Tregs
CD8 (+) physiologically induced by regulatory
cytokines [65,66].

CD8(+) Tregs In The Treatment Of
Neurodegenerative Spectrum Disorders

Classical CD8(+) T cells serve as a critical
component of the cellular immune response. In
particular, cytotoxic T lymphocytes (Tcl cells)
play a crucial role in the control of viral infection
and the elimination of cells with malignant
potential, and constitute the best characterized

subpopulation of CD8 (+) effector T cells.

Similar to CD4(+) Treg cells, CD8(+) Treg
subpopulations and their mechanisms of
suppression are quite heterogeneous, and a
small number of experimental models have
confirmed that the phenotype and activity of
diverse CD8(+) T cell subsets differentiate in
accordance with the physiological state of the
body and the needs of homeostatic protection.
One relatively well-defined CD8 Treg cell subset
comprises CD8(+) Treg cells restricted by the
Qa-1 (mouse) or HLA-E (human) non-classical
MHC class Ib molecules. The cells recognize
peptides  complexed with Qa-1 molecules
expressed by effector CD4 (+) T cells, and then
eliminate the CD4(+) T cells in a perforin-
dependent manner [67-69]. The Qa-1-restricted
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CD8(+) Treg cells, representing 3—5 % of all
CD8(+) T-cells, become functional after re-
encountering the antigen, suggesting that it may
involve differentiation of the CD8(+) T cells to
cytotoxic T cells.

A second subpopulation that has been described
in some detail includes CD8 (+) CD28 (-) CD152
(+) CDG62L (+) T cells. This subpopulation
expresses the Foxp3 transcription factor.
Functionally, it targets APCs and renders them
tolerogenic. The exposure of APCs to this subset
of T cells results in increased expression of genes
encoding the Ig-like transcripts ILT3 (CD85K)
and ILT4 (CD85D), these being members of the
NK-cell inhibitory-receptor family associated
with inhibition of NF-kB activation. They also
reduce the capacity of APCs to transcribe NF-
kB- dependent costimulatory molecules [70].

Another recognized subpopulation of CD8 (+)
Tregs produces IL-10 and expresses high amount
of CD122, the IL-2 receptor B-chain. These
CDS8 (+) CD122 (+) Tregs cells are Foxp3 (-).
The percentage of CD8 (+) CD122 (+) T cells is
high (50%) in young mice; however, this value
decreases to 10% at 7-10 weeks of age, before
increasing again in older mice [71]. As CD8
(+) CD122 (+) T cells inhibit the activation of
T cells in vitro in the absence of APC [72], it
can suggest that the IL-10 produced by CD8 (+)
CD122 (+) T cells is responsible for suppression
of proliferation and IFN-y production.

CD8(+) iTreg cells also use various other
mechanisms for limiting the activity of CD4(+)
T cells, including those based on indoleamine
2,3-dioxygenase (IDO), a potent inhibitor of
tryptophan metabolism [73].

Studies on the role of Treg in autoimmune
disorders were largely limited to CD4 (+)
Tregs; however, recent studies have shown
the participation of CD8 (+) Tregs in
immunoregulation in these groups of diseases
[74]. Genetic associations between MHC class
I alleles and MS have now been established, and
both CDS8 (+) and CD4 (+) T cells have been
found to invade and clonally expand within
inflammatory plaques in the central nervous
system. Interestingly, the depletion of total
CD8 (+) T cells from mice following recovery
from EAE renders them susceptible to the
development of EAE upon reimmunization
with myelin basic protein (MBP); in addition,
CD8 PL/] mice develop more chronic EAE
than wild-type PL/] mice. The mechanism of
suppression used by these CD8 (+) T cells is

unknown; however, it has been suggested that it
may involve the differentiation of the CD8 (+)

T cells into suppressive/regulatory T cells, whose
function is restricted by HLA-E (MHC-1) [75].

Recently CD8 (+) Tregs have been closely
associated with disease protection and recovery
from EAE in mice. A study based on an
autoimmune EAE model with experimental
colitis and ¢cGVHD identified autoregulatory
CD8 (+) Treg cells with low Foxp3 expression
that demonstrated 77 vitro and in vivo suppression
activity equivalent to, or even better than, CD4
(+). The activity of CD8+ iTregs is dependent on
cell contact, as the cells do not express granzyme

A, B or perforin A [65].

Among the phenotypic markers expressed in
CD8 (+) Foxp3 (-) cells, aEB7 integrin-CD103
expression is crucial for the generation and
function of this lymphocyte subset and both IL-
10 and TGF-B signals were found to mediate the
suppressive effect of this population [66]. The
lack of detectable expression of Foxp3 does not
affect the effector functions of this lymphocyte
subpopulation. CD8*Foxp3*CD103* iTreg and
CD8 (+) Foxp3 (-) CD103 (+) iTreg have been
found to share a similar capability to suppress
the Th cell response [66]. Recent research based
on a chronic graft-versus-host disease model
with typical lupus syndrome found that CD8
(+) CDI103 (+) iTreg cells suppress not only
T helper cells, but also B cell responses which
involve both TGF-f and IL-10 signals [76].

Dysfunction of CD8 (+) Tregs in humans has
been implicated in the development of MS [77].
In the peripheral blood of MS patients, CD8(+)
Tregs were identified which killed myelin-reactive
CD4 (+) T cells by a granule-mediated cytolytic
process and which were restricted by the non-
classical MHC class Ib molecule HLA-E during
exacerbations of MS [38,78]. Confirmation of
the role of CD8 (+) in the pathomechanism of
MS may be the FDA approved glatiramer acetate
(GA), a synthetic copolymer activity, for the
use in immunotherapy of MS: The substance is
known to induced CD8 (+) iTregs upregulation
which killed GA-loaded CD4 (+) T cells in a

perforin-dependent manner [79].

However, further clarification is required of
the mechanisms invoked by CD8 (+) Treg
cell subsets, including a population induced
by nematodes under EAE autoimmune
inflammation conditions. CD8(+) Treg cells can
play a number of other unique roles in nematode-
induced immuneregulation; for example,
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CD8(+) T cells can upregulate the neuronal
expression of vascular endothelial growth factor
(VEGF) in the CNS, thus facilitating disruption
of the blood-brain barrier by a process requiring
perforin expression [80]. Interestingly, the level
of CD8(+)CD25(+)FOXP3(-) iTregs induced by
intestinal nematode has been found to correlate
with inhibition of EAE relapses and greater BBB
permeability [63], as well as an increased number
of veins in the brain (our unpublished data). In
a controversial hypothesis, Zamboni proposes
that chronic cerebrospinal venous insufficiency
(CCSV]) is a causal factor of multiple sclerosis
(MS): CCSVI has not been associated with
other neurological conditions or observed in
healthy controls, and it has been found to have
a significant impact on brain pathophysiology,
particularly the balance of intracranial fluids
[81]. Further studies are necessary to understand
the possible mechanisms behind these processes
including parasites and possible behavioural
consequences.

