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Abstract

This thesis explores the effects of low-carbohydrate (LC) diet on development of T1D, insulitis
and alterations of immune parameters using spontaneous diabetes model, specific pathogen-free
(SPF) non-obese diabetic (NOD) mice, when introduced from the age of 4 weeks or from in
utero. The study includes glycaemia screening for evaluation of T1D incidence in NOD mice,
insulitis scoring, cell staining and flow cytometry analysis focused mainly on FoxP3+Tregs,
CD4+IL-10+, Trl, potentially immunoregulatory yo T cells, and CD8+ memory/eftector T cells

in mucosal and non-mucosal lymphoid organs.

We did not observe any significant effect of LC diet on diabetes incidence when it was
introduced to NOD females from the age of 4 weeks. In line with these data, we found no
substantial differences in cell subsets percentages in mucosal (mLNs, pLNs, PPs) and non-
mucosal (spleen, iLNs) lymphoid organs in 12-week-old NOD mice fed with LC diet from the
age of 4 weeks. This finding was reflected by no substantial differences in insulitis scoring in

pancreata of NOD mice fed LC and standard diet from 4 weeks of age.

When we investigated the effects of LC diet introduced to NOD females from in utero, we
obtained an unexpected and interesting finding of statistically significantly accelerated diabetes
incidence in NOD mice fed with LC diet versus standard diet, which was confirmed by three
independent experiments. This was reflected by changes in immunoregulatory T cell subsets in
LC diet group, with a statistically significantly decreased CD4+IL-10+ T cells (spleen, mLNs),
Foxp3+ Tregs (spleen, iLNs), Trl cells in the spleen; the percentage of yo T cells was also
decreased in the spleen. CD8+ central memory T cells were generally increased on the LC diet
introduced from in utero (spleen, pLNs and iLNs). Reciprocal decrease was found in CD8+
effector T cells, possibly reflecting an accelerated migration of effector T cells to the pancreas in
mice fed with LC diet from in utero compared with mice kept on a standard diet. This was
consistent with the insulitis scoring in panreata of NOD mice fed with LC and standard diet from

in utero.

Thus, this study brings new findings about the influence of LC diet on immunoregulatory and
effector T cell subsets and acceleration of T1D when it is introduced to NOD mice from in utero.
A very rare acceleration of the development of T1D in NOD mice by an environmental factor —
the LC diet, may shed more light on the pathogenesis of the disease. Further multidisciplinary
experiments are needed to elucidate the complex effects of LC diet on developing immune

system in NOD mice.



Key words: T1D, low-carbohydrate diet, NOD mice, Tregs, Trl cells, yo T cells, effector T

cells; memory T cells.

Abstrakt

Tato prace se zabyva vlivem nizkosacharidové (LC) diety na rozvoj diabetu 1. typu (T1D),
inzulitidy a zmény imunitnich parametri s vyuZzitim modelu spontanniho diabetu, neobéznich
diabetickych mysi (NOD) bez specifickych patogent (SPF). Dieta byla podavana bud’ od veéku 4
tydnii, nebo jesté in utero. Studie zahrnuje screening glykémie pro hodnoceni incidence T1D u
NOD mysi, hodnoceni insulitidy, barveni bunék a analyzu pritokovou cytometrii, zaméfenou
zejména na FoxP3+Tregs, CD4+IL-10+, Trl, potencidlné imunoregulaéni y6 T bunky a CD8+

pamétové/efektorové T bunky ve slizni¢nich a neslizni¢nich lymfoidnich orgénech.

Nepozorovali jsme zadny vyznamny vliv LC diety na incidenci diabetu, pokud byla podavéana
NOD samicim od veéku 4 tydnil. V souladu s témito udaji jsme také nezjistili zddné podstatné
rozdily v procentudlnim zastoupeni bunéénych subpopulaci ve sliznicnich (mLN, pLN, PP) a
neslizni¢nich (slezina, iLN) lymfoidnich organech u 12tydennich NOD mysi krmenych LC
dietou od véku 4 tydnl. Tento nalez byl potvrzen také absenci podstatnych rozdili rozvoje

insulitidy v pankreatech NOD mysi krmenych LC a standardni dietou od véku 4 tydnd.

Pti zkoumani G¢inkli LC diety podavané NOD samicim prenatdlng, in utero, jsme ziskali
necekané a zajimavé vysledky: statisticky vyznamné rychlejs$i rozvoj diabetu u NOD mysi
krmenych LC dietou ve srovnani se standardni dietou, coz bylo potvrzeno tfemi nezavislymi
experimenty. Tento jev se projevil zménami v imunoregulacnich subpopulacich T bunék ve
skupiné s LC dietou, pficemz doslo ke statisticky vyznamnym poklesu CD4+IL-10+ T bunék
(slezina, mLNs), Foxp3+ Tregs (slezina, iLNs), a Tr1 bun¢k ve slezin€. Ve slezin¢ se také snizil
podil yo T bun€k. CD8+ centralni pamétové T buiiky byly obecné zvyseny na LC dieté zavedené
od doby in utero (slezina, pLNs a iLNs). Recipro¢ni pokles byl zjistén u CD8+ efektorovych T
bun¢k, coz mlze odraZzet zrychlenou migraci efektorovych T bun€k do pankreatu u mysi
krmenych LC dietou od doby in utero ve srovnani s mySmi chovanymi na standardni dieté. Tyto
data jsou v souladu s vysledky hodnoceni inzulitidy v pankreatech NOD mysi krmenych LC a

standardni dietou od in utero.

Tato studie tedy pfinaSi nové poznatky o vlivu LC diety na imunoregulac¢ni a efektorové

subpopulace T buné¢k a akceleraci T1D pii jejim podani NOD mysim od doby in utero. Velmi



vzacna akcelerace rozvoje T1D u NOD mysi vlivem environmentéalniho faktoru — LC diety,
muze vrhnout vice svétla na patogenezi tohoto onemocnéni. Dalsi multidisciplinarni experimenty
jsou potiebné k objasnéni komplexnich G€inkit LC diety na vyvijejici se imunitni systém u NOD

mysSi.

Kli¢ova slova: T1D, nizkosacharidova dieta, NOD mysi, Tregs, Trl bunky, yd T buiky,
efektorové T buiiky; pamétové T bunky.



Table of Contents



List of Abbreviations

APCs - antigen-presenting cells
ASF - Altered Schaedler Flora
DCs - dendritic cells

GFD - gluten-free diet

iLNs - inguinal lymph nodes

LC - low-carbohydrate diet
mLNs- mesentheric lymph nodes
NK - natural killer cells

NOD - non-obese diabetic mice
pLNs - pancreatic lymph nodes
PPs - Peyer’s patches

SPF - specific pathogen-free (SPF)
STD - standard diet

T1D - type I diabetes

TCR - T cell receptor

Trl - type 1 regulatory T cells

Tregs - regulatory T cells



2. Literature overview

2.1. T1D: introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease in which pancreatic islet B-cells are
destroyed by immune cells, ultimately leading to a clinically apparent diabetes with a chronic
dependence on exogenous insulin. In 2022, the number of individuals living with T1D was
estimated to be around 8.75 million people, with 530,000 new cases diagnosed at all ages.

201,000 of these new cases were in children and young people less than 20 years of age [link].

T1D is a multifactorial disease that involves multiple gene variants that have been associated
with the disease along with multiple environmental factors. Genome-wide association studies
(GWAS) identified over 60 genes predisposing to T1D susceptibility, with functions both in
pancreatic beta cells and innate and adaptive immune systems. The strongest association have
been established for HLA-DR3-DQ2 or HLA-DR4-DQS8 haplotypes, PTPN22, CD14, CTLA 4,
STAT 4, IL2, SUMO4, IL2RA and other genes [Zajec et al., 2022; Chiou et al., 2021].

