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B.1.2: ABSTRACT:
Autism spectrum disorders (ASD) is a group of conditions that affect neurological development leading to
abnormality in communication and social interactions. The microbiota plays a crucial role in modulating
mucosal immune cells and the immune link connecting the gut-brain axis. In ASD, there is an imbalance
in the dominant T cell subset and inflammatory cytokine levels which has been linked to intestinal
dysbiosis. A shift towards the helper T (Th) cell subsets, Th1, Th2 and Th17 over regulatory T cells
(Tregs) has been reported. The shift results in an increase in pro-inflammatory cytokines and a decrease in
anti-inflammatory cytokines. The disruption in the composition of the microbiota has also been associated
with a reduction in the blood brain barrier (BBB) integrity and an altered microglial activation, and
localization. Previous studies have highlighted the ability of pro-inflammatory cytokines produced in the
gut mucosa to migrate, interact and cross the BBB hence elevating neuroinflammation. This proposal
aims to restore cytokine balance and equilibrium among the T cell subsets located in the gut through
modulating the microbiota. The involvement of intestinal mucosal immunity in neuroinflammatory
processes in the brain makes intestinal immune cells a suitable target in our approach. Prebiotics,
probiotics and synbiotics known for their efficacy in promoting anti-inflammatory conditions will be
provided to an ASD mouse model which is expected to positively affect mucosal gut inflammation and
neuroinflammation. The chosen treatment methodology will be expected to provide a cost-effective
option that unlike current medications, is capable of alleviating multiple ASD symptoms.

B.1.3: LAYMAN’S SUMMARY:
Autism spectrum disorders (ASD) are a set of disorders whereby affected individuals showcase
behavioral and communication patterns that are different from typically developing individuals. The gut
bacteria plays a role in the development and functioning of the immune system. In ASD, there is an
alteration in the bacterial composition which displays an effect on immune cells in the gut. Subsequently,
there is a dominance of immune cells that increase inflammation in the intestine through the production of
pro-inflammatory molecules. Moreover, modification of the gut bacteria in ASD has been linked to
heightened inflammation in the body leading to inflammation in the brain and the deterioration of the
blood brain barrier that prevents the entry of peripheral immune cells, pathogens and harmful molecules
into the brain. In our approach we will attempt to use beneficial bacterial strains and food supplements to
modulate the intestinal and neuronal immune system by improving gut bacterial composition. Our
proposal will offer a way to resolve multiple ASD symptoms which is a outcome that is not achievable
using current medications on the market. There is an increased need for a new approach that targets
several ASD manifestations as the prevalence and economic burden associated with ASD are steadily
rising.

B.1.4: KEYWORDS & ABBREVIATIONS:
Keywords:
Probiotics, prebiotics, synbiotics, ASD, neuroinflammation.
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Abbreviations:
ASD = Autism spectrum disorders.
Short chain fatty acids = SCFAs.
Teffs = Effector T cells.
Th cells = Helper T cells.
Th1 cells = Type 1 helper T cells.
Th2 cells = Type 2 helper T cells.
Th17 cells = Type 17 helper T cells.
Tregs = Regulatory T cells.
Foxp3 = Forkhead box p3.
ROR-γ t = Retinoid-acid receptor-related orphan receptor-γ t.
GATA3 = GATA binding protein 3.
STAT3 = Signal transducer and activator of transcription 3.
T-bet = T-box transcription factor.

𝛃2AR = 𝛃2 adrenergic receptor.
Occludin = OCLN.
Zonula occludens = ZO.
Interferon-γ = IFN-γ.
Transforming growth factor-𝛃 = TGF-𝛃.
Gut brain axis = GBA.
Blood brain barrier = BBB.
Claudin = CLDN.
Germ free = GF.
Pathogen free = PF.
Aryl hydrocarbon receptor = AHR.
Vascular endothelial growth factor B = VEGF-B.
Bifidobacterium bifidum = B. bifidum.
Bifidobacterium lactis = B. lactis.
Lactobacillus casei = L. casei.
Lactobacillus acidophilus = L. acidophilus.
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Galacto-oligosaccharides = GOS.
Fructo-oligosaccharides = FOS.
The 5th edition of the Diagnostic and Statistical Manual of Mental Disorders = DSM-5.
Long chain FOS = lcFOS.
Short chain GOS = scGOS.
Oxygen consumption rate = OCR.
The acidification rate = ECAR.
The complement receptor 3 = CR3.
Health-related quality of life = HRQoL.
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B.2.1: RESEARCH TOPIC
B.2.1.1: INSIGHT INTO THE PATHOPHYSIOLOGY OF AUTISM SPECTRUM DISORDERS:
Autism spectrum disorders (ASD) comprise a group of neurodevelopmental conditions whereby affected
individuals showcase behavioural dysfunction, an abnormality in communication and language, and an
impairment in social skills. Environmental factors as well as genetic predisposition play a significant role
in the etiology of ASD (1). Environmental agents such as Immunological signaling proteins, chemicals
and food polluting compounds function as regulators of ASD (2). The viral, bacterial, or parasitic
stimulation of the maternal immune system during pregnancy can place children at a higher risk for ASD
(3, 4). Moreover, the prenatal exposure to certain pesticides including organochlorine insecticides was
found to significantly increase the likelihood of being diagnosed with ASD and has been correlated with
some of the core characteristics seen in children with the disorders such as mitochondrial dysfunction and
neuroinflammation (5).
B.2.1.2: THE MICROBIOTA-MUCOSAL IMMUNE INTERACTION IN ASD:
It is known that a symbiotic connection exists between the microbiota and the immune system of
mammals. This connection is mediated using metabolites produced by the gut microbiota mainly, short
chain fatty acids (SCFAs), which can affect the fate and function of mucosal immune cells (6). The
interaction with the microbiota has been proven to be crucial for a healthy mucosal immunity hence, in
ASD, a dysregulated immune response can be partially attributable to a disrupted microbiota.
Aberrations in the functions of effector T cells (Teffs) mainly, type 1 helper T (Th1) cells, type 2 helper T
(Th2) cells, type 17 helper T (Th17) cells and regulatory T cells (Tregs) have been reported in ASD. An
imbalance in the forkhead box P3 (Foxp3), retinoid-acid receptor-related orphan receptor-γ t (ROR-γ t),
GATA binding protein 3 (GATA3), signal transducer and activator of transcription 3 (STAT3) and T-box
transcription factor (T-bet) signaling can justify the dysregulation in the function of Th cells in autistic
subjects (Table 1) (7). The expression of the proteins which act as regulators of Th1, Th2, Th17 cells and
Treg function, were investigated in T cells belonging to children with ASD and their healthier
counterparts in a paper by Ahmad et al hence providing insight on the mechanism through which the
immune dysregulation in ASD is mediated (Table 1) (7).
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Table 1: The T cell subsets that are altered in ASD, their function, transcription factors and levels in ASD. Tbox transcription factor = T-bet, GATA binding protein 3 = GATA3, retinoid-acid receptor-related orphan
receptor-γ t = ROR-γ t, forkhead box P3 = Foxp3, T-box transcription factor = T-bet, autism spectrum
disorders = ASD, type 1 T helper cell = Th1, type 2 T helper cell = Th2, type 17 T helper cell = Th17,
regulatory T cells = Tregs.
T cell subset