Chronic Inflammation, Autoinflammation
and Autoimmunity in Neurodegeneration

In many CNS diseases, neurological inflammation
is an important disease-enhancing factor; as
documented in amyotrophic lateral sclerosis
(ALS), Parkinson’s disease (PD), disease (AD),
and also in the remitting-relapsing multiple
sclerosis (RRMS) [82,83]. Chronic, recurrent
or persistent neurouinflammation could lead
to autoinflammation in genetically predisposed
people, in which inflammatory reactions are self-
sustaining, and the primary triggering factor is
no longer involved. An exemplary molecular
mechanism of self-sustaining inflammatory
reactions could be a vicious cycle of TLR-RAGE
receptor activation, discussed in AD [84].

Autoinflammatory syndromes are characterized
by the innate immune system hyperactivation
which could leads to damage to cells and tissues,
and eventually, to cell death, There are several
categories of autoinflammatory diseases, caused
by polymorphism and mutations of genes
associated with an innate immune response,
and which define persons susceptible to the
development of auto-inflammation, including
neuroautoinflammation [85,86]; among them,
already recognized genetic defectslead to impaired
activation of IL-1f (inflammasomopathy), NF-
KB activating syndromes, toTNF-o relaxation
disorders, complement cascade regulation and
macrophage activation [86]. The polymorphisms

and mutations of the NRLP3 inflammasome-
related genes are relatively well-known, result
in permanent overactivation of IL-1f that
stimulates and sustains inflammatory reactions.
In subjects with such defects in immune
regulation auto-inflammation can be induced
and sustained even without the involvement
of infectious agents [87]. However, a number
of factors, including psychological stress,
trauma, cold exposure, and improper diet, may
trigger some of these illnesses, but in all cases
the expression of inflammatory symptoms
refers to people with genetic predisposition for
autoinflammation [86]. It is now clear that the
neuroinflammatory reactions carried out by the
innate immunity system primary by microglia
and astrocytes, are pathogenetically important in
AD and belong to the central mechanisms that
determine the progression of the disease [82,87].

Excessive activation of the innate immune system
leads to hyperactivity of the adaptive response
system, because both systems work closely
together in both health and disease conditions.
Therefore, the analysis of neuroimmune axis
abnormalities in neurodegenerative syndromes
must consider both the neuroinflammatory
mechanisms (excessive activation of the innate
immune system) and the autoimmune response
(hyperactivity of the adaptive immune system)
as important components jointly responsible for
the progression of the disease [88, 89]. Although
autoimmunity is conceptually perceived as
a defect in the immune system of B and T
lymphocytes that recognize and respond to own
body antigens and may lead to tissue damage
in autoimmune diseases, however, it should be
emphasized that low self-immunity is present
in all people in health conditions and plays an
important, beneficial role in fine-tuning to the
needs of an adaptive immune response [90].
For example, the autoimmune recognition of
MHC molecules on those pre-T cells whose
TCR receptors generate a vigorous but not
excessive signalling response to foreign antigens
is important to accelerate the maturation and
proliferation of the effector lymphocyte clone in
the early stage of infection when the availability
of the foreign antigen is relatively low, poorly
recognizable [91].

Multdiple line of evidence suggest that under
neurodegenerative condition circulating myeloid
cells penetrate to the brain through the brain
choroid plexus gateway (the epithelial layer
that forms the blood-brain barrier) enabling
recruitment of monocyte-derived macrophages,

Review

2339



Review

Lilia Albores-Gallo

T lymphocytes and neutrophils to help
fighting off AD-connected pathology [92-95].
Importantly, it was found that circulating CD4
(+) lymphocytes capable of recognizing their
own brain antigens support neural plasticity
exert a protective, renewing and regenerative
effects on brain cells in neurodegeneration
and also potentiate blood-borne monocyte
transmigration through the blood-brain barriers
[96-99]. The name “protective autoimmunity”
was proposed for these autoreactive CD4(+) cells,
emphasizing the beneficial function of T cells
recognizing their own cerebral tissue antigens
(internal T cell threats) and distinguish them
from T lymphocyte subsets that recognize non-
self-antigens, that fight external danger [98,99].
Autoimmune responses to brain antigens are
rigorously controlled, however, in the case of
a significant increase in exposure of their own
antigens (e.g., extensive destruction and death
of cells) or due to regulation disorders within
the lymphocyte subpopulation an increased
autoimmune reactions may be damaging to the
brain tissue.

Although autoinflammatory and autoimmune
disorders are currently subdivided into two
different groups, however, similarities in their
course, numerous mutual regulations/activations
and close cooperation in immune responses
suggests that they should be treated as one
common group of immune response diseases with
a large spectrum of immunological abnormalities
that together determine the progression of
neurodegeneration [88]. For the above reasons,
new directions of therapy should aim both at
anti-inflammatory effect and, simultaneously,
at lowering the level of autoimmune reactions
for effective control of immunopathological
components of neurodegeneration. At the
same time, the applied therapy cannot inhibit
important homeostatic aspects of inflammatory
and autoimmune reactions (neuroprotection,
neuroregeneration, cell differentiation, plasticity
of neurons), therefore precise tuning of immune
responses instead of total inhibition should be
the recommended choice for effective treatment
of neurodegeneration.

Neuroinflammation and Autoimmunity in
Ad

Significant impact of neuroinflammatory
reactions on the progression of AD symptoms
is already well documented [82-87], whereas
the contribution of autoimmune reactions,
in particular dysregulations of lymphocyte

subsets in these syndromes are just beginning
to be recognized. Among them, it was shown
that the blood serum of AD patients contains
significantly higher antibody titers against AP
1-42 and RAGE proteins (3-4 fold higher,
compared to age-matched control group) [100].
Because the leakage of the blood-brain barrier is
a typical feature of an aging human brain that
strongly contributes to the progression of AD
[101,102] it is not surprising that the brain
parenchyma contains the anomalous presence of
blood-derived IgG, which are particularly close
to neurodegenerative and apoptotic neurons
[103]. In addition these IgG-positive damaged/
dying neurons contain also classical complement
components Clq, C5b-which were spatially
more associated with reactive microglia [104].
IgG immunoreactivity, particularly pronounced
near damaged neurons and its association with
complement activation strongly suggests the
involvement of autoimmune mechanisms in

neuronal cell death in AD [103-105].