However, different lines of evidence indicate the role of environmental factors in triggering or
accelerating T1D pathogenesis. First, a progressive increase in T1D incidence including increase
in childhood onset diabetes has been reported in many countries over the past decades, with the
overall annual increase has been estimated around 3%. According to the ranking of T1D
incidence rate in the 0-14 year age group, the Nordic countries of Finland, Sweden and Norway
are in the top five of countries worldwide [Patterson et al., 2019]. Second, according to different
studies, disease concordance in monozygotic twins constitutes only 30-50% [Triolo et al., 2018].
Third, an increase in T1D incidence has been observed among immigrants from regions with low
T1D incidence to regions with high disease incidence. Fourth, a wide gradient in disease
incidence in neighbouring countries/regions where two populations have the same frequency of
the high-risk HLA-DQ genotypes but had different hygienic conditions [ Haupt-Jorgensen et al.,
2018]. Finally, a high heterogeneity of the disease is observed between diabetic patients. Thus it
is commonly hypothesized that environmental factors trigger a T-cell-mediated immune

response in genetically susceptible individuals [Houeiss et al., 2022].

It is also important to add that in 2009, the overall annual increase in T1D cases in European
countries was 5.4% in the youngest age group (0-4 years) [Patterson et al., 2009], which may
speak in favour of the hygiene hypothesis, combined with the influence of early life events, such

as caesarian section, breastfeeding and time of implementation of dietary components such as


https://diabetesatlas.org/idfawp/resource-files/2022/12/IDF-T1D-Index-Report.pdf

gluten and cow’s milk [Ogrotis et al., 2023]. According to the hygiene hypothesis, decreasing
childhood infections due to a better hygiene conditions impair the development of the immune
system by limiting the competition between self and non-self, which impairs normal
development of Tregs and T-cell regulation and thus increases the risk of autoimmune diseases

[Houeiss et al., 2022].

To date, current evidence allows to suggest the significant contribution of several environmental
factors in T1D development: 1) viral infections; 2) alterations in the gut microbiome; 3) dietary

factors; 4) early life events (cesarian section, breastfeeding, etc.) [Ogrotis et al., 2023].

Immune infiltrates of the Langerhans islets observed in T1D are very heterogeneous even if the
patients are at a similar disease stage. Different studies investigating immune cell composition
reported that the majority of the infiltrates are composed of CD8+ T cells followed by
macrophages, CD4+ T cells and B cells [Willcox, 2009; Michels, 2017; Gianani, 2010]. More
detailed analysis revealed that CD4+ and CD8+ T cells from pancreatic islets of T1D patients
recognize a broad range of native islet autoantigens as well as post-translationally modified islet
peptides, indicating the crucial role of these cells in immunopathogenesis of T1D and their

potential as a target for immunotherapy in T1D [Babon, 2016; Michels, 2017].

T1D progresses in 3 stages: 1) stage 1 (prediabetes), which is presymptomatic and defined by the
presence of islet autoantibodies indicating B-cell autoimmunity, while glucose levels do not
exceed a normal range; 2) stage 2 is also presymptomatic, but characterized by the presence of
islet autoantibodies and hyperglycaemia (fasting plasma glucose of > 5.6 mmol/L or > 6.2
mmol/L); 3) stage 3 is clinically overt diabetes [Insel et al., 2015]. Although anti-islet
autoantibodies do not play a significant role in B-cell destruction since T1D is a primarily T-cell-
mediated disease, they are used as a biological marker for T1D; for instance, anti-insulin (IAA)
autoantibodies are detected in up to 100% of young children (< 5 years of age) before the disease
onset and seem to be an early marker of -cell destruction. A high titers of IAA autoantibodies at
a younger age has been associated with a more aggressive disease course. Among other known
ant-islet autoantibodies there are anti-glutamic acid decarboxylase (anti-GAD), anti-islet antigen
2 (anti-IA2), and anti-zinc transporter-8 (ZnT8). In GAD65- and TA-2-positive first-degree
relatives of T1D patients, presence of these two autoantibodies correlated with 100% T1D

incidence by 11 years of follow-up [Pietropaolo et al., 2012].

Islet-specific antigens recognized by diabetogenic T cells partially overlap with those for B cells

and include native proteins and epitopes of proinsulin, GAD65, 1A-2, islet-specific glucose-6-
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phosphatase catalytic subunit-related protein (IGRP), ZnTS8, chromogranin, islet amyloid
polypeptide (IAPP), etc. [Coppieters et al., 2012; Pugliese, 2017]

Immune mechanisms involved in the autoimmune destruction of pancreatic B-cells are mostly
studied in non-obese diabetic (NOD) mice spontaneously developing autoimmune diabetes.
Despite the great value of this model in TID research, human T1D is a much more
heterogeneous disease due to the multiple environmental exposures and very different disease

processes in patients.

2.2. NOD mouse model

Non-obese diabetic (NOD) mouse is the most commonly used model for T1D. Unlike many
other models of autoimmune diseases, NOD mouse is characterized by spontaneous development
of autoimmune diabetes that has many similarities with human TID including genetic
susceptibility and natural development of diabetogenic T cells driving the disease progression.
NOD mice spontaneously develop autoimmune diabetes starting at the age around 10 weeks in
females, and disease incidence increases over time until the age of around 25 weeks. NOD
female mice are much more predisposed to T1D development compared with males, with
diabetes incidence in females and males constituting approximately 80% and 30%, respectively.
The immune cell infiltrates (insulitis) of pancreas of NOD mice consist of macrophages,
neutrophils, DCs on early stages of insulitis, then (at the age of 12-14 weeks) CD8+ T cells and
CD4+ T cells become predominant, while macrophages, NK cells and B cells are present in
lower numbers. These cells are similarly found in the human islet infiltrates, however, in case of
NOD mice, there is a massive accumulation of inflammatory cells, and pancreatic beta-cells
destruction is much more aggressive compared with humans [*Pearson et al., 2016; Bruggeman
et al., 2023; Magnuson AM et al., 2015; Catrina et al., 2021; Aldrich VR et al., 2020; *In’t Veld,
2014].

NOD mouse has multiple genes/loci that predispose to the development of autoimmune diabetes
similar to those found in human, identified by genome-wide associated studies, including MHC
gene variants (in particular, MHC-II molecule /-4g7) and different insulin-dependent
diabetes (/dd) loci. It is known that FoxP3+ Tregs require IL-2, which is encoded by /dd3 loci
associated with T1D susceptibility and expressed at reduced levels in NOD mice. This leads to
an imbalance between Tregs and islet-reactive T cells, activation of the latter, and specific

destruction of pancreatic beta-cells [*Mullen, 2017; *Pearson et al., 2016]. NOD mice have been
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reported to have a generalized decreased Treg numbers with increased proportion of
effector/effector memory T cells (CD44+CD62L-) compared with BALB/c mice; moreover,
naive CD4+CD25- T cells from NOD mice showed reduced functionality in vitro [ Godoy et al.,
2020]. All these traits make NOD mice prone to spontaneous and multifactorial development of
autoimmune diabetes.

Autoreactive T cells in NOD mice have been reported to recognize diabetes-specific
autoantigens similar to those observed in diabetic patients, such as Insulin, GAD, [A-2, [A-2f,
IGRP, ZnT8, chromogranin A [*Pearson et al., 2016]. It has been demonstrated that early (at 3
weeks-old age) removal of pancreatic lymph nodes, but not the spleen, in NOD mice protected
mice against insulin autoantibodies, insulitis, and diabetes development almost completely, but
had no effect when performed at 10 weeks-old age when NOD mice were very close to diabetes
onset. This experiment suggests that the activation of islet-reactive T cells takes place first in the
pancreatic lymph nodes [Gagnerault et al., 2002].

Environmental conditions also play a very important role in T1D development in NOD mice, and
it is well known that NOD mice in different institutions and laboratories have different diabetes
incidence as well as the speed of the disease development. There are many environmental factors
that can alter T1D susceptibility in NOD mice, including exposure to dietary factors such as
wheat and gluten, exposure to the microorganisms/infections, and changes in the gut microbiota.
T1D incidence is the highest when NOD mice are maintained in conditions maximally close to
germ-free, and sharply declines when mice are exposed to infections or their environments are
dirty/contaminated. It has been demonstrated that infections of NOD mice with mouse hepatitis
virus (MHV), mouse norovirus 4 (MNV4), Salmonella typhimurium, and Schistosoma mansoni
abrogated T1D development. For these reasons, NOD mice are generally maintained in specific
pathogen-free (SPF) facilities that are carefully screened for the presence of mouse pathogens
and correspond to FELASA requirements [Chen et al., 2020; Pearson, Tai, et al., 2019].