Function

Transcription factors

Th1 cells

Elimination of tumors.
Response to bacterial,
parasitic and viral
infections.
Development of
hypersensitivity
responses (8).

T-bet (7).

Higher in ASD subjects
compared to controls (7,
9).

Th2 cells

Response to parasitic
infections.
Stimulation of tissue
repair
Mediating type 2
immune responses in
allergies (10).

Gata3 (7).

Higher in ASD subjects
compared to controls (7,
9).

Th17 cells

Involvement in host
autoimmune responses
which arise due to
bacterial infections (11).

ROR-γ t (7).

Higher in ASD subjects
compared to controls (7,
12).

Tregs

Levels in ASD

Maintenance of self
Foxp3 (7).
Lower in ASD subjects
tolerance.
compared to controls (7,
Inhibition of immune
14).
responses.
Inhibition of anti-tumor
immunity (13).
The imbalance in the presence of Th cells and Tregs in ASD has been speculated to arise as a
consequence of the observed alterations in the gut microbiota. One proposed mechanism is that
environmental factors can modify the composition of the microbiota and create a shift in the dominant
microbial phyla in the gut which subsequently affects mucosal immune cells (15). This concept is
supported by the fact that environmental factors such as psychological stressors, food or bacterial toxins
can reduce the expression of the mRNA of tight junction proteins including occludin (OCLN) and zonula
occludens (ZO)-2 resulting in a reduction in barrier integrity and an increase in intestinal epithelial
permeability (16). The altered epithelial permeability enables the penetration of bacterial antigens through
the epithelial barrier which eventually evokes resident mucosal immune cells and perturbs the
microbiome habitat (17, 18) (Figure 1). Additionally, the relatively low presence of SCFA-producing
bacteria and elevation in valeric acid producing bacteria in ASD plays a role in the determination of the
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dominant T-lymphocyte lineage (19). Such a shift has a detrimental effect on Tregs as they mainly
depend on oxidative metabolism of fatty acids to mediate their suppressive functions (20, 21). In contrast
to Tregs, the Th1, Th2 and Th17 cells are not affected by this shift due to their reliance mainly on
glycolysis to acquire energy (21). Another notion to consider lies in the fact that the exposure to
physiological or psychological stressors may also trigger a surge in adrenaline release (17, 18, 22).
Adrenaline can alter the fate of Th1 cells as those cells are the sole expressors of the 𝛃2 adrenergic
receptor (𝛃2AR) which can bind adrenaline. The agonism of 𝛃2AR prevents Th1 cell differentiation
indirectly leading to the selection of other T-lymphocyte lineages mainly, Th2 and Th17 cells which
explains the predominance of this phenotype in children with ASD (7, 22).
The disparity in Th cells/Tregs ratio and aberrant cytokine profile in autistic individuals can be explained
by the proposed theories. In conclusion, the exposure to various environmental factors can decrease
intestinal barrier integrity allowing toxins to penetrate the barrier leading to the promotion of the Th cell
subsets as well as an increase in the release of pro-inflammatory cytokines including interferon-γ (IFN-γ),
interleukin (IL)-13, IL-17 and IL-22 (22-24) (Figure 1). In addition to the increase in pro-inflammatory
mediators, the decrease in Treg-released cytokines IL-10 and transforming growth factor-𝛃 (TGF-𝛃) can
eventually induce cytokine imbalance (25) (Figure 1).