Several papers reveal that the total number of
circulating CD4(+) and CD8(+) lymphocytes
does not vary in AD compared to age matching
healthy controls [106]; on the other hand,
changes of specific subsets of cells are evident; for
instance increased number of circulating CD8(+)
CD71(+) cells and CD8(+)CD28(+) cells were
reported in AD, although did not correlate with
the disease severity [107,108]. In patients with
moderate disease state according to MMSE
scale (10-25 points) the percentage of CD8(+)
CD27(+)CD28(+) as well as CD4(+)CD27(+)
CD28(+) was decreased while those of CD(8+)
CD27(-)CD28(-) and CD4(+)CD27(-)CD28(-
) was decreased in AD [108,109]. Similarly, it
was documented that the proportion of activated
HLA-CR(+) lymphocytes CD4(+) and CD8(+)
was elevated in peripheral blood of mild (MMSE
219) AD patients [106]. In cerebrospinal fluid of
AD patients the proportion of activated CD4(+)
and CD8(+) lymphocytes was increased and was
correlated with neuronal damage especially in
the hippocampal region [106], also CD45(+) IL-
17(+) lymphocyte level in CSF were elevated in
demented AD patients [108].

As established on the mouse model of AD,
amyloid-specific Thl cells have enhanced the
progression of neurodegeneration. [27,29,30].
In particular the number of lymphocytes that
release IFNY, increased in the brain of APP/
PS1 mice with animal age, and was associated
with glial activation, enhanced cytokine release,
accumulation AP and reduced synaptic plasticity
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[110,111]. In contrast, the transfer of AB-specific
Th2 cells to 11-month APP / PS1 mice improved
cognitive function and decreased amyloid
deposition [108,112], which was consistent with
other papers that indicate a beneficial effect of
IL-4 on cognitive function [113,114]. However
the effect was age-related in mice and in aged
mice Th2 cells could increase neuroinflammation
which reduced neuronal plasticity and cognitive
function [115]. A beneficial impact of Tregs
systemic transplantation on neurodegeneration
in APP/PS1 mice comprise reduced plaque
deposition, decreased soluble AR and lowered
microglia activation and enhanced cognitive
function [108,116]. On the other hand, the
higher frequency and elevated Treg damping
activity is a common feature in older people,
which can be interpreted as contradictory to
the generalization of Treg’s beneficial role in
neurodegeneration [117]. It was also determined
in the 5XFAD AD mouse model that transient
depletion of the Foxp3* Tregs content or
pharmacological inhibition of their activity
leads to clearance of AP platelets, decreased
neuroinflammatory response and improved
cognitive functions [118]. This group of authors
strongly suggests that transient suppression
of Tregs improves the function of the choroid
plexus barrier and facilitates the transmigration
of effector lymphocytes to brain parenchyma
where they reveal their neuroprotective and
neuroregenerative functions [118-120].

Undoubtedly, further research is necessary
to explain the role of Tregs in AD. Particular
attention should be paid to the considerable
heterogeneity of phenotypes and functions in the
Tregs subpopulation; both CD4 (+) Tregs and
CD8 (+) Tregs contain lymphocytes that differ
phenotypically, secrete different cytokines and
acting on different phases / stages of the immune
response.. For instance, it seems that the CD8
(+) Tregs target activated T cells whereas the
nonspecific CD4 (+) Tregs primary suppress the
naive or unstimulated T cells, and experiments
in mice suggest that CD8 (+) Tregs kill only
activated but not resting T cells [121,122].
Importantly, CD8 (+) Tregs preferentially
suppress Th1 cells not Th2 cells, thereby shifting
the overall immune response from self-antigen
reactive IFN-y-producing Th1 cells to IL-4 and
IL-10 —producing Th2 cells, which are considered
non-pathogenic , potentially beneficial in AD
[121,122]. Thus, one can conclude that CD8
(+) Tregs control autoimmune response by

regulating the Th phenotype of CD4 (+) cells.

The considerable level of complexity of the Treg
lymphocyte subgroup, the differences in their
function and mutual interactions, indicate that
the therapeutic strategy of immunomodulation
in AD should achieve the effect of fine tuning
the lymphocyte subpopulations. It seems a
promising use for this immunomodulation of
the work of our “old friends”: gut microbiotic
bacteria and parasitic helminths.

Helminth parasite infections exert a broad
spectrum of host immunity modulation that
affects almost all facets of the immune response.
The host can benefit from suppression of
allergic, inflammatory and autoimmune reaction
[123,124]. Nevertheless, helminth infection
may also be harmful to the host, increasing
the susceptibility to the coinfection (e.g.
Mycobacterium tuberculosis, malaria etc), the
potential decreasing tumor immunosurveillance,
potentially
factors and increasing low-grade inflammation

secretion  of procarcinogenic
potentiate in tumor growth [123]. Most
experimental studies suggest that the beneficial
effect of parasitic worm infections is by inhibiting
the Thl inflammatory response, and because
many modern vaccines are aimed at inducing Th1,
therefore helminths infections significantly reduce
the effectiveness of vaccination [123]. Evidently
helminths may not be suitable for all patients,
for instance some helminth infections increased
inflammatory response in infected humans [125].
Different reactions of some people to parasite
infections may depend on the type and amount of
parasites, the way/method of infection, but also to
a large extent depends on individual characteristics
of host’s immune response (“immunome”), also
on whether it was the first infection or further
infections with parasites [124].

In order to avoid the potentially harmful effect of
parasitic infections on the human body, protect
the body against harmful substances expelled
by parasites, but at the same time to broadly
expose the immune system to the repertoire
of parasite antigens and released products, an
ex vivo procedure can be used. Lymphocytes
isolated from the patient’s venous blood will be
cultured in the presence of parasites separated
from them by the polycarbonate membrane.
Then, after thoroughly washing the cultured
cells, the patient can be re-injected intravenously
with lymphocytes containing subpopulations
stimulated by antigens and parasitic products.
It seems that the proposed procedure is more
secure and can also be used in patients with
advanced AD dementia.