It has been found that germ-free (GF) and SPF NOD mice have very similar T1D incidence, but
insulitis in GF mice was reported to be more accelerated and intense. Germ-free NOD mice
showed increased levels of Th17 and Th1 cells in the mesenteric and pancreatic lymph nodes and
increased levels of IL-17 mRNA in the colon, while FoxP3+ Tregs and Foxp3 mRNA were
reduced compared with SPF NOD mice. These data indicate that lack of intestinal microbiota in
GF mice promotes an imbalance between Th17, Thl and Treg differentiation in the intestine,

with reduction in Tregs and accelerated insulitis [Alam et al., 2010].

2.3. Viruses in T1D and generation of neoepitopes
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A growing evidence obtained from clinical epidemiological and experimental studies supports a
role of viruses in T1D development, particularly human enterovirus and rotavirus infections, as
potential triggers for the development of T1D in individuals genetically predisposed to
autoimmunity.The first evidence came from epidemiological studies, which reported increased
T1D incidence following enterovirus epidemics. Enteroviral RNA has been detected in the blood
of newly diagnosed T1D patients, and a positive association between enteroviral infection and
T1D, particularly for the coxsackievirus B4 (CVB4), has been reported in different studies using
PCR-based detection methods. The presence of antibodies against coxsackievirus Bl (CVBI)
was also associated with T1D [Houeiss et al., 2022; Op de Beeck, Eizirik, 2016].

Furthermore, the Diabetes Virus Detection study (DiViD) has demonstared that enteroviral VP1
protein was detected in the islets of all newly diagnosed T1D patients included into the study, but
only in two of nine non-diabetic controls. Hyperexpression of class I HLA molecules was found
in the islets of all patients [Krogvold et al., 2015], and islet cell hyperexpression of HLA I
antigens was found to be a defining feature in type 1 diabetes [Richardson et al., 2016]. Another
sudy has found that upregulation of IFN-stimulated genes in pancreatic tissue samples taken
from T1D patients correlated with the insulitis [Ferreira et al., 2014]. Finally, a recent meta-
analysis of 25 studies with 4,854 participants has shown a clinically significant association
between enteroviral infection and T1D, which was consistent with a previous large meta-analysis
[Yang et al., 2021; Yeung et al., 2011].

Based on current evidence, one of the hypotheses suggests that viral infection/s could induce an
immune response with a local production of cytokines, including type I interferons, and
subsequent upregulation of HLA-I on pancreatic beta-cells. At the same time, viruses could
induce a translational arrest in beta-cells, hampering insulin production. Also, other forms of
environmental stress, such as chemicals, dietary components may promote ER or oxidative stress
[*Rodriguez-Calvo et al., 2021]. The effects of these environmental triggers may result in the
generation of a first wave of non-conventional proteins by pancreatic beta-cells. Impaired
clearance of such stressed or dying beta-cells expressing modified proteins will cause activation
of APCs and presentation of neoepitopes to CD4+ T-cells, which in turn can trigger a wide range
of immune responses, including activation of B cells with subsequent production of islet-specific
autoantibodies, and activation of autoreactive effector T cells that can directly kill beta-cells
presenting modified islet peptides (neoepitopes). This first cascade of immune activation may
promote further beta-cell stress or death, resulting in an autoreactive loop, with further

modification of beta-cell proteins, epitope spreading, amplification of immune response, and
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disease exacerbation. This model could provide evidence for a role of neoepitopes both in

initiation and exacerbation of the disease [*Rodriguez-Calvo et al., 2021].
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Fig. 1. Schematic representation of generation of neoepitopes and how they could lead to the targeted killing of
pancreatic B-cells in T1D [Rodriguez-Calvo et al. Front Immunol. 2021 Apr 19;12:667989].

2.4. Gut microbiome in T1D

Data from recent years indicate that alterations in the gut microbiota can be an important factor
in T1D pathogenesis as well as in other autoimmune diseases. Different studies including recent
ones using high-throughput sequencing observed marked differences between the intestinal
microbiome profile of T1D patients compared with healthy subjects, suggesting a link between
gut microbiota alterations and development of T1D. One of the most profound changes observed
in different studies is a significant decrease in the Firmicutes/Bacteroides (F/B) ratio in T1D
patients [Murri et al., 2013; Giongo et al., 2011; Leiva-Gea et al., 2018; Demirci et al., 2019]. As
for the Bacteroides abundance, one study has revealed that in children with genetic risk of

autoimmune diabetes, changes in the intestinal microbiome become evident approximately 8
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months before the seroconversion, with a significant increase in Bacteroides dorei and

Bacteroides vulgatus compared to controls [Davis-Richardson et al., 2014].

Another common feature in T1D patients microbiome is a reduced gut microbiome diversity
[Giongo et al., 2011; Leiva-Gea et al., 2018; de Goffau et al., 2013; Kostic et al., 2015]. One
study has found a 25% decline in microbiome diversity in seroconverters who progressed into
T1D during the study period compared to seroconverters without clinically apparent diabetes.
Reduced microbial diversity was paralleled with changes in the microbiome associated with a

proinflammatory environment [Kostic et al., 2015].

It is known that short-chain fatty acids (SCFA) such as acetate (C2), propionate (C3), and
butyrate (C4) are generated by the gut microbiota as a result of enzymatic processing of complex
carbohydrates/dietary fibers and play an important role in maintaining intestinal homeostasis on
many levels. SCFA strengthen epithelial barrier function by stimulating epithelial growth and
innate responses to damage as well as microbial invasion. It has been shown that SCFA have a
strong ability to modulate the function of intestinal macrophages and DCs, rendering them into
anti-inflammatory, tolerogenic phenotype and making them more efficient in inducing regulatory
T cells, and many studies have reported butyrate-induced induction of FoxP3+Tregs [Kim CH
2018; Smith et al., 2013]. One study has shown that SCFA can directly promote T cell
differentiation into both effector and regulatory T cells producing IL-17, FN-y, and/or IL-10
depending on cytokine milieu and presence of infection, thus promoting either immune response

or immune tolerance depending on immunological context [Park et al., 2015].

It has been shown that some commensal microbiota species, for instance, some Clostridia
species (including clusters IV and XIVa) which are involved in production of SCFA, can induce
CD4+FoxP3+Tregs [Atarashi et al., 2010; Atarashi et al., 2013; Furusawa et al., 2013]. Other gut
microbiota species can stimulate proinflammatory T cells, for instance, segmented filamentous

bacteria can promote the differentiation of Th17 and Thl cells [Ivanov et al., 2009]

Several studies using metagenomic analysis revealed a significant reduction in lactate- and
butyrate-producing bacteria, such as Clostridium clusters IV and XIVa and mucin-degrading
bacteria, such as Akkermansia and Prevotella in T1D patients compared with unaffected children
[de Goffau 2013; Brown et al., 2011; Leiva-Gea et al., 2018]. A decrease in Bifidobacterium in
the gut microbiome of T1D children has also been reported by several studies [Murri et al., 2011;

Soyucen et al., 2014; Leiva-Gea et al., 2018]. A consortium of lactate- and butyrate-producing
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bacteria in healthy gut can induce mucin synthesis sufficient for maintaining integrity of the
mucosal intestinal barrier, while lack of these bacteria observed in diabetic patients, as well as
the presence of non-butyrate producing lactate-utilizing bacteria prevent optimal mucin synthesis

and lead to increased gut permeability [Brown et al., 2011].

It has been shown that when the integrity of the intestinal barrier is impaired, intestinal toxins,
food antigens, gut microbiome products, and infection factors may leak to intestinal mucosal
components, and finally to the pancreatic lymph nodes to induce or exacerbate T1D. In such
cases, pancreatic-draining lymph node T cells, including diabetogenic CD8+ T cells, can be
activated, proliferate, invade pancreatic islets and promote insulitis. It has been reported that
children with T1D have significantly higher intestinal permeability compared to controls, and
certain bacteria, such as Dialister invisus, Gemella sanguinis, and Bifidobacterium longum, were

associated with compromised gut integrity in T1D [*Zheng, Li, Zhou 2018].