Figure 1: An overview of a possible pathway through which cytokine imbalance is promoted in ASD.
Environmental factors (not shown) can induce intestinal barrier damage allowing bacterial toxin penetration.
The presentation of bacterial toxins results in a shift in T cell subsets towards the helper T cell subset which
leads to a decrease in intestinal barrier integrity and increased gut leakiness. The decrease in short chain fatty
acid producing bacteria causes a drop in levels of regulatory T cells and an imbalance in the cytokine
production. Goblet cells = GC, dendritic cells = DC, interleukin = IL, helper T cell = Th, regulatory T cell =
Treg, short chain fatty acids = SCFA, transforming growth factor-𝛃 = TGF-𝛃 , interferon-γ = IFN-γ.
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B.2.1.3: THE INFLUENCE OF THE MICROBIOME-IMMUNE SIGNALING ON THE GUT BRAIN AXIS AND
NEUROINFLAMMATION IN ASD:
The gut and central nervous system are connected with endocrine, humoral, immune and neural links
which permit bidirectional crosstalk hence creating a communication network known as the gut brain axis
(GBA) (17). The microbiota is a vital contributor to the GBA and its components, including the gut
mucosal immune system (26).
A disrupted microbiota distinguished by altered microbial diversity has been found to play a role in the
initiation as well as progression of neuroinflammatory responses in the brain and the subsequent cognitive
dysfunction (21, 27). The increase in inflammatory mediators secreted in the intestinal mucosa contribute
to neuroinflammation (28, 29). The decrease in the integrity of the blood brain barrier (BBB) and
activation of microglia characterize the neuroinflammatory response. The BBB itself is a structure made
up of endothelial cells surrounding capillaries providing the brain with blood supply. It is selective of the
molecules that are allowed to pass the lipid bilayer therefore preventing pathogens, peripheral immune
cells and large molecules from passing through. The permeability and integrity of the BBB are regulated
by several proteins which connect the intercellular spaces of the BBB (30) (Table 2). Compromised BBB
serum markers as well as the expression of the BBB tight junction proteins, claudin (CLDN)-5, ZO-1 and
OCLN were analyzed as shown in table 2 in efforts to fathom the link between microbiota alterations and
neuroinflammation (31-33). The concurrent changes in the brain and gut of ASD individuals provide
evidence regarding the influence of microbiota on the alterations in the BBB (27, 29).
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Table 2: Evidence regarding the influence of the gut microbiota on the expression of tight junction proteins in
the blood brain barrier (BBB). Concurrent defects in the gut and BBB as well as serum markers correlated with
BBB damage can be detected in ASD. The lack of gut microbiota or gut dysbiosis negatively affects BBB
integrity hence providing a link among gut microbiota condition and BBB permeability. Autism spectrum
disorders = ASD, blood brain barrier = BBB, claudin = CLDN, occludin = OCLN, zonula occludens = ZO,
short chain fatty acids = SCFAs, germ free mice = GF mice, pathogen free mice = PF mice.
Author
Fiorentino
et al

Braniste et
al

Esnafoglu
et al

Experiment
Tight junction protein
expression analysis in
ASD postmortem brain
tissue & intestinal
biopsies.
An analysis of BBB tight
junction components
expression in GF mice
with and without PF flora
colonization.

The measurement of
serum markers to
evaluate BBB integrity in
ASD children compared
to healthy children.

Year
2016

Outcome
Increase in CLDN-5 expression in ASD cortical
and cerebellar tissue.

Ref
31

Decrease in OCLN expression in ASD duodenum.
2014

GF mice had a decreased expression of CLDN-5 &
OCLN compared to PF mice.

32

Increased expression of CLDN-5, ZO-1 & OCLN
in the hippocampus, frontal cortex & striatum
following GF mice exposure to PF gut microbiota.

2017

SCFAs increased OCLN in the hippocampus and
cortex of GF mice.
Children with ASD had significantly higher GFAP
serum levels compared to healthy children which
correlated with the severity of ASD symptoms.
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The gut microbiota and the metabolites produced in the gut have an influence on microglial function and
the neuropathology in ASD (34-36). The profile of bacterial metabolites found in fecal samples of ASD
subjects differs from that of healthy subjects. For example, elevated concentrations of bacterial
metabolites such as p-cresol were traced to the ASD-associated bacteria Bacteroidetes and Clostridia (37,
38). The exposure to p-cresol can increase the gene expression of the microglia associated marker CD68
as well as serum values of pro-inflammatory IL-1𝛃 all of which can worsen the severity of autism (35)
(Table 3). CD68 as a marker shows involvement in microglia activation and neuronal loss (39).
Additionally, the lack certain metabolites such as kynurenine can lead to microglia activation and can
influence inflammation in the central nervous system (CNS). The bacterial metabolite kynurenine has
been found to be regulator of the activation of microglia, an effect mediated through its binding to the aryl
hydrocarbon receptor (AHR) (40). The precursor of kynurenine, tryptophan, has been reported to be
found in low levels in subjects with ASD (41). When tryptophan is sufficiently present and metabolized,
its metabolite kynurenine forms a bond with AHR and inhibits the expression of the vascular endothelial
growth factor B (VEGF-B) by the microglia hence preventing astrocyte activation as well as promoting
an anti-inflammatory effect (40-42). Lastly, bacterial metabolites are capable of influencing the microglia
through T cells as many metabolites have been implicated in the maturation and fate of the T11

lymphocytes (28, 43). The major histocompatibility complex class II (MHC-II) is an important microglia
surface receptor for microglia-T cell interaction. Based on the work of Pasciuto et al, the absence of
MHC-II deemed the microglia unable to obtain an amoeboid morphology and become activated (36)
(Table 3).
Table 3: An overview of the involvement of the gut microbiota in the expression of neuroinflammatory
markers and microglial processes. Autism spectrum disorders = ASD, central nervous system = CNS,
transforming growth factor-α = TGF-α, interleukin-1𝛃 = IL-1𝛃, wild type = WT, major histocompatibility
complex II = MHC II, germ free = GF, pathogen free = PF, aryl hydrocarbon receptor = AHR, vascular
endothelial growth factor B = VEGF-B.
Author
Sun et al

Pasciuto
et al

Rothhammer et
al

Experiment
Measuring the expression
of neuroinflammatory
surface and serum markers
following p-Cresol
treatment of
nephrectomised mice.
The influence of the
microbiota on T cells was
assessed in GF and
antibiotic cocktail treated
PF mice and WT mice.
The direct effect of T cells
on microglia development
was investigated in the
brains of MHC II deficient
and WT mice.

Year
2020

A mouse model whereby
microglia are AHR
deficient was created to
investigate the effect of
the bound AHR on
microglia activation and
CNS inflammation.