Review
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Although the molecular mechanism of synaptic
damage and neuronal loss in Alzheimer’s disease
(AD), Parkinson’s disease dementia (PD) and
Lewy body dementia (LBD), frontotemporal
dementia (FTD) and amyotrophiclateral sclerosis
(ALS) is poorly understood and differ among
different types of neurodegenerative processes,
however, the presence of neuroinflammation is
a common feature of all these dementia. In the
advanced stage of neurodegenerative diseases of
the late onset, both innate and adaptive immunity
are key determinants of the progression of clinical
symptoms of neurodegeneration. Therefore, it
can be suggested that immunomodulation of
chronic inflammation along with attenuation
of humoral and cellular autoimmune reactions
may be a universal strategy aimed at suppressing
the progression of clinical symptoms and
improving the current neuronal function in
various neurodegenerative diseases [120]. A
promising direction for the development of
symptomatic neurodegenerative therapy may be
the use of immunomodulatory capabilities of our
“old” friends” - parasitic worms and intestinal
microflora. Both intestinal bacteria and parasitic
worms have evolved together with the immune
system of mammals for millennia and have
become equisitely powerful immunomodulators,
capable of altering and suppressing host immune
responses, contributing to slow down excessive
inflammatory and autoimmune responses
[126,127]. More recent studies also show that
the interaction between intestinal parasites and
intestinal microflora significantly changes their
immunomodulatory capacity; microflora help
helminths modulate host immunity [128-130].
Presumably human lymphocytes after the ex vivo
cultures in the presence of intestinal parasites and
gut microbiota (“ménage A trois” system) will
be more beneficial for the treatment of patients
with dementia. Undoubtedly, many basic and
preclinical studies must precede the development
of procedures and recommendations for the
treatment of late-onset neurodegeneration in
humans with the help of parasitic worms and
intestinal microflora. It seems, however, that this
can be a very promising universal therapy, as the
dysregulation of inflammatory and autoimmune
reactions is significantly present in various
neurodegenerative diseases.

Conclusion

The treatment of MS and other autoimmune
diseases improved greatly during the second
half of the 20th Century, with a number of

improvements seen in the standard of care;
however, the new treatments do not address all
patient needs. Although corticosteroid drugs for
treating MS relapses are universally available, the
availability of expensive second-line therapy is
more limited, being restricted to approximately
50% of countries, almost all of which are in the
higher income groups.

As patients present differently, very litdle is
known about the pathophysiology of the disease,
which hinders the identification of targets and
pathways for new drug development. Although
CD4 (+) Foxp3 (+) regulatory T cells (Treg)
serve as a key part of autoimmunity prevention,
their therapeutic effect on neurodegenerative
disorders remains unsatisfactory. Therefore,
there is considerable incentive to describe the
cellular and molecular mechanisms involved
in neuroimmune diseases, as well as their
response to nematode therapy. Future studies
characterizing the functions and mechanisms
controlling the transitions of CD8(+) effector
cells to induced CD8(+) regulatory cells, the
effector-regulatory molecules that induce CD8
Tregs, as well as their interactions with other
cells, could lead the way to devising new, real
therapeutic options for the modulation of
immune responses. As nematodes represent a
potential target for parasite-derived molecules, it
is highly desirable to obtain a detailed description
of the process of inflammation regulation
by nematodes at the cellular and molecular
level. In this article, we presented literature
evidence showing a significant contribution of
autoimmune mechanisms and inflammatory
reactions that worsen the progression of clinical
symptoms of dementia caused by AD. It has been
confirmed that the subpopulation of CD8 (+)
Treg cells is particularly promising in obtaining
an effective suppression of the autoimmune and
inflammatory response. Based on the recently
published paper [63] the Polish research team
has developed a system to obtain a Treg CD8
(+) subpopulation after exposure of animals to
infection of intestinal nematode. The nematode-
induced CD8 (+) Treg seems to be very strong
suppressors of the autoimmune response: a very
small dose of these cells was sufficient to strongly
modulate EAE disease severity in vivo. If this
method is also effective in an ex vivo system,
it will be possible to use it in the treatment of
patients with advanced AD dementia. Given the
beneficial effects of parasitic worm infections
in many patients with autoimmune diseases in
MS, one can hope that the proposed treatment
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method will bring significant improvement in
neurological function and immune status in

patients with AD.

Parasitic Worms for the Treatment of Neurodegeneration

Review

Polish National Science Center (No. 2013/09/B/
NZ6/00653) and TEAM TECH/2017-4/22

project carried out within the TEAM TECH

Acknowledgments

This work has been supported by grants from the

References

1. Blaxter M, Koutsovoulos G. The evolution
of parasitism in Nematoda. Parasitology
142(1), 26-39 (2015).

2. Loukas A, Prociv P. Immune Responses in
Hookworm Infections. Clin. Microbiol. Rev
14(4), 689-703 (2001).

3. McGuinness DH, Dehal PK. Pattern
recognition molecules and innate immunity
to parasites. Trends. Parasitol 19(7), 312-319
(2003).

4. Terrazas CA, Terrazas LI, Gomez-Garcia L.
Modulation of Dendritic Cell Responses by
Parasites: A Common Strategy to Survive. J.
Biomed. Biotechnol 2010(3571062010) 1-19
(2010).

5. Rutella S, Danese S, Leone G. Tolerogenic
dendritic cells: cytokine modulation comes
of age. Blood 108(5), 1435-1440 (2006).

6. Hewitson JP, lvens AC, Harcus Y, et al.
Secretion of protective antigens by
tissue-stage nematode larvae revealed
by proteomic analysis and vaccination-
induced sterile immunity. PLoS. Pathog 9(8),
€1003492 (2013).

7. Manicassamy S, Pulendran B. Dendritic cell
control of tolerogenic responses. Immunol.
Rev 241(1), 206-227 (2011).

8. Zheng SG, Wang JH, Sthol W, et al. TGF-beta
requires CTLA-4 early after T cell activation
to induce FoxP3 and generate adaptive
CD4+CD25+ regulatory cells.). Immunol
176(6), 3321-3329 (2006).

9. Zheng SG, Gray JD, Ohtsuka K, et al.
Generation ex vivo of TGF-beta producing
regulatory T cells from CD4+CD25-
precursors. J. Immunol 169(8), 4183-4189
(2002).

10. Wan YY, Favell RA. Identifying Fox-
expressing suppressor T cells with a
bicistronic reporte. Proc. Natl. Acad. Sci. USA
102(14),5126-5131 (2005).

1

_

.Chen W, Jin W, Hardegen N, et al.
Conversion of peripheral CD4*CD25~ naive
T cells to CD4*CD25* regulatory T cells by
TGF-B induction of transcription factor
Foxp3. J. Exp. Med 198(12), 1875-1886
(2003).