Interestingly, some studies also reported that the Firmicutes:Bacteroidetes ratio and the number
of Bifidobacterium and Lactobacillus correlated negatively and significantly with the plasma
glucose levels in T1D children; at the same time, the quantity of Clostridium correlated

positively and significantly with glucose levels in plasma of diabetic children [Murri 2013].
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Fig. 2. The role of the gut microbiome in T1D [Zheng P, Li Z, Zhou Z. Diabetes Metab Res Rev. 2018
Oct;34(7):e3043]
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2.5. Dietary factors in T1D

Epidemiological and animal studies have shown that dietary factors contribute to the
development of diabetes. Diet is one of the main modulators of the gut microbiome in newborns,
and combination of these two factors is suggested to play an essential role in a proper maturation
of the immune system in infants. Diet serves not only as a source of nutrients, but also as a main
route of entry for antigens to the newborn organism; at the same time, early microbiota
colonizing the newborn’s gut provide the stimuli that guide the differentiation of immune cells
and organs and define the balance between regulatory and inflammatory responses. At this stage,
the infant's immune system also learns to distinguish self and non-self through different
environmental exposures [Mejia-Leon, Barca 2015].

Accumulating evidence suggests that various dietary factors can regulate Tregs development
directly or indirectly through changes in the gut microbiota and their metabolites [Tan J, Ni D et
al., 2022]. Therefore, dietary components implemented in the early life or even during pregnancy
can affect the risk of development of T1D, especially in genetically predisposed individuals.
Distinguishing between fetal, newborn, and childhood exposures to certain dietary factors is very
important in T1D research since the immunological effects can differ depending on the

developmental stage.

According to the American Diabetes Association, normal diet should be composed in a way to
obtain 15-20% of total energy intake from protein, 20-35% of energy from dietary fat, and 45-
60% of energy from carbohydrates [ Talmadge et al., 2018]. It has been suggested that a high-fat
Western diet can play a role in the increase of T1D observed in westernized societies. In cell and
animal models, high-fat diet have been shown to induce beta-cell endoplasmic reticulum (ER)
stress, mitochondrial damage, oxidative stress, insulin resistance, dysfunctional insulin
production and beta-cell death. Moreover, independent experiments have demonstrated that
stimulation of beta-cell stress pathways may result in an enhanced production of neo-antigens
and activation of diabetogenic T cells [Clark et al., 2021].

Among dietary components, gluten exposure is known to be one of the strongest factors in
development of T1D. It was shown a long time ago that gluten-free diet introduced to NOD mice
from in utero and postnatally lowered diabetes incidence from 64% to 15% [Funda et al., 1999],
which was confirmed by subsequent studies [Marietta et al., 2013; Funda et al., 2008; Hansen et
al., 2006]. A more recent study has shown that feeding NOD mice with a gluten-free diet (GFD)
only during pregnancy turned out to be sufficient to prevent T1D development in offspring, with

T1D incidence reduction from 62.5% in gluten-consuming mice to 8.3% in the gluten-free
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group. This in utero exposure to GFD was also associated with reduction in insulitis and
intestinal expression of RORyt (Th17) in offspring mice [Antvorskov et al., 2016]. Interestingly,
a recent study of Hansen et al. has shown that GFD can reduce T1D in NOD mice across
multiple generations in a microbiota-independent manner. In that study GFD introduced to NOD
females until the weaning of their offsprings significantly delayed T1D in both parent generation
and offspring (F1) of untreated NOD mice and in mice treated with a strong cocktail of
antibiotics killing most of the existing microbiota [Hansen et al., 2022].

Furthermore, epidemiological studies have suggested that increased consumption of high
glycaemic index carbohydrates and sugars may trigger or exacerbate the progression of T1D. A
recent study has shown that sustained high glucose drinking significantly exacerbated islet
inflammation and accelerated the T1D onset in NOD mice. High glucose intake promoted
excessive endoplasmic reticulum stress and upregulated expression of autoantigens in islet beta-
cells. In addition, high glucose treatment significantly increased the abililty of small extracellular
vesicles to promote DCs maturation and stimulate proinflammatory response This study provides
evidence for a negative effect of high glucose intake on the pathogenesis of T1D in individuals
susceptible to the disease. Therefore, restriction of sugar intake may be an effective strategy for
prevernting T1D in children or adults genetically predisposed to T1D [Li, Wang, Meng et al.,
2022].

2.5.1. Low-carbohydrate diet in T1D

Before the discovery of insulin in 1921, strict low-carbohydrate diets (< 10 g/day) were the only
available option to treat T1D patients. Since dietary carbohydrates significantly increase blood
glucose levels, patients with T1D are recommended to count the carbohydrate intake to control
glycaemia and adjust insulin dosage for meals [Bolla M. et al., 2019]. A recent meta-analysis of
Lampousi et al. came up with a conclusion that there are positive associations between T1D and
childhood intake of sugar, carbohydrates, and sugar-sweetened beverages, with a strongest

association for carbohydrates [Lampousi et al., 2021].

There is quite a large heterogeneity in definitions of low carbohydrate diet between different
studies and clinicians. According to the American Diabetes Association (ADA) which is widely
used by many experimental studies, low-carbohydrate (LC) diets are defined as less than 130

g/day or 26% total energy intake from carbohydrates [Feinman R. et al, 2015].
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Several studies have reported that after of period of adherence to LC diet, adult T1D patients had
significantly lower levels of glycated haemoglobin (HbAlc) and daily insulin use [Turton J.,
2023; Krebs J et al., 2016; Nielsen J. et al., 2012]. Due to the potential benefits of the LC diet in
reducing insulin doses and better glycaemic control, it can be a feasible approach for people with
T1D. Thus, there is a need in larger, long-term non-randomised controlled trials to confirm these

findings and implement LC diets into clinical practice.

Despite different studies reporting a reduction in HbAlc levels in T1D patents adhering to LC
diet, there is still a question regarding long-term tolerability of LC diet, and clinical audit
avaluating the long-term adherence to LC diet in diabetic patients showed that after two years
about 50% of the people ceased the diet. Furthermore, it has been reported that carbohydrate
restriction in growing children led to anthropometrical deficits, metabolic profile associated with

higher cardiovascular risk and fatigue [Bolla et al., 2019].

Despite a high popularity of LC and ketodiet in recent years, there is still a need in studies
investigating possible effects of long-term LC diet on immune system, especially for
understanding its potential risks in growing children with genetical predisposition to T1D and
children born from diabetic mothers adhering to LC diet during pregnancy. Our study is trying to
shed the light on this question using NOD mice exposed to LC diet at different developmental

stages.

2.6. Regulatory and potentially immunoregulatory cell subsets in T1D

2.6.1. CD4+FoxP3+ Tregs

CD4+CD25+FoxP3+ Tregs are known to play a vital role in preventing development of
autoimmune diseases including T1D. The majority of Tregs is generated in thymus (tTregs), but
some Tregs can be induced on the periphery (pTregs) from FoxP3-CD4+ T cell precursors

[Schuster et al., 2018]. Mechanisms exploited by Tregs to suppress autoreactive effector T cells
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include depriving pathogenic T cells from IL-2 due to the high levels of CD25 (the IL-2 receptor
a chain) expressed on Tregs; secretion of TGF-B, IL-10, IL-35, adenosine, as well as expression
of molecules such as cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), lymphocyte-
activation gene 3 (LAG3), and granzyme B [*Hull, Peakman, Tree, 2017].

CD4+Foxp3+Tregs have been known to play an essential role in controlling the progression of
T1D. Experimental depletion of CD4+FoxP3+ Tregs in NOD mice is known to promote
activation of proinflammatory T cells and NK cells in the pancreas, resulting in very fast T1D
onset with a more aggressive beta-cell destruction. In contrast, adoptive transfer or therapeutic
boosting of Tregs with IL-2 has been shown to have protective effects [Feurer et al., 2009;

D’Alise AM et al., 2008; Tarbell et al., 2007].