2018

Outcome
Significant increase in IL-1𝛃 serum values.

Ref
35

Increased microglia surface marker CD68
expression in the prefrontal cortex.

2020

Number of brain localized CD4+ T cells in WT
mice were higher in comparison to GF and PF
mice.

36

Microglia belonging to MHC II deficient mice
showed a decreased expression in genes of
transcription factors involved in microglial
development. Moreover, the depletion of CD4+
T cells inhibited the upregulation of surface
microglial maturation markers.
Microglia deficient in AHR promoted a proinflammatory environment in the CNS by
increasing the expression of VEGF-B.

42

AHR deficient microglia had a reduced
expression of TGF-α, a cytokine with antiinflammatory effects on astrocytes in the CNS.

The supplementation of a tryptophan depleted
diet in hindered the recovery from CNS-induced
symptoms in the mouse model of experimental
autoimmune encephalomyelitis (EAE). The
supplementation of tryptophan in AHR deficient
and control EAE mice alleviated CNS related
symptoms.
Finally, microglial density and localization was found to be altered in subjects with neuro- developmental
and degenerative disorders (44-48). Changes in microglial density were correlated with the microbiota in
a study by Erny et al (47). In the study, germ free (GF) mice had defective microglia and a lack of
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heterogeneity in their localization which was reflected in the upregulation of survival and proliferation
genes including, TGF-𝛃 and DNA damage inducible transcript 4 (47). In the ASD brain, the highest
microglial density was marked in the grey matter of the dorsolateral prefrontal cortex (44) as well as the
visual cortex (48).
As explained previously, ASD-related gut microbiota modulation can have its effect on mucosal
immunity leading to an increase in pro-inflammatory cytokines and cytokine imbalance. The produced
cytokines can migrate to the brain and interact with the BBB or even cross the BBB (49). Proinflammatory cytokines have been detected in the ASD brain (50-52) however, there is a lack of evidence
on the presence of Th cells in the brain of ASD subjects. High levels of pro-inflammatory cytokines,
especially Th1 cell produced IFN-γ, was found to be correlated with an increase in BBB permeability in
the cerebellum and cerebrum (53) (Fig. 2). The production of the Th17 cell cytokines, IL-17, has also
been proven to lead to remodelling of the BBB through affecting the expression of OCLN, ZO-1 and
CLDN-5 (54) (Fig. 2). After crossing the BBB, IL-17 is capable of exacerbating the production of
reactive oxygen species by microglia in the CNS (54). Whilst IL-22 activates and instructs microglia to
produce tumor necrosis factor- α (TNF-α) in mice (55) (Fig. 2). The activation of resting microglia in the
CNS changes their appearance and morphology from ramified to amoeboid as shown in figure 2 (56). The
provided evidence links intestinal dysbiosis and gut microbiota alterations to markers of inflammation in
the CNS. which are mainly, decreased BBB integrity, lack of heterogeneity in microglial localization and
density as well as microglial activation.
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Figure 2: The variation in the permeability and integrity of the blood brain barrier (BBB) under a state of
homeostasis (A) and in a pro-inflammatory state (B). Under normal non-inflammatory conditions, the tight
junction proteins, ZO-1, CLDN-5 and OCLN maintain the integrity of the BBB (A). The imbalance in
cytokine levels and overproduction of pro-inflammatory cytokines in the gut mucosa due to intestinal dysbiosis
can affect the BBB negatively (B). The cytokines IL-17, IL-22 and IFN-γ have been implicated in the reorganization and down regulation of tight junction protein expression (B). The increased permeability of the
BBB allows cytokines such as IL-22 to enter the CNS and activate resting microglia therefore aggravating the
neuroinflammatory response (B). Claudin-5 = CLDN-5, zonula occludens-1 = ZO-1, occluding-5 = OCLN,
tight junction = TJ, interleukin-17 = IL-17, interleukin-22 = IL-22, interleukin-17 receptor = IL-17R,
interleukin-22 receptor = IL-22R, interferon-γ = IFN-γ, tumor necrosis factor- α = TNF-α.

B.2.1.4: THE USE OF PREBIOTICS AND PROBIOTICS IN MANAGEMENT OF ASD:
The current therapeutic strategies available aim to intervene with a single or a limited number of core
symptoms in ASD which highlights its multifactorial nature and the lack of treatments that can alleviate
all of ASD symptoms. At present, probiotics and prebiotics are being used to decrease ASD severity
through relieving GI disturbances (57, 58). Probiotics can be defined as live bacteria known for their
ability to enhance GI microflora and improve immune function. The bacterial strains, Bifidobacterium
bifidum (B. bifidum), Bifidobacterium lactis (B. lactis), Lactobacillus casei (L. casei), Lactobacillus
acidophilus (L. acidophilus) and other strains were reported to be the most promising for intestinal
microbiota modulation (59). Prebiotics are constituted of dietary fibers such as galacto-oligosaccharides
(GOS) and fructo-oligosaccharides (FOS), they are used by the GI microbiota and once degraded, SCFAs
arise as by-products of prebiotic metabolism.
The therapeutic potential of prebiotics in disorders whereby microbiota dysfunction is involved in the
pathogenesis has been investigated. Zaylaa et al have reported a list of probiotic strains that were most
promising in inhibiting or dimming pro-inflammatory immune responses in a TNBS-induced colitis
mouse model. L. acidophilus, B. bifidum and Lactobacillus rhamnosus were the most efficient in reducing
the production of TNF-α, a pro-inflammatory cytokine that induces apoptosis in intestinal epithelial cells.
14