12.Peng Y, Laouar Y, Li MO, et al. TGF-3

programme of the Foundation for Polish Science

co-financed by the European Union under the

regulates in vivo expansion of Foxp3-
expressing CD4*CD25* regulatory T cells
responsible for protection against diabetes.
Proc. Natl. Acad. Sci. USA 101(13), 4572-4577
(2004).

13.Finney CAM, Taylor MD, Wilson MS, et al.
Expansion and activation of CD4(+)CD25(+)
regulatory T cells in Heligmosomoides
polygyrus infection. Eur. J. Inmnol 37(7),
1874-1886 (2007).

14. Doligalska M, Rzepecka J, Drela N, et al.
The role of TGF-beta in mice infected with
Heligmosomoides polygyrus. Parasite.
Immunol 28(8), 387-95 (2006).

15. Sakaguhi S, Onishi Y, Prietto-Martin P, et al.
Regulatory T cells: how do they suppress
immune responses?. Int. Immunol 21(10),
1105-1111 (2009).

16. Collinson LW, Workman CJ, Kuo TT, et al.
The inhibitory cytokine IL-35 contributes to
regulatory T cell function. Nature 450(7169),
566-569 (2007).

17.Rutz S, Janke M, Kassner N, et al. Notch
regulates IL-10 production by T helper 1
cells. Proc. Natl. Acad.Sci. USA 105(9), 3497-
3502 (2008).

18.Ye Z, Huang H, Hao S, et al. IL-10 has a
distinct immunoregulatory effect on naive
and active T cell subsets. J. Interferon.
Cytokine. Res 27(12), 1031-1038 (2007).

19. Grutz G. New Insights into the Molecular
Mechanism of Interleukin-10-Mediated
Immunosuppression. J. Leukoc. Biol 77(1),
3-15 (2005).

20. Metenou S, Dembele B, Konate S, et al.
At Homeostasis Filarial Infections Have
Expanded Adaptive T Regulatory but Not
Classical Th2 Cells. J. Immunol 184(9), 5375-
5382(2010).

2

—_

.Figueiredo CA, Barreto ML, Rodrigues
LC, et al. Chronic intestinal helminth
infections are associated with immune
hyporesponsiveness and induction of a
regulatory network. Infect. Immun 78(7),
3160-3167 (2010).

22.Turner JD, Jackson J.A, Faulkner H, et
al. Intensity of intestinal infection with
multiple worm species is related to
regulatory cytokine output and immune
hyporesponsiveness. J. Infect. Dis 197(8),

European Regional Development Fund.

1204-1212 (2008).

23. Garcia-Hernandez MH, Alvarado-Sanchez
B, Calvo-Turrubiartes MZ, et al. Regulatory
T cells in children with intestinal parasite
infection. Parasite. Immunol 31(10), 597-603
(2009).

24.Hotez PJ, Brindley PJ, Bethony J. Helminth
infections: the great neglected tropical
diseases. J. Clin. Invest 118(4), 1311-1321
(2008).

.McSorley HJ, Maizels RM. Helminth
Infections and Host Immune Regulation.
Clin. Microbiol. Rev 25(4), 585-608 (2012).

2

w

26. Hewitson JP, Grainger JR, Maizels RM.
Helminth immunoregulation: the role of
parasite secreted proteins in modulating
host immunity. Mol. Biochem. Parasitol
167(1), 1-11 (2009).

27.Houzen H, Niino M, Hata D, et al. Increasing
prevalence and incidence of multiple
sclerosis in northern Japan. Mult. Scler 14(7),
887-889 (2008).

28. Strachan DP. Hay fever, hygiene and
household size. BMJ 299(1), 1259-1260
(1989).

29.Rook GA, Adams V, Hunt J, et al.
Mycobacteria and other environmental
organisms as immunomodulators for
immunoregulatory disorders. Springer.
Semin. Inmunopathol 25(3-4), 237-255
(2004).

30. Barthlott T, Kassiotis G, Stockinger B. T cell
regulation as a side effect of homeostasis
and competition. J. Exp. Med 197(4), 451-
460 (2003).

3

iy

.Shepherd C, Navarro S, Wangchuk P, et
al. Identifying the immunomodulatory
components of helminths. Parasite.
Immunol 37(6), 293-303 (2015).

32. Garside P, Kennedy MW, Wakelin D, et al.
Immunopathology of intestinal helminth
infection. Parasite. Inmunol 22(12), 605- 612
(2000).

33. Fleming JO, Isaak A, Lee JE, et al. Probiotic
helminth administration in relapsing—
remitting multiple sclerosis: a phase 1
study. Mult. Scler 17(6), 743-754 (2011).

34. Flohr C, Quinnell RJ, Britton J. Do helminth
parasites protect against atopy and allergic

2343



Review

disease?. Clin. Exp. Allergy 39(1), 20-32
(2009).

35. Fleming JO. Helminth therapy and multiple
sclerosis. Int. J. Parasitol 43(3), 259-274
(2013).

36. Ruyssers NE, De Winter BY, De Man JG.
Worms and the treatment of inflammatory
bowel disease: are molecules the answer?.
Clin. Dev. Immunol 2008(567314), 1-7 (2008).

37.Correale J. Helminth/Parasite treatment
of multiple sclerosis. Curr. Treat. Options.
Neurol 16(6), 296 (2014).

38. Correale J, Villa A. Isolation and
characterization of CD8+ regulatory T
cells in multiple sclerosis. J. Neuroimmunol
195(1-2), 121-134 (2008).

39.Voldsgaard A, Bager P, Garde E, et al.
Trichuris suis ova therapy in relapsing
multiple sclerosis is safe but without signals
of beneficial effect. Mult. Scler 21(13), 1723-
1729 (2015).

40. Maruszewska-Cheruiyot M, Donskow-
Lysoniewska K,DoligalskaM.
Helminth therapy: Advances in
the use of parasitic worms against
Inflammatory Bowel Diseases and its
challenges. Helminthologia 55(1), 1-11
(2018).

4

=

.Packham G, Stevenson FK. Bodyguards
and assassins: Bcl-2 family proteins and
apoptosis control in chronic lymphocytic
leukaemia. Immunol 114(4), 441-449 (2005).

42.Herrera LA, Ostrosky-Wegma P. Do
helminths play a role in carcinogene-
sis?. Trends. Parasitol 17(4), 172-175 (2001).