The studies on the number of Tregs in T1D patients gave very controversial results with some
reporting an increase in Tregs frequency at T1D onset [Viisanen et al., 2019; Ferreira et al.,
2017; Marwaha et al., 2010; Sanda, Roep, Herrath, 2008], some reporting decrease [ Ghonaim et
al., 2017; Ryba-Stanista- wowska et al., 2014; Szypowska et al., 2012], while some did not find
significant differences in Tregs frequencies compared with controls [Hamari et al, 2016;
McClymont et al., 2011; Brusko et al., 2007; Putnam et al., 2005]. However, mounting evidence
suggests that it is not the number of Tregs, but their fitness and functionality that are altered in
individuals with T1D [Lindley et al., 2005; Brusko et al., 2005; Brusko et al., 2007; Haseda et
al., 2013]. This conclusion is consistent with the genetic variants associated with T1D
susceptibility, e.g. IL2RA, IL2, CTLA4, IL10, and PTPN2, which may profoundly affect Tregs
function [Bakay et al, 2013].

Independent studies confirmed that Tregs from the blood of T1D patients have much lower
suppressive effect on proliferation of autologous effector T cells compared with Tregs from
healthy HLA- and age-matched individuals [Lindley et al., 2005; Brusko et al., 2005; Lawson et
al., 2008]. Moreover, it has been shown that recent-onset T1D patients have much higher levels
of apoptosis of CD4+CD25+high Tregs compared with healthy controls [Glisic-Milosavljevic et
al., 2005; Glisic-Milosavljevic et al., 2007]. Furthermore, in co-cultures studies FoxP3+ Tregs
from T1D patients were shown to secrete proinflammatory cytokines, such as IL-17 and IFN-vy,
while in healthy individuals they predominantly secreted IL-10 [Marwaha et al., 2010;
McClymont et al., 2011].

Evidence obtained from the studies on NOD mice indicate that Tregs dysfunction in T1D is

mainly restricted to the pancreas and pancreatic lymph nodes. It has been shown that insufficient
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IL-2 amounts in the pancreas led to an increased apoptosis of Tregs in this compartment, thus
promoting break of self-tolerance and development of T1D in NOD mice [Tang et al., 2008].
Another study demonstrated that T1D onset was associated with an increase in Tregs in
pancreatic lymph nodes of NOD mice, while Treg numbers in the pancreas were decreased due
to the apoptosis. Low-dose IL-2 injections from the point of T1D onset reversed established
disease due to an increase in Tregs numbers, expression of FoxP3, CD25, CTLA-4, ICOS, GITR
and restoration of their functional activity specifically in pancreas [Grinberg-Bleyer et al., 2010].
Due to the high levels of CD25 (IL2R) expression by Tregs, low dose IL-2 can preferentially
target Tregs with few side effects, which is exploited in human clinical trials [Pham et al., 2016;

Todd et al, 2016] .

2.6.2. CD4+FoxP3-Tregs, Trl cells

It has been demonstrated that peripherally induced Tregs (pTregs) arise from the mature
CD4+FoxP3- T cells after enocuntering with tolerogenic stimuli, including TGF-f. A recent
study on NOD mice showed that deletion of the FoxP3 enhancer CNS1, which is essential for the
development of peripheral but not thymic Tregs, increased diabetes incidence in NOD mice,
suggesting a role of peripheral Tregs in development of T1D [Schuster et al., 2018]. The highest
pTregs frequency is found in the gut, reflecting the ability of commensal gut microbiome to
induce pTregs development; it is also known that pTregs play an important role in the gut

immune regulation [Schuster et al., 2018].

An original study of Arif et al. has identified a CD4+ T cell subset secreting IL-10 in response to
islet-specific antigens; these T cells were enriched in people carrying T1D tisk HLA haplotype
who were diabetes-free, and were reduced in T1D patients [Arif et al., 2004]. Another study has
shown that CD4+IL-10+ T cells observed in T1D patients were associated with a reduced
percentage of proinflammatory islet-specific T cells, fewer autoantibodies, and less aggressive
pancreatic autoimmunity [Arif et al., 2014]. It has also been found that higher mean numbers of
CD4+FoxP3-IL10+ T cells at T1D diagnosis were associated with a better glycaemic control in
children after diagnosis [Sanda et al., 2008].

Type 1 regulatory T cells known as Trl cells was found as a subtype of Tregs also induced on a
periphery and not expressing high levels of FoxP3, but characterized by CD49b and lymphocyte-
activation gene 3 (LAG3) expression, both in humans and in mice. This cell subset has potent

immunoregulatory effects, suppressing other T cell subsets via high levels of production of IL-10
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and TGF-f, as well as contact-dependent mechanisms mediated by PD-1 or CTLA-4, and by
disrupting metabolic state of effector T cells via production of CD39 and CD73. Moreover, Trl
cells can also modulate APCs function via variety of mechanisms, including inhibitory surface
receptors, release of perforin B and granzyme B, and secretion of soluble factors. Independent
experimental models showed an essential role of Tr1 cells in maintaining tolerance to both self-

antigens and commensal gut microbiota [Roncarolo et al, 2014].

The study of Yu et al. showed that alteration of gut microbiota in NOD mice through cohousing
with dysbiotic inflammasome-deficient mice or through administration of anti-CD3 promoted a
significant increase in Trl cells producing IL-10, which resulted in 2-fold decrease in T1D
incidence compared with control NOD mice. These data suggest an important role of intestinal
Trl cells in the control of effector T cells and development of autoimmune diabetes [Yu H et al.,

2017].

2.6.3.v0 T cells

Alterations in y0 T cells frequency and functional properties have been reported for different
autoimmune diseases including multiple sclerosis, celiac disease, systemic lupus erythematous
(SLE), and T1D [Kucharska & Noczynska, 2016]. Results of the studies investigating the role of
vd T cells in T1D development have been heterogeneous and sometimes contradictory, overall
suggesting the immunoregulatory role in T1D and that different yo T cell subsets can play

different roles in the disease.

vd T cells specific for modified insulin peptide B:9-23 were reported in NOD mice [Zhang et al.,
2010; Kemal Aydintug M. et al, 2014]. It has been shown that aerosolized intranasal insulin
induced intraintestinal regulatory CD8+ yo T cells in NOD mice, and these CD8+ yd T cells were
required for induction of CD4+CD25+Tregs by oral insulin and for diabetes prevention in
adoptive co-transfer model. When gut intraepithelial CD8+ yd T cells from normal NOD mice
were transferred to NOD mice that underwent neonatal thymectomy, they significantly delayed
T1D onset, and this effect was prevented when mice were co-injected with TCR yd-depleting

mAb, GL3 clone [Locke et al., 2006].

On a systemic level, one human study observed that the percentage of CD8+ yd T cells in

peripheral blood in patients with new-onset T1D and after 12-months follow-up was
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significantly lower than in controls and was consistent with a previous study reporting the
association between Yo T cells percentage and T1D onset [Zubkiewicz-Kucharska A. &

Noczynska A., 2016].

In NOD mice, the number of yd T cells in the spleen has been shown to drop with the onset of
T1D [O'Brien R.L. et al., 2022; Han G. et al., 2010]. Vyl+ 3 T cells were found to infiltrate the
pancreas of NOD mice with insulitis [Aydintug M.K. et al., 2014]. Another study reported that
pancreatic islets of 12-weeks old prediabetic NOD mice were infiltrated with y& TCR+ cells,
including both the CD27-CD44" secreting IL-17 and CD27+CD44" secreting IFN-y. An
adoptive transfer of diabetogenic aff T cells alone led to 50% of T1D incidence in NOD/SCID
mice compared with 100% T1D incidence when a3 T cells were transferred together with yo T
cells, suggesting that CD27-CD44" v5 T cells producing IL-17 cooperated with aff T cells to
induce T1D. In that study, the effects of this pathogenic yo T cell subset was blocked in vivo by
IL-17-neutralizing mAb, leading to a significant drop in T1D incidence [Markle et al., 2013].