The same strains significantly reduced the levels of IL-17 and Th1-inducer, IL-6 in the mouse model as
well as increased the expression of the Foxp3 Treg transcription factor in the mice. The results of the
study highlighted the protective effects of the strains which was mediated through elevating the Treg
response (60). Similarly, data pooled from several studies navigating the influence of prebiotics on
metabolic diseases showed an anti-inflammatory response in the gut following FOS intake (61). The
effect can be attributed to the ability of prebiotics in attenuating IFN-γ and IL-13 production (62). Lastly,
synbiotic mixtures have been gaining popularity as they provide a synergetic effect by improving the
growth of beneficial bacterial strains and hindering pathogenic bacteria from proliferating (63). A recent
study by Ha et al provided a comparison on the results of probiotic and synbiotic mixture administration
in terms of the immune response. The administration of the synbiotic mixture Lactobacillus gasseri and
fermented Cudrania tricuspidate extract significantly decreased serum IFN-γ as well as IL-6 and TNF-α
mRNA levels in the intestines of IBD mice (64). The potential of probiotics, prebiotics and synbiotics as
immunomodulators makes them suitable candidates to treat intestinal mucosal inflammation and restore
balance among pro- and anti-inflammatory cytokines in ASD. The suggested treatment methodology will
be expected to dim the neuroinflammatory response by restoring immune homeostasis in the gut.
B.2.1.5: HYPOTHESIS & AIM:
Until now, the effect of pre- and probiotic, and synbiotic formula intake on the dysregulated T cell
function as well as neuroinflammatory markers in ASD remain unelucidated. This proposal aims to
investigate the therapeutic potential of prebiotic, probiotic and synbiotic administration on the intestinal
mucosal inflammatory status and neuroinflammation in ASD, on the basis of their relevance in promoting
an anti-inflammatory response in the gut as shown previously. The neuronal parameters which will be
investigated will include BBB integrity as measured by ZO-1, occludin and CLDN-5 expression and the
heterogeneity in microglial localization, and microglial activation which will be assessed by detecting
microglial location in the brain as well as microglial morphology change. Moreover, immune parameters
including pro- and anti-inflammatory cytokine balance, and T cell subset proportion in the gut mucosa
will be analyzed by measuring the expression of T cell specific transcription factors, cytokine levels along
with T-cell energy metabolism. It is hypothesized that rebalancing immune homeostasis using prebiotics,
probiotics and synbiotics will positively influence neuroinflammatory parameters. Creating a balance
among Th cells and Tregs as well as pro- and anti-inflammatory cytokines in the intestinal mucosa will be
expected to lead to an increase in tight junction protein expression in the BBB and a shift in microglial
activation as measured by their morphology together with their localization/density. Therefore, the
research questions to be addressed are: Will the treatment with prebiotics, probiotics or synbiotics change
the gut bacteria composition hence also creating a shift in the dominant microbial phyla towards SCFAproducing bacteria? Will the change in the bacterial composition using the mentioned treatment affect Tcell energy metabolism therefore restoring Treg suppressive function, Treg cell population and the
balance among the Th cells/Tregs in ASD which will therefore restore cytokine balance? Will the effect
on immune parameters be reflected on neuroinflammatory parameters as well hence, will the treatment
shift microglial morphology, prevent microglial activation, improve BBB integrity and improve the lack
of microglial localization/density in the CNS? The GF and antibiotic treated pathogen free (PF) ASDinduced rodent models will be utilized to answer the defined research questions.
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B.2.2: RESEARCH APPROACH:
B.2.2.1: ASD ANIMAL MODEL:
Rationale:
To study the role of the microbiota on immune and neurological alterations in ASD, germ free (GF) and
pathogen free (PF) mouse models will be used. Both models will be colonized with gut microbiota
belonging to human ASD subjects then utilized to investigate the influence of the microbiome-host
interaction and dysbiosis-related manifestations in ASD (26). GF mice do not possess measurable
microorganisms whereas PF mice will be devoid of some but not all common microorganisms (65).
Procedure:
A GF C57BL/6 mouse model will be established as described in the paper by Qv et al (26). 3 week old PF
C57BL/6 mice will be obtained from the Jackson laboratory (66). The PF mice will be treated with an
antibiotic cocktail mainly, natamycin, neomycin, vancomycin and meropenem through oral gavage for a
week period in the same doses used by Sun et al. Those antibiotics have been chosen for gut microbiota
depletion as they are not absorbed in the intestines (67). Fecal samples will be obtained from ASD
children who received diagnosis based on the criteria of the 5th edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5). The samples will be transplanted to 4 week old mice by oral
gavage and 4 groups will be created, GF mice obtaining ASD sample, antibiotic depleted PF mice
obtaining ASD sample, and GF mice and antibiotic depleted PF mice that do not receive a transplantation.
The progression of ASD will be assessed among the mice that receive the fecal matter transplantation and
compared to the mice that that do not receive ASD fecal matter transplantation. In the period before and
after the three weeks of the fecal matter transfer, the mice will be subjected to microbiome analysis and
behavioral tests as done by Esser et al and Xiao et al, respectively, to assess ASD related changes in the
gut microbiota, behavior and social characteristics (68, 69).