43.Huby F, Hoste H, Mallet S, et al. Effects of
the excretory/secretory products of six
nematode species,parasites of the digestive
tract, on the proliferation of HT29-D4 and
HGT-1 cell lines. Epithelial. Cell. Biol 4(4),
156-162 (1995).

44. Donskow-tysoniewska K, Bien J,
Brodaczewska K, et al. Colitis promotes
adaptation of an intestinal nematode: a
Heligmosomoides polygyrus mouse model
system. PloSOne 8(10), 78034 (2013).

45, LippenC, Guivier E, Ollivier A, et al.
Life history adjustments to intestinal
inflammation in a gut nematode. J. Exp. Biol
220(20), 3724-3732 (2017).

46. KuijkLM, Klaver EJ, Kooij G, et al. Soluble
helminth products suppress clinical signs
in murine experimental autoimmune
encephalomyelitis and differentially
modulate human dendritic cell
activation. Mol. Immunol 51(2), 210-218
(2012).

47.Yang X, Yang Y, Wang Y, et al. Excretory/
secretory products from Trichinella spiralis
adult worms ameliorate DSS-induced colitis
in mice. PLoSOne 9(5), €96454 (2014).

Lilia Albores-Gallo

48. Goodridge HS, Wilson EH, Harnett W, et
al. Modulation of macrophage cytokine
production by ES-62, a secreted product of
the filarial nematode Acanthocheilonema
viteae. J. Immunol 167(2), 940-945 (2001).

49. Goodridge HS, Marshall FA, Wilson EH, et
al. In vivo exposure of murine dendritic cell
and macrophage bone marrow progenitors
to the phosphorylcholine-containing filarial
nematode glycoprotein ES-62 polarizes
their differentiation to an anti-inflammatory
phenotype. Immunol 113(4), 491-498
(2004).

50. Goodridge HS, Marshall FA, Else KJ, et al.
Immunomodulation via novel use of TLR4
by the filarial nematode phosphorylcholine-
containing secreted product ES-62. J.
Immunol 174(1), 284-293 (2005).

5

ity

.Schnoeller C, Rausch S, Pillai S, et al. A
helminth immunomodulator reduces
allergic and inflammatory responses by
induction of IL-10-producing macrophages.
J. Immunol 180(6), 4265-4272 (2008).

52.Klotz C, Ziegler T, Figueiredo AS, et al.
A helminth immunomodulator exploits
host signaling events to regulate cytokine
production in macrophages. PLoS.
Pathog 7(1), 1001248 (2011).

53.Du L, Tang H, Ma Z, et al. The protective
effect of the recombinant 53-kDa protein of
Trichinella spiralis on experimental colitis in
mice. Dig. Dis. 5¢i56(10), 2810-2817 (2011).

54.Taylor MD, van der Werf N, Maizels RM. T
cells in helminth infection: the regulators
and the regulated. Trends. limmunol 33(4),
181-189 (2012).

55. McSorley HJ, Hewitson JP, Maizels RM.
Immunomodulation by helminth parasites:
defining mechanisms and mediators. Int. J.
Parasitol 43(3-4),301-310 (2013).

56. Steinfelder S, O'Regan NL, Hartmann S.
Diplomatic assistance: can helminth-
modulated macrophages act as treatment
for inflammatory disease?. PLoS. Pathog
12(4), e1005480 (2016)

57.Krawczak, K, Donskow-tysoniewska K,
Doligalska M. Regulatory function of
parasites in autoimmune disease—outcome
from experimental model infection. Ann.
Parasitol 63(1), 7-14 (2017).

58. Mulvenna J, Hamilton B, Nagaraj SH, et
al. Proteomics analysis of the excretory/
secretory component of the blood-feeding
stage of the hookworm, Ancylostoma
caninum. Mol. Cell. Proteomics 8(1), 109-121
(2009).

59.Terrazas C, de Dios Ruiz-Rosado J, Amici
SA, at al. Helminth-induced ly6c hi
monocyte-derived alternatively activated
macrophages suppress experimental
autoimmune encephalomyelitis. Sci. Rep
17(7),40814 (2017).

60. Gold R, Linington C, Lassmann H.
Understanding pathogenesis and therapy
of multiple sclerosis via animal models: 70
years of merits and culprits in experimental
autoimmune encephalomyelitis research.
Brain 129(8), 1953-197 (2006).

6

iy

. Mix E, Meyer-Rienecker H, Zettl UK.
Animal models of multiple sclerosis for
the development and validation of novel
therapies - potential and limitations. J.
Neurol 255(S6), 7-14 (2008).

62. Ziegler T, Rausch S, Steinfelder S, et al. A
novel regulatory macrophage induced
by a helminth molecule instructs IL-10 in
CD4+ T cells and protects against mucosal
inflammation. J. Immunol 194(4), 1555-1564
(2015).

63. Donskow-tysoniewska K, Krawczak K,
Bocian K, et al. The Effects of Intestinal
Nematode L4 Stage on Mouse Experimental
Autoimmune Encephalomyelitis. Arch.
Immunol. Ther. Exp 66(3), 231-243 (2018).

64. Metwali A, Setiawan T, Blum AM, et al.
Induction of CD8+ regulatory T cells in the
intestine by Heligmosomoides polygyrus
infection. Am. J. Physiol. Gastrointest. Liver.
Physiol 291(2), 253-259 (2006).

65.Liu Y, Xu AP, Horwitz DA, et al.CD8+FOXP3-
CD103+ Regulatory T Cells Generated
Ex Vivo with TGF-f3 Suppress
Autoimmunity Through IL-10-dependet
Mechanism. Arthritis. Rheum 64(1), 105
(2012).

66.LiuY, Lan Q, LuL, et al. Phenotypic and
functional characteristic of a newly
identified CD8+ Foxp3— CD103+ regulatory
T cells. J. Mol. Cell Biol 6(1), 81-92 (2014).

67.Jiang H, Chess L. The specific regulation
of immune responses by CD8+ T cells
restricted by the MHC class IB molecule,
QA-1. Annu. Rev. Immunol 18(1), 185-216
(2000).

68. Kim HJ, Verbinnen B, Tang X, et al.
Inhibition of follicular T-helper cells by
CD8(+) regulatory T cells is essential for
self-tolerance. Nature 467(7313), 328-332
(2010).

69. Kim HJ, Cantor H. Regulation of self-
tolerance by Qa-1-restricted CD8(+)
regulatory T cells. Semin. Immunol 23(6),
446-452 (2011).