However, a study of Han et al. has shown that in vivo neutralization of IL-17 did not protect
NOD/SCID mice from T1D when they underwent the transfer of diabetogenic splenocytes from
NOD mice. In fact, an adoptive co-transfer experiment showed that yd T cells markedly reduced
insulitis and prevented T1D incidence in NOD/SCID mice injected with diabetic splenocytes. In
contrast to the aforementioned study, in a study of Han et al. the yd T cell subset which was
dominant in NOD mice, IL-17-producing yd T cells, did not exacerbate T1D in adoptive transfer
model, but rather provided a regulatory effect, protecting recipient mice from the disease through

upregulated production of TGF-f [Han et al., 2010].

The immunoregulatory role of IL-17 producing yo T cells has been confirmed by a recent study
which used Vy-gene-targeted NOD mice to discriminate the functional roles of different yo6 T
cell subsets. The authors have found that NOD Vy4+ y6 T cells inhibited the development of
diabetes in NOD mice due to their ability to produce IL-17 and/or promote CD4+ Tregs in
pancreatic lymph nodes. In contrast, Vyl+ y3 T cells, in particular those producing IFNy, were

found to promote T1D development in NOD mice [O'Brien R.L. et al., 2022].

Taken together, these heterogeneous data may indicate that yo T cells can play a dualistic role in
diabetes development, with some subsets providing immunoregulatory role by inducing CD4+

Tregs and secreting TGF-f3, while others having potential to contribute to T1D pathogenesis.
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2.7. Naive, effector and memory T cells in T1D

CD8+ T cells are known to play a crucial role in destruction of pancreatic B-cells and are one of
the predominant cell types infiltrating pancreatic islets both in human T1D [Babon et al., 2016]
and in NOD mice [Bruggeman et al., 2023], correlating with disease progression. An essential
observation that was made quite a long time ago is that islet-reactive CD8+ and CD8+ T cells are
also found in the peripheral blood of healthy controls, but in case of nondiabetic subjects they are
kept under robust immune control. Later studies revealed that autoreactive T cells in healthy
subjects predominantly have a naive phenotype, whereas islet-specific T cells in T1D patients

are memory T cells [Ehlers and Rigby, 2015].

The study of Chee et al. has shown that islet-specific CD8+ T cells (namely, IGRPs214-specific
CD8+ T cells) in NOD mice increased with age in lymphoid tissues, and their numbers
significantly correlated with the severity of insulitis. The majority of IGRP-specific CD8+ T
cells detected in lymphoid tissues of older (12-15 weeks-old) NOD mice were antigen-
experienced T cells (Tcm) (CD44"CD62L") compared with younger (6-8 weeks old) mice
having mostly naive T cells (Tn) (CD44°CD62L"). Furthermore, autoreactive CD8" T cells in
the peripheral lymphoid tissues of older NOD mice expressed markers of effector memory T
cells (Tem) (IL-7Ra"KLRG1"™) compared with CD4" and CD8" T cells not specific for IGRP.
Importantly, transfer experiment with labeled naive IGRP-specific CD8+ T cells has shown that
IGRP-specific CD8+ T cells acquire their effector-memory phenotype in islets, not in the
pancreatic lymph nodes. Finally, in this study islet-infiltrating T cells emigrated from the islets
that were transplanted to syngeneic immunodeficient NOD.RAG™™ mice, were found in
peripheral lymphoid tissues, invaded the recipient’s pancreas and cause diabetes [Chee et al.,

2014].
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Figure 3. Islet antigen-specific CD8 T cells are phenotypically heterogeneous and differ by disease stage
and rate of progression in type 1 diabetes (T1D). [Wiedeman AE, Speake C, Long SA. Immunol Cell
Biol. 2021 May;99(5):475-485.]

A study of Wiedeman et al. provides a scheme with trends in T cell phenotypes distinguished at
different T1D stages (Fig.3) [Wiedeman et al.,. 2021]. Early memory subsets including stem-
like memory (Tscm), transitional memory and effector cells tend to be increased at stage 3 of
T1D; terminal effector T cells (Temra) characterised by CD57 expression and exhaustion markers
have also been found. Importantly, prevalence of a Helios+ early memory phenotype is

associated with more rapid progression of disease after onset, while an increase in terminal
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CD57+ effector memory or exhausted phenotype is associated with beta-cell health and

preservation of C-peptide or slow T1D progression [Wiedeman et al.,. 2021].

One of the most used markers of pancreatic beta-cell function, i.e. secretion of endogenous
insulin, is a C-peptide, which is generated during the cleavage of insulin from proinsulin, thus
corresponding to insulin with a ratio 1:1. One study examined a group of T1D who are
characterized as slow progressors, known to have C-peptide values much better than most of
T1D patients long after diagnosis. Using peptide-tetramer technology, the authors have shown
that slow progressors had minimal islet autoantigen-specific CD8+ T cell responses, lower than
new-onset and long-standing T1D patients, and comparable to healthy controls. Furthermore,
while higher frequencies of CD4+ T cells with a central memory phenotype (Tcm) were detected
in newly diagnosed T1D patients compared with healthy donors, low progressors had lower

frequencies of these cells compared with controls [Hanna et al., 2020].

Another study was tracking circulating B cell-reactive CD8+ T cell subsets and measuring C-
peptide in newly diagnosed T1D patients longitudinally for 2 years. The authors have found that
islet-autoreactive CD8+Tem expressing the terminal differentiation marker CD57 and displaying
enhanced cytotoxic potential, significantly and positively correlated with C-peptide levels,
whereas decline in these cells was associated with C-peptide loss. It is interesting that increase in
C-peptide observed in several children at 6 months from T1D diagnosis (<12 years old at
diagnosis) was associated with B cell-specific CD8+CD57+ Tem, likely reflecting so-called
honeymoon period, during which endogenous [ cell-function recovers and there is lower
dependence on exogenous insulin injections. The authors suggest that temporal functional
recovery of B cells in honeymoon period promotes the appearance of P cell-specific
CD8+CDS57+ effector memory T cells in the peripheral blood, followed by increased B-cell
killing by these cells, which correlates with the decline in this cell subset in the blood and
reflects its function in T1D pathogenesis [Yeo, Woodwyk et al., 2018].

A recent study of Gearty et al. has identified a subpopulation of B-cell-specific stem-like
autoimmune progenitor CD8+TCF1+CD44+ T cells in the pancreatic lymph nodes (pLNs) of
NOD mice, which self-renewed and gave rise to islet-specific autoimmune mediators in the
pLNs. These autoimmune mediators have been found to migrate to the pancreas, where they
differentiated and destroyed B-cells. Adoptive transfer experiments has shown that just 20 IGRP-
specific CD8+TCF1+ T cells from diabetic pLNs promoted T1D in recipient NOD/SCID mice,
while as many as 100,000 autoreactive CD8+TCF1- T cells from the pancreas failed to promote
T1D. Blocking the migration of CD8+TCF1+ T cells from pLNs prevented the induction of T1D
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in NOD mice, which suggests that TCF1- effector T cells in the pancreas cannot persist without
resupply from pLN autoimmune progenitors. This finding holds a great potential for developing
immunotherapeutic strategies targeting the stem-like autoimmune progenitor pool in T1D
[Gearty et al., 2022].

A recent outstanding study of Vignali et al. has revealed that CD8+ Tscm specific for beta-cell
antigens insulin, GAD65, and IGRP are present in the blood of T1D patients. The authors have
found that high expression of GLUT1 (necessary for IL-7 uptake) observed in diabetic patients
was a hallmark of circulating Tscm, and selective targeting of glucose uptake via GLUTI
inhibitor resulted in blockade of Tscm generation and expansion. This finding suggests that islet-
reactive Tscm can be selectively targeted in T1D and paves the way for novel therapeutic

strategies in T1D research [Vignali et al., 2018].

3. Thesis Aims
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The general aim of this thesis was to study the possible effects of open-formula low-
carbohydrate (LC) diet on development of T1D compared with open-formula standard (STD)
diet in SPF NOD mice when introduced from the age of 4 weeks and from in utero. The study
included:

1) T1D incidence studies;

2) isolation of cells from mucosal and systemic lymphoid organs of NOD mice, cell staining and

flow cytometry analysis for evaluation of immunological parameters;

3) insulitis scoring.