B.2.2.2: PREBIOTIC AND PROBIOTIC TREATMENT OF ASD ANIMAL MODELS:
Rationale:
The ability of the prebiotic and probiotic treatment in restoring gut microbiota balance thereby also
reducing mucosal gut inflammation and neuroinflammation will be tested. Lactobacillus and
Bifidobacterium strains will be utilized for their capability to produce SCFAs, which are metabolic byproducts necessary for Tregs functionality (21, 70, 71). It is expected that the strains will demonstrate a
potent immunomodulatory effect by decreasing Th cell responses (72). Dietary long chain FOS (lcFOS)
and short chain GOS (scGOS) will be supplied to the mice. They will be expected to affect T cell
differentiation directly and indirectly by acting as a substrate for probiotics and inducing an increased
expression of Foxp3 (73).
Procedure:
After the ASD like mouse models have been established, the mice will be supplied with a probiotic
mixture containing Lactobacillus plantarum (DSM 15313), Lactobacillus paracasei (DSM 13434), B.
lactis (DSM 18352), B. longum (DSM 20219) (final concentration 1*109 CFU/mL) using an intragastric
16

feeding tube or a prebiotic mixture of lcFOS and scGOS in pellet form or synbiotic mixture of both preand probiotics or a normal diet with no treatment as a control for a period of two weeks. Therefore, 16
groups will be presented. Behavioral tests and microbiome analysis will be conducted mid and after the
two week treatment period to keep track of ASD progression. A health check will also be done to ensure
that the mice maintain a normal weight and do not suffer from excessive side effects due to the treatment
such as severe diarrhea.
B.2.2.3: IMMUNE PARAMETERS EVALUATION:
Rationale:
This step will evaluate whether the treatment with a probiotic, prebiotic or synbiotic mixture results in an
alleviation in the immune dysregulation in an ASD mouse model. The metabolic requirements and levels
of T cell subsets as well as the cytokine levels will constitute the measured immune parameters after
receiving the various treatments. The metabolic requirements and pathways of the different T cell subsets
will be measured as those can vary among Th cells and Tregs. As mentioned previously, Tregs showcase
elevated fatty acid oxidation and Th cells have a greater reliance on glycolysis as a metabolic pathway
making it possible to distinguish among the two subtypes (74). The transcription factors of the Th1, Th2,
Th17 cells and Tregs will be used as markers during T cell immunophenotyping (75, 76). Finally, proand anti- inflammatory cytokine levels will be assessed which will be reflective of the most dominant T
cell phenotype.
Procedure:
Following the treatment period of two weeks, the ex-GF and antibiotic depleted PF ASD mouse models
will be sacrificed using intraperitoneal injection of sodium pentobarbital. Serum cytokines will be
measured through the use of a multiarray cytokine assay (77) further, the cytokines which will be
measured include IL-2, IL-10, IL-13, IL-17, IL-22, TGF-𝛃 and IFN-γ. T lymphocytes present in the
mucosal layer of gut will be isolated using the protocol developed by Qiu et al (78). A portion of the
lymphocytes will undergo immunophenotyping and another portion will be cultured to analyze their
bioenergetics. Immunophenotyping will be done following the steps described by Malmhall et al.which
utilized the expression of the Th cell and Treg transcription factors; T-bet, Gata3, ROR-γ t and Foxp3
(79). A seahorse extracellular flux analyzer will be used to measure the oxygen consumption rate (OCR)
along with another parameter, the acidification rate (ECAR), as provided by van der Windt et al (80)
which will provide insight into glycolysis as well as oxidative phosphorylation pathways.
B.2.2.4: NEUROINFLAMMATION EVALUATION:
Rationale:
The therapeutic effect of the proposed treatments on improving ASD related neuroinflammatory features
including loss of BBB integrity and altered microglial morphology, and microglial cell density in the
ASD brain will be assessed. It is speculated that restoring the balance among the T cell subtypes hence
also reducing the levels of pro-inflammatory cytokines by improving the composition of the microbiota
will mitigate neuroinflammation in ASD. The GF mouse model described in this proposal has been
reported to showcase alterations in the BBB integrity which linked to the gut microbiota, a characteristic
that made them ideal for mimicking ASD in human subjects. The main alterations were reported to be a
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decrease in the expression of ZO-1, OCLN and CLDN-5 tight junction proteins in the BBB located in the
striatum of the GF mice in comparison to antibiotic depleted PF mice. Furthermore, the colonization of
GF mice with a bacterial strain mix. enhanced BBB integrity and reduced its permeability (32).
Procedure:
The brains of the sacrificed mice will be collected to create coronal sections or lyse the brains.
Immunofluorescence will be conducted as described in the protocol by Braniste et al (32) in order to
visualize OCLN and CLDN-5 BBB tight junction proteins in the brain sections and compare the
differences among the treatment conditions. The sections will also be used to assess microglia density and
distribution by immunostaining of the microglia surface marker F4/80 following the steps in the paper by
Lawson et al (81). The complement receptor 3 (CR3), a phagocytic receptor used to distinguish activated
microglia, will be stained using immunohistochemistry and the area of CR3 will be visualized according
to the steps of Young et al to assess the morphology of the microglia in different area of the brain cross
sections (82). The brain lysates will be utilized to establish the expression of OCLN, CLDN-5 and ZO-1
using western blot (WesternC chemiluminescence kit, Bio-Rad).

B.2.2.5: WORK PLAN:

Figure 3: The timeline of germ free and pathogen free C57BL/6 mice preparation and ASD mouse model
establishment prior to treatment exposure. Germ free = GF, pathogen free = PF, week = wk, autism spectrum
disorder = ASD.

18

Figure 4: A scheme representing the ASD mouse groups, the treatments used and experiments conducted after
the sacrificial of the mice. Interleukin = IL, germ free = GF, pathogen free = PF, autism spectrum disorder =
ASD, germ free mice exposed to gut flora of autistic subjects = Ex-GF ASD mice, occludin = OCLN, claudin5 = CLDN-5, zonula occludens-1 = ZO-1.