70.Vlad G, Cortesini R, Suciu-Foca N. License to
heal: Bidirectional interaction of antigen-
specific regulatory T cells and tolerogenic
APC. J. Immunol 174(10), 5907-5914 (2005).

7

_

. Rifa’i M, Kawamoto Y, Nakashima |, et al.
Bodyguards and assassins: Bcl-2 family
proteins and apoptosis control in chronic
lymphocytic leukaemia. Immunology 114(4),
441-449 (2005).

72.Endharti AT, Shi Z, Fukuoka Y, et al. Cutting
edge: CD8+CD122+ regulatory T cells

2344

Neuropsychiatry (London) (2019) 9(2)


c

produce IL-10 to suppress IFN-y production
and proliferation of CD8+ T cells. J. Immunol
175(11), 7093-7097 (2005).

73.Tsai S, Shameli A, Yamanouchi J,
et al. Reversal of autoimmunity by
boosting memory-like autoregulatory T
cells. Immunity 32(4), 568-580 (2010).

74.0rtega SB, Kashi VP, Tyler AF, et al.
The disease-ameliorating function of
autoregulatory CD8 T cells is mediated
by targeting of encephalitogenic CD4
T cells in experimental autoimmune
encephalomyelitis. JImmunol 191(1), 117-
126 (2013).

75. Liet Quah BJ, Parish CR. New and improved
methods for measuring lymphocyte prolif-
eration in vitro and in vivo using CFSE-like
fluorescent dyes. J. Immunol. Methods
379(1), 1-14 (2012).

76.Zhong H, Liu Y, Xu Z, et al. TGF-B-Induced
CD8+CD103+ Regulatory T Cells Show
Potent Therapeutic Effect on Chronic Graft-
versus-Host Disease Lupus by Suppressing
B Cells. Front. Immunol 9(1), 35 (2018).

77.Smith TR, Kumar V. Revival of CD8+ Treg-
mediated suppression. Trends. Immunol
29(7), 337-342 (2008).

78. Correale J, Villa A. Role of
CD8+CD25+Foxp3+ regulatory T cells in
multiple sclerosis. Ann. Neurol 67(5), 625-
638 (2010).

79. Tennakoon DK, Mehta RS, Ortega SB, et
al. Therapeutic induction of regulatory,
cytotoxic CD8+ T cells in multiple
sclerosis. J. Immunol 176(11), 7119-7129
(2006).

80. Suidan GL, Dickerson JW, Chen Y, et al. CD8
T cell-initiated vascular endothelial growth
factor expression promotes central nervous
system vascular permeability under
neuroinflammatory conditions. J. Immunol
184(2), 1031-1040 (2009).

8

=

.Zamboni P, Galeotti R, Menegatti E,
etal. A prospective open-label study
of endovascular treatment of chronic
cerebrospinal venous insufficiency. J. Vasc.
Surg. 50(6), 1348-1358 (2009).

82. Leszek J, Barreto GE, Gasiorowski K, et al.
Inflammatory mechanisms and oxidative
stress as key factors responsible for
propgression of neurodegeneration: role of
brain innate immune system. CNS. Neurol.
Disord. Drug. Targets 15(3), 329-336 (2016).

83. Schwartz M, Deczkowska A. Neurological
sisease as a failure of brain-immune
crosstalk: the multiple faces of
neuroinflammation. Trends. Immunol
37(10), 668-679 (2016).

84. Gasiorowski K, Brokos B, Echeveria V, et
al. RAGE_TLR crosstalk sustains chronic
inflammation in neurodegeneration Mol.
Neurobiol 55(2), 1463-1476 (2018).

Parasitic Worms for the Treatment of Neurodegeneration

85. Masters SL, Simon A, Aksentijevich |, et al.
Horror Autoinflammaticus: The molecular
pathophysiology of autoinflammatory
disease. Ann. Rev. Immunol 27(1), 621-668
(2009).

86. Goldbach-Masky R, Kastner DL.
Autoinflammation: the prominent role
of IL-1 in monogenic autoinflammatory
diseases and implication to common
ilinesses. J. Allergy. Clin. Inmunol 124(6),
1141-1151 (2009).

87.Van Eldik LJ, Carrillo MC, Cole PE, et al.
The roles of inflammation and immune
mechanisms in Alzheimer’s disease.
Alzheimers. Dement. TRCI 2(2), 99-109 2016.

88.Doria A, Zen M, Bettio S, et al.
Autoinflammation and autoimmunity:
bridging the divide. Autoimmun. Rev 12(1),
22-30(2012).

89. Sardi F, Fassina L, Venturini L, et al.
Alzheimer’s disease, autoimmunity and
inflammation. The good, the bead and the
ugly. Autoimmun. Rev 11(2), 149-153 (2011).

90. Amagai M, Matsushima K. Overview on
autoimmunity and autoinflammation.
Inflamm. Regen 31(S1), 50-51 (2011).

9

ey

. Stefanova |, Dorfman JR, Germain RN. Self-
recognition promotes the foreign antigen
sensitivity of naive T lymphocytes. Nature
420(6914), 429-434 (2002).

92. Demeestere D, Libert C, Vandenbroucke
RE. Clinical implications of leukocyte
infiltration at the choroid plexus in (neuro)
inflammatoiry disorders. Drug. Discov.
Today 20(8), 928-943 (2015)

93. Kunis G, Baruch K, Miller O, et al.
Immunization with amyelin-derived
antigen activates the brain’s choroid plexus
for recruitment of immunoregulatory cells
to CNS and attenuates disease progression
in a mouse model of ALS. J. Neurosci 35(16),
6381-6393 (2015)

94.Baruch K, Kertser A, Porat Z, et al. Cerebral
nitric oxide represses choroid plexus
NFkappa B-dependent gateway activity for
leukocyte trafficking. EMBO. J 34(13), 1816-
1828 (2015).

95. Pietronigro EC, Bianca VD, Zenaro E, et
al. NETosis in Alzheimer’s disease. Front.
Immunol 8(1), 211 (2017).

96. Kipnis J, Schwartz M. Controlled
autoimmunity in CNS maintenance and
repair.NeuroMol. Med 7(3), 197-206 (2005).

97.Schwartz M, Raposo C. Protective
autoimmunity: a unifying model for the
immune network involved in CNS repair.
Neuroscintist 20(4), 343-358 (2014).

98. Schwartz M, Kipnis J. Autoimmunity on
alert: naturally occurring regulatory CD4(+)
CD25(+) T cells as a part of the evolutionary
compromise between a “need” and a “risk”.
Trends. Immunol 23(11), 530-534 (2002).