4. Materials and Methodology

4.1. Materials
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4.1.1 Laboratory disposables

Test tubes 5 ml: Becton Dickinson, USA

Gloves: Nitrile nonsterile, 9018 — S, Vulkan Medical, a.s., Czech Republic
Petri dishes 60 mm: GAMA GROUP a.s, Czech Republic

Serological pipettes 10 ml: Jet Biofil, China

Pipette tips 1000 pl: Greiner bio-one, Austria

Pipette tips 200 pl: Greiner bio-one, Austria

Pipette tips 20 pl: Greiner bio-one, Austria

4.1.2. Solutions, buffers, antibodies

Complete medium: RPMI-1640 with L-glutamine (Lonza, USA), fetal bovine serum
(FBS)(10%, Gibco-Life Technologies, USA)

Red Blood Cell Lysing Buffer Hybri-Max™: Sigma Life Science, USA

Trypan Blue solution 0,4 %: Sigma-Aldrich, USA

Viability Dye: Fixable Viability Dye, eFluor 780, eBiosciences, USA

FACS solution: PBS with added 0,1% sodium azide, 0,02% EDTA, 2% FBS FACS +
monensin solution: FACS solution + protein transport inhibitor (0,66 ul/ml, BD GolgiStop,
BD Biosciences, USA)

Perm/Wash solution: distilled water + BD Cytofix/Cytoperm™ Plus, Perm/Wash™ Buffer
(10%, BD Biosciences, USA)

Fixation and Permeabilization Solution: BD Cytofix/Cytoperm™ Plus, BD Biosciences,
USA

Compensation beads: UltraComp eBeads™, Invitrogen, USA

Antibodies: see Table 1.

Extracellular staining

Antigen CD3 CD4 CD8 CD44 CD62L Yo CD45RB
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Fluorochrome FITC Ié(;rscg Alex;t)l(;luor APC APC7§1(;luor PE-Cyanine 7 PE
Manufacturer eBioscience Invitrogen Invitrogen eBioscience | eBioscience | eBioscience eBioscience
Clone OKT3 RM4-5 53-6-7 M7 MEL-14 eBioGL3 C363.16A
Extracellular staining
Antigen ((éthi CD42()1’anel CD49b LAG3
panels)
Fluorochrome | PerCP Cy5.5 Alex;})lgluor FITC-A APC7§1(~;1uor
Manufacturer | eBioscience B].) Invitrogen Invitrogen
Pharmingen
Clone 145-2C11 RM4-5 DX5 CI9BTW
Intracellular staining
Antigen FoxP3 IL-10 IFN-y
Fluorochrome PE-Cyanine 7 PE-A APC-A
Manufacturer eBioscience eBioscience BD Pharmingen
Clone FJK-16S JES3-9D7 XMG1.2

Table 1. The list of fluorochrome-conjugated antibodies used in the experiments.

4.1.3 Laboratory equipment

Flow cytometer: BD LSR II, BD Biosciences, USA

Flowbox: Biocyt 150, Esi Flufrance, France

Centrifuge 1: Rotanta 460R, Hettich, Germany

Centrifuge 2: IEC CL31R Multispeed centrifuge, Thermo Electron, USA

Microcentrifuge: Micro-Centrifuge II, LabTech, Korea

Vortex: MS2 Minishaker, IKA Works, INC., USA

Light microscope: MoticO BA310 Professional Light Microscope, Motic, USA

Biirker chamber: Assistent, Germany

Pipettes (0,5-10, 5-50, 20-200, 200-1000 pl): Finnpipette, Labsystems, Hungary
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Manual repetitive pipette: HandyStep, BRAND, Germany
Combitip: Eppendorf, Germany
Pipette Controller: FastPette V-2, Labnet International, USA

Surgical instruments: scalpel, tweezers, scissors

4.2. Methods

Gnotobiotic female SPF NOD mice with Altered Schaedler Flora (ASF) from Jackson
Laboratories were studied since they exhibit much higher diabetes incidence compared with
male mice. Mice were kept in SPF conditions according to FELASA and fed with open-formula

Altromin diets, Altromin 1324 standard diet or carbohydrate-deficient diet Altromin C1009

(herein referred as LC diet). The contents of the diets are outlined on Fig. 4 and Fig.5.

Metabolized energy crude nutrients
~ 3,227 kcal/kg and moisture

11% fat 11.3% moisture
6.1% crude fibre

24% protein
4.1% crude fat

19.2% crude protein

65% carbonhydrates

53.4% nitrogenfree
extractives

Fig. 4. Altromin 1324 standard diet with contents by total energy intake and proportion of
crude nutrients.

(https://altromin.com/products/standarddiets/mice/1320)
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Metabolized energy crude nutrients
~ 1,394 kcal/kg and moisture

6.4% moisture
5.4% crude ash
45% fat

47.7% crude fibre

7.0% crude fat

49% protein
17.0% crude protein

16.5% nitrogenfree

6% carbonhydrates extractives

Fig. 5. Carbohydrate-deficient Altromin C1009 diet (L.C) with contents by total energy intake
and proportion of crude nutrients.

(https://altromin.com/products/specialdiets/deficientdiets/C1009)

Experimental design for the study of the LC introduced from the age of 4 weeks and from in

utero are shown and described of Fig. 6 and Fig. 7, respectively.

4.2.1. T1D incidence

Blood glucose levels were measured in mice every week in the morning via the tail vein cuts,
and cut-off value for T1D onset in NOD mice was considered as 12.0 mMol/L. The observation

period was from the age of 100 days (14 weeks) to the age of 300 days (42 weeks).
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Fig. 6. LC introduced from the age of 4 weeks, experimental design. Low-carbohydrate (LC) and
standard (STD) Altromin diets were introduced to SPF NOD female mice from the age of 4 weeks until
the age of 12 weeks, when they were sacrificed for cytometry analysis and insulitis scoring. T1D
incidence in mice was monitored every week from the age of 100 days (14 weeks) to the age of 300 days
(42 weeks).

33



T1D incidence studies insulitis scoring (HE)

!

EE 90 o o
g :g g o Low-carb
il 4 3 ° st —=STD
Low Garbohydrate £% o
Diet (LC) e s ihii
2 ° |
22
Exposure from in utero - i 5 |
Qo

0 S0 100 150 200 250 300
Days

diets were introduced
to mothers
and to the offspring

spleen
mLLr\TSS immunological parameters
ﬁ_Ns (flow cytometry)

Peyer’s patches

TN ‘ _:
Standard diet (STD) é % — ;W_,U

\L

Fig. 7. LC introduced from in utero, experimental design. LC and standard (STD) Altromin diets were
introduced to SPF NOD female mice from in utero, i.e. NOD females were kept on one of these diets
from the mating through pregnancy and weaning period, and their offspring were kept on the same diet
from the birth until the age of 12 weeks, when they were sacrificed for cytometry analysis and insulitis
scoring. T1D incidence in offspring kept on LC and STD was monitored every week from the age of 100
days (14 weeks) to the age of 300 days (42 weeks).

4.2.2. Isolation of mouse organs

To evaluate the effects of LC diet on immunological parameters, in both branches of experiments
(exposute to LC diet from the age of 4 weeks or from in utero) NOD mice were sacrificed at the
age of 12 weeks and dissected for mucosal lymphoid organs - mesentheric lymph nodes
(mLNs), pancreatic lymph nodes (pLNs), Peyer’s patches (PPs), and systemic lymhoid organs -
spleen, inguinal lymph nodes (iLNs).

The organs were placed into a Petri dish with 3 ml of complete medium. In the experiment with
LC diet exposure from the age of 4 weeks, small lymhoid organs (PPs, pLNs, and iLNs) were
pooled. Then the organs were mechanistically but gently triturated by rubbing them with a
tweezer against a rough part of a microscope slide, slide was washed with 400 pl of FACS

medium by a pipette and the sample was filtered through a filter into a test tube. Spleen spleens
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were further processed to remove erythrocytes. First, the tubes were centrifuged (1200 RPM, 20
°C, 5 minutes), then the supernatant was poured off. The pellet was resuspended, with 1 ml of
lysing buffer added, followed by samples incubation for 4 minutes to lyse erythrocytes. To stop
the lysis, 30 ml of complete medium were added to the samples, followed by a next round of
centrifugation (1200 RPM, 20 °C, 5 minutes), and the supernatant was discarded. The pellet was
resuspended, and 4 ml of complete medium was added, followed by cell counting. Absolute
number of live cells per sample was counted using 20 ul of the sample, trypan blue stain, Biirker
chamber and light microscope. All samples were further processed for flow cytometry staining,

which is described below.

4.2.3. Samples processing for flow cytometry

The samples were divided to test tubes according to the required number of cells per tube. 500 pl
of FACS solution were added, samples were centrifuged (1300 RPM, 4 °C, 4 minutes), and
supernatant was discarded. Next, the pellet was resuspended, and samples were stained with
Fixable Viability Dye and fluorochrome-conjugated antibodies according to the used cytometry
panels. FACS solution was added to the samples to reach a final volume of 100 pl, followed by
25 minutes incubation of the samples on ice and in dark. After that, unconjugated fluorochrome-
conjugated antibodies were washed out from the samples by adding 1 ml of FACS, vortexing,
centrifuging (1300 RPM, 4 °C, 4 minutes), and then discarding the supernatant. The pellet was
resuspended, fixed, and permeabilized by adding 250 pl of fixation and permeabilization solution
(BD Cytofix/CytopermTM), vortexed for at least five seconds, and then the samples were
incubated for 20 minutes on ice in the dark. The solution was washed out by adding 1 ml of
Perm/Wash solution (diluted from BD Perm/Wash™ Buffer 10x solution), vortexing,

centrifuging (1300 RPM, 4 °C, 4 minutes), and discarding the supernatant.

Then antibodies against intracellular markers were added to the pellet, Perm/Wash solution was
added to the samples to a final volume of 100 pl, and samples were incubated on ice and in dark
for 25 minutes. After the incubation, fluorochromes were washed out for the last time by adding
I ml of Perm/Wash solution, vortexing, centrifuging (1300 RPM, 4 °C, 4 minutes) and
discarding the supernatant. Finally, FACS solution was added to each sample to reach a final

volume of 120 pl, and thereby samples were ready for measurement.
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All samples were measured with BD LSR II flow cytometer, and obtained data were analyzed

using FlowJo v.10 software.

4.2.4. Insulitis scoring

Insulitis was scored from haematoxylin and eosin (H&E) stained sections of pancreas and graded
as follows:
1 — intact islet, 2 — periinsulitis, 3 — insulitis with < 50% of islet infiltration, 4 — insulitis with >

50% infiltration. Minimum of 25 islets per mouse and 6 mice per group were evaluated. Data are

expressed as % of a given score.

Fig. 8. Insulitis scoring. A) intact islet; B) periinsulitis; C) insulitis with < 50% of islet infiltration;

D) insulitis with > 50% infiltration.

4.3. Statistical analysis

Statistical analysis and graphs were done in GraphPad Prism 8.

The log-rank test was used for analysis of T1D incidence in NOD mice. For the cytometry
experiments and insulitis scoring, P-values were calculated with the two-tailed unpaired t-test.

A P-value of <0-05 was considered to be statistically significant.
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5. Results

5.1. Effects of low-carbohydrate diet introduced to NOD mice from the age of

4 weeks
5.1.1. T1D incidence in NOD mice

When low-carbohydrate diets were introduced to NOD females from the age of 4 weeks, no
significant differences were observed in T1D incidence compared with standard Altromin diet.
Despite I joined just the end of this experiment, I was allowed to demonstrate these data since
they were important for tailoring experiments aimed at investigating the effects of LC diet

introduced to NOD mice from in utero.
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Fig. 9. Cumulative T1D incidence in NOD females exposed to low carbohydrate diets from the age of 4
weeks. 3 low-carbohydrate diets from Altromin were implemented: low-carbohydrate enriched with
gluten (Low-carb Gluten+), Low-carb (C1009), and 1084 Keto, compared with standard Altromin diet
(1324).
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5.1.2. Immunological parameters of different T cell subsets in NOD mice exposed to LC

diet from the age of 4 weeks

First, we were evaluating the percentages of immunoregulatory CD4+IL10+, CD4+FoxP3+
Tregs, FoxP3+ IL10+ Tregs in mice exposed to LC diet from the age of 4 weeks. Gating strategy

for the above mentioned cell subsets is shown on Fig. 10.
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Fig. 10. Gating strategy for CD4+FoxP3+ Tregs, FoxP3+ IL10+ Tregs, CD4+IFNy+ T cells. The first
steps of the gating were excluding doublets, gating leukocytes (FSC-A/SSC-A (not shown), selecting live
cells (Fix Viability 506-), followed by CD3+ T cells and CD4+ T cells. Then CD4+ were gated for
subsequent analysis of CD4+IFNy+ T cells (bottom left), FoxP3+ Tregs and FoxP3+IL10+ (first row,
right). FMO controls are shown for IFNy APC, FoxP3 PE-Cy7, and IL-10_PE. The gating was done

with FlowJo v.10 software.
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When LC diet was introduced to SPF NOD female mice from the age of 4 weeks, no significant
changes were observed in percentages of immunoregulatory CD4+ T cell subsets, such as

CD4+IL-10+, CD4+FoxP3+, CD4+FoxP3+IL-10+ Tregs.

Spleen mLNs pLNs

2.0+ 2.0 2.0
+ + +
< < <
[m] [a] [m]
O 1.5 ] 1.5 o] 1.5
bl - —
o o L] o
S ® ES
& 107 1.0 + 1.0
o o Q
Lol - -
= = =
£ 0.5 F3 0.5 3 0.5
[=] (=] a
(&} [&] &)

0.0~ 0.0- 0.0-

LC Control LC Control LC Control
iLNs PPs

2.0 2.0
+ + .
= <
[m] m]
O 1.5+ ] 1.5
k] k]
ES R®
& 1.0 + 1.0
(=] [ ] o
2 b
% 0.5 3 0.5
[=] (=]
(8] o

0.0- 0.0-

LC Control LC Control

Fig. 11. Percentage of CD4+IL10+ T cells (of total CD4+ T cells) in 12-weeks-old NOD mice exposed to
LC diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs,
pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was
done with unpaired t-test (*p<0.05).
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Fig.12. Percentage of CD4+FoxP3+ Tregs (of total CD4+ T cells) in 12-weeks-old NOD mice exposed
to LC diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs,
pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was
done with unpaired t-test (*p<0.05).
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Analysis of cytotoxic CD4+ and CD8+ T cells secreting IFN-y also did not show any statistically

significant changes.
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Fig. 13. Percentage of CD4+IFNy+ T cells (of total CD4+ T cells) in 12-weeks-old NOD mice exposed to

LC diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNss,

pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was

done with unpaired t-test (*p<0.05).
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Fig. 14. Percentage of CD8+IFNy+ T cells (of total CD8+ T cells) in 12-weeks-old NOD mice exposed to

LC diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs,

pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was

done with unpaired t-test (*p<0.05).
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Assessing the percentages of potentially immunoregulatory yo T cells in 12-weeks-old

NOD mice exposed to LC diet from the age of 4 weeks

Since several studies have shown that yd T cells can provide immunoregulatory effects in T1D,

this cell subset was of special interest in this study. The gating strategy is shown below (Fig. 15).
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Fig. 15. Gating strategy for y5 T cells and CD8+yd T cells. Gates were set for the singlets, leukocytes,
live cells, CD3+ T cells, followed by CD3+ 3 T cells and CD8+ y6 T cells. The FMO control for y6
TCR_PE-Cy7 is shown in a second row.

Again, when LC diet was introduced to SPF NOD female mice from the age of 4 weeks, no
significant changes were observed neither in percentages of total yd T cells, nor in CD8+yd T

cells compared with the mice