B.2.3: FEASIBILITY AND RISK ASSESSMENT:
The current project aims to alleviate neuroinflammation and immune dysfunction in ASD mouse models
by targeting the gut microbiota using prebiotics and probiotics. The rationale behind this approach lies in
the fact that the gut mucosal immune system is highly affected by the gut microbiota and its composition.
Additionally, the imbalance in the T cell subsets and excessive release of pro-inflammatory mediators
have been linked to neuroinflammation in ASD. Hence, the goal is to restore homeostasis of the
microbiota which is expected to promote an anti-inflammatory mucosal immune response and attenuate
neuroinflammation.
The proposed plan makes use of GF and antibiotic treated-PF mice transplanted with fecal matter of ASD
individuals. Both models have made it possible to assess the manner through which the microbiota
regulate disease. The chosen animal models will allow us to introduce known microbes and test whether
certain bacterial strains, in our case ASD-related bacterial strains, play a causative effect in the disease
state which is considered a strength in the approach. In terms of feasibility, microbiota depletion using
broad spectrum antibiotic is cheaper and easier to achieve. The breeding or maintenance of GF mice is
laborious, costly and can require special equipment, and skills (83). Moreover, the development of the
immune system of GF mice is affected due to the lack of exposure to microbes during development (8419

87). The issue of proper immune system maturation is not present with antibiotics treated mice however,
such treatment regimen may allow for fungus growth (88-90). A factor which makes using GF mice more
favorable than antibiotic treated-PF mice is that oral antibiotic intake may disrupt the microbiota of the
respiratory tract and permit the development of antibiotic resistance (91-93). Antibiotic intake may cause
a decrease in the bacterial load and a shift in the bacterial populations as well as an incomplete clearance
of bacteria. Moreover, the depletion of the microbiota might deplete immune cells necessary for antigen
presentation such as dendritic cells. Despite some of the drawbacks associated with the mouse models, the
GF mouse model remains as the gold standard for microbiota studies and the antibiotic treated-PF mice
offer a suitable substitute or a comparable model to the GF mouse model. GF mice will practically serve
as the most suitable as they elicit alterations in the BBB associated with the microbiota, which does not
require any genetic modifications (83). Lastly, in terms of time, GF and PF mice can be purchased from
Charles River Laboratories in order to reduce the amount of time and effort required to create the models.
The animals will be raised and treated in the central laboratory animal research facility of Utrecht.
Gnotobiotic GF isolators will be purchased and used to house the GF mice.
The feasibility and safety of prebiotic, and probiotic use has to be evaluated prior to the approval of their
use on ASD subjects. Previous studies have discussed the ability of prebiotics, probiotics and synbiotics
in improving microbiota composition, intestinal discomfort and immune regulation in subjects with
disorders characterized by microbiota distortion, such as ASD and IBD (12-16). The administration of a
probiotics formula was found to improve core symptoms mainly, GI-related symptoms in autistic children
(94). Moreover, probiotics intake has been linked to an increase in the release of anti-inflammatory
cytokines, an effect suggested to arise due to the ability of probiotics in competitively inhibiting the
binding of pathogens to the intestinal epithelium (95, 96). As for prebiotics, the short-term administration
of GOS accompanied by an exclusion diet in a cohort of autisitc children resulted in a significant
alteration in the excreted metabolites of the children which reflected the change in the dominant microbial
phyla in the gut (97). Finally, the short-term ingestion of a synbiotic mixture by adults with IBD has been
reported to significantly reduce the expression of TNF-α a, a cytokine that is crucial for orchestrating and
modulating pro-inflammatory immune responses (98). The highlighted studies provide evidence on the
efficacy of prebiotics, probiotics and synbiotics in ameliorating manifestations and symptoms associated
with gut dysbiosis; however, their safety is still a matter of investigation. The risk associated with
receiving probiotic supplements is the highest in individuals with compromised immune function as they
may exhibit non-specific immune activation shortly following probiotics administration. In the case of
individuals with ASD which suffer from an improper regulation of their immune system, receiving
multiple bacterial strains at once may place them at risk of experiencing a heightened immune-stimulating
response. The response may vary from person to person and can be specific to the type of probiotic
mixture or even strains (99). Additionally, based on the paper of Sorokulova, the toxicity of Bacillus
strains is highly dependent on the dose as well as the administration route making the evaluation of the
animal studies safety data challenging (100).
The current animal models offer a limited and simplified alternative to testing in humans which elicit
more complex interactions in the gut environment (99). When it comes to colonization, there is a lack of
data focusing on the persistence or long-term bacterial colonization of the GI in adults following probiotic
supplementation. For example, bacterial strains including Lactobacillus casei can showcase a low division
rate which can prevent long-term colonization (101). Unlike probiotics, prebiotics supplementation has
not been linked to any major risk in disorders encompassing a distorted gut microbiota (102).
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B.2.4 (A): SCIENTIFIC IMPACT:
Unlike conventional ASD medications, prebiotics, probiotics and synbiotics are capable of improving GI
dysfunction (103, 104). Additionally, some evidence has been provided on the positive impact of bacterial
metabolites of non-pathogenic bacteria on ASD social behaviour and repetitive behaviour (105, 106).
Such evidence eludes to the assumption that many ASD symptoms can be altered by altering the
microbiome and highlights the importance of diversity in the GI microbiome.
In a paper by Yap et al, researchers have argued that subjects with ASD elicit a decreased microbiome
diversity due to lacking diversity in their diet (107). This explanation does not acknowledge the role of
altered immune function and reformed immune-microbial interactions on the GI microbiome in ASD. In
the same paper, the degree of autism and symptoms of the individuals are not communicated which
disregards many factors. The first factor is that autism is a spectrum, meaning that not all ASD subjects
exhibit similar severity of symptoms, especially behavioural symptoms. Secondly, not all individuals with
ASD are selective in their eating habits. In this proposal, we aim to provide evidence regarding the
significant influence of gut microbiota constituents on modulating mucosal inflammation and
neuroinflammation in ASD. The proposed prebiotics, probiotics and synbiotics are expected to restore a
healthy gut microbiota hence also restoring the balance between Th cells and Tregs, and reducing
proinflammatory cytokine levels as a result. Probiotics have been reported to modulate immune responses
and prevent the aggregation of pathogenic bacteria to the intestinal barrier in IBD (95). Prebiotic intake
has been reported to increase the amount of symbiotic bacteria in the colon of an IBD mouse model hence
elevating the production of SCFAs. Lastly, synbiotics were found to aid in higher effectivity in the
attachment of probiotics to the intestinal wall as well as decrease proinflammatory (108). Cytokine
dysregulation can induce neurological changes in the brain of ASD subjects (109) hence, by reestablishing a normal cytokine profile and preventing cytokine imbalance, the treatments are expected to
positively influence the BBB integrity, microglial activation and the lack of heterogeneity of microglial
density. The experiments in an ASD mouse model are expected to highlight the therapeutic ability of
prebiotics, probiotics and symbiotics in restoring mucosal immune homeostasis therefore subsequently
reducing neuroinflammation. The results will be anticipated to provide a solid foundation for further
research in human ASD subjects.