Review

99. Schwartz M, Kipnis J. A conceptual
revolution in the relationships between the
brain and immunity. Brain. Behav. Inmun
25(5),817-819 (2011).

100. Mruthinti S, Buccafusco JJ, Hill WD, et
al. Autoimmunity in Alzheimer’s disease:
increased levels of circulating IgGs binding
AB and RAGE peptides. Neurobiol. Aging
25(8), 1023-1032 (2004).

101.Montagne A, Barnes SR, Sweeney MD, et
al. Blood-brain barrier breakdown in the
aging human hippocampus. Neuron 85(2),
296-302 (2015).

102.van der Haar HJ, Burgmans S, Jansen
JFA, et al. Blood-brain barrier leakage in
patients with early Alzheimer disease.
Radiology 281(2), 527-535 (2016).

103.D’Andrea MR. Evidence linking neuronal
cell death to autoimmunity in Alzheimer’s
disease. Brain. Res 982(1), 19-30 (2004).

104.Emmerling MR, Watson MD, Ruby CA, et
al. The role of complement in Alzheimer's
disease pathology. Biochem. Biophys. Acta
1502(1), 158-171 (2000).

105.D’Andrea MR. Add Alzheimer’s disease
to the list of autoimmune diseases. Med.
Hypotheses 64(3), 458-463 (2005).

106.Lueg G, Gross CC, Lohmann H, et al. Clinical
relevance of specific T-cell activatioon
in the blood and cerebrospinal fluidof
patients with mild Alzheimer’s disease.
Neurobiol. Aging 36(1), 81-89 (2015).

107.Speciale L, Calabrese E, SaresellaM, et al.
Lymphocyte subset patterns and cytokine
production in Alzheimer’s disease patients.
Neurobiol. Aging 28(8), 1163-1169 (2007).

108.Bryson KJ, Lynch MA. Linking T
cells to Alzheimer’s disease: from
neurodegeneration to neurorepair. Curr.
Opin. Pharmacol 26(1), 67-73 (2016)

109.Pellicano M, Larbi A, Goldeck D, et al.
Immune profiling of Alzheimer patients. J.
Neuroimmunol 242(1-2), 52-59 (2012).

110.Browne TC, McQuillan K, McManus RM,
et al. IFN-gamma production by amyloid
beta-specific Th1 cells promotes microglial
activation and increases plaque burden in
a mouse model of Alzheimer’s disease. J.
Immunol 190(5), 2241-2251 (2013).

111.Kelly TJ, Minogue AM, Lyons A, et al.
Glial activation in A beta PP/PS1 mice is
associated with infiltration of IFN gamma-
producing cells. J. Alzheimer. Dis 37(1),
63-75 (2013).

112.Cao C, Arendash GW, Dickson A, et al.
Abeta-specific Th2 cells provide cognitive
and pathological benefits to Alzheimer’s
mice without infiltrating the CNS.
Neurobiol. Dis 34(1), 63-70 (2009).

113.Gadani SP, Cronk JC, Norris GT, et al. IL-4
in the brain: a cytokine to remember.J.

2345



Review

Immunol 189(9), 4213-4219 (2012).

114.Asuni AA, Boutajaungout A, Scholtzova
H, et al. Vaccination of Alzheimer’s model
mice with Abeta derivative in alum
adjuvant reduces Abeta burden without
microhemmorhages. Eur. J. Neurosci 24(9),
2530-2542 (2006).

115.Baruch K, Ron-Harel N, Gal H, et al. CNS-
specificimmunity at the choroid plexus
shifts toward destructive Th2 inflammation
in brain aging. Proc. Nat. Acad. Sci. USA
110(6), 2264-2269 (2013).

116.Yang H, Yang H, Xie Z, et al. Systemic
transplantation of human umbilical
cord derived mesenchymal stem cells-
educated T regulatory cells improved the
impaired cognition in AbetaPPswe/PS1dE9
transgenic mice. PLoSONE 8(7), 69129
(2013).

117.Rosenkranz D, Weyer S, Tolosa E, et al.
Higher frequency of regulatory T cells in
the elderly and increased suppressive
activity in neurodegeneration. J.
Neuroimmunol 188(1-2), 117-127 (2007).

118.Baruch K, Rosenzweig N, Kertser A, et al.
Breaking immune tolerance by targeting

Lilia Albores-Gallo

Foxp3* regulatory T cells mitigates
Alzheimer’s disease pathology. Nat.
Commun. 6:7967 (2015).

119.Schwartz M, Deczkowska A. Neurological
disease as a failure of brain-immune
crosstalk: the multiple faces of
neuroinflammation. Trends. Inmunol 37(6),
668-679 (2016).

120.Schwartz M. Can immunotherapy treat
neurodegeneration?. Science 357(6348),
254-255 (2017).

121.Smith TRF, Kumar V. Revival of CD8+ Treg-
mediated suppression. Trends. Immol 29(7),
337-342 (2008).

122.Jiang H, Braunstein NS, Yu B, et al. CD8+
T cells control the TH phenotype of MBF-
reactive CD4+ T cells in EAE mice. Proc.
Nat. Acad. Sci. USA 98(11), 6301-6306
(2001).

123.Maizels RM, McSorley HJ. Regulation of
the host immune system by helminth
parasites. J. Allegy Clin. Inmunol 138(3),
666-675 (2016).

124.Helmby H. Helminths and our immune
system: friend or foe? Parasitol. Int 58(2),

121-127 (2009).

125.Khan AR, Fallon PG. Helminth therapies:
translating the unknown unknowns to
known knowns. Int. J. Parasitol 43(3-4),
293-299 (2013).

126.Helmby H. Human helminths therapy to
treat inflammatory disorders — where do
we stand?. BMC. Immunol 16(1), 12 (2015).

127.Rea K, Dinan TG, Cryan JF. The
microbiome: a key regulator of stress and
neuroinflammation. Neurobiol. Stress 4(1),
23-33 (20176).

128.Reynolds LA, Finlay BB. Worming their way
into the picture: microbiota help helminths
modulate host immunity. Immunity 43(5),
840-842 (2015).

129.Zaiss MM, Harris NL. Interactions between
the intestinal microbiome and helminths
parasites. Parasite. Immunol 38(1), 5-11
(2016).

130.Midha A, Schlosser J, Hartmann S.
Reciprocal interactions between
nematodes and their microbial
environments. Front. Cell. Infect. Microbiol
7(1), 144 (2017).

2346

Neuropsychiatry (London) (2019) 9(2)


c