B.2.4 (B): SOCIETAL AND ECONOMIC IMPACT:
According to data released in 2010, the number of global ASD cases have been estimated to be as high as
52 million cases. A prevalence rate of 7.5 and 7.6 per 1000 has been reported for ASD globally in each of
1990 and 2010, respectively (110). The health-related (HR) quality of life (QoL) or HRQoL, which
estimates the influence of health in the mental, physical, social and emotional domains on the QoL, has
been utilized to assess the functioning of adults with ASD. Based on a study by Khanna et al, the mental
and physical aspects of HRQoL of a group of 291 autistic adults were found to be significantly lower
when compared to healthy adults in the united states. Moreover, the increase in the severity of autism was
correlated with a decrease in the mental QoL scores (111). A low or poor QoL has also been linked to
worse social functioning in adults with ASD (112). Recent reports that summarize population ASD
epidemiological data have highlighted the significant increase in ASD prevalence in the general
population of developed countries (113-115). An increased prevalence can be attributed to the enhanced
diagnostic practices, overall awareness as well as the increased exposure to certain chemicals (115). The
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elevation in the number of cases was also coupled to an escalation in the economic burden of ASD.
According to the Dutch association for autism, the societal and production loss costs caused by autism in
2015 were estimated at 268 trillion dollars or 236.8 trillion euros (116). The costs were expected to rise
significantly within a 10 year period (117). Currently, the approved pharmacological therapies are not
capable of targeting several symptoms at a time (118). For example, antipsychotics are widely prescribed
to ameliorate behavioural symptoms including irritability, hyperactivity and withdrawal (118, 119). In
study by Horlin et al, the costs associated with ASD in terms of diagnosis, treatment and loss of income in
a cohort of western Australian children with ASD were calculated. Additionally, the percentage of costs
attributed to the treatment of ASD were provided. According to their findings, each family with an ASD
child had an estimated annual costs of almost 35 thousand Australian dollars or 22 thousand euros.
Pharmacotherapy and the treatments offered to the autistic children made up 8% of the annual declared
costs (120). The study offered an insight on the contribution of ASD medication and treatment to the
overall annual costs spent on ASD. Considering the limited number of ASD symptoms that current drugs
can treat and the costs associated with these drugs, a more affordable therapeutic approach which targets a
wider range of symptoms must be investigated.
This project aims to showcase the health benefits and cost effectiveness associated with utilizing
prebiotics and probiotics. In terms of their availability, probiotics, especially lactobacillus and
bifidobacterial strains, can be found in fermented food such as yoghurt, kefir and tofu (121, 122). FOS
can naturally be found in fruits such as bananas while GOS can be obtained from human milk (123, 124).
Moreover, some probiotic bacterial strains, prebiotics and synbiotics which have been tested and
approved for general use can be found in the form of supplements which makes accessing them easy to
the public (125, 126). The findings and outcome of microbiome research for developmental disorders
should be communicated more clearly with the public to expand the scale of use as microbiome-targeted
interventions (127, 128). The cost effectiveness of the use of probiotics has been previously addressed in
a large scale study. Probiotics were found to decrease the health care costs in comparison to conventional
pharmacotherapy after treating american subjects with respiratory tract infections (129). Similar studies
that discuss the cost-benefit ratio associated with probiotic, prebiotic and synbiotic intake on subjects with
ASD are sparse. Regardless, the results of the study can be translated and utilized in different sectors such
as that of neurodevelopmental disorders. Most importantly, the results have eluded to the importance of
exploration of the cost-effectiveness of nutritional supplements in ASD treatment.
Finally, communicating the manner and duration of prebiotic, probiotic, and synbiotic consumption as
found by clinical research is not a light task. However, it is a task that should be taken in order to inform
and enhance the public perception on such nutritional interventions that are highly accessible and offer a
wide range of benefits for a lower relative cost.

B.2.5: ETHICAL CONSIDERATIONS:
The current proposal requires the use of a large number of mice which may raise some ethical concerns
and considerations. The sample size and number of mice required per group will be calculated using the
G*power statistical tool. The RIVM policies require the use of animals to be reduced, refined or replaced
with robust methods to decrease the need for animal testing. To reduce the number of mice used per
experimental group, an in vitro BBB model can be used. The BBB 3D model can be constructed using
primary cells and grown in transwells as described by Stone et al (130). An ASD BBB model can be
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induced by subjecting the barrier to pro-inflammatory cytokines or bacterial metabolites known to
decrease the integrity of the BBB. To assess the effect of T cell subsets on the BBB integrity, serum of
ASD rodents can be collected and used in the BBB cell culture. Further, to assess the effect of the
prebiotics, probiotics or synbiotics on BBB integrity and immune regulation, the rodents will be treated
with one of the three options or supplied with a control diet. Serum will be collected again from the
rodents at different points during the treatment period and supplied to the BBB in transwells then BBB
integrity will be evaluated using transepithelial electrical resistance and immunological staining of tight
junction proteins. Such model does not directly integrate ques from the microbiota however, it may
replace the need to test in animal models.
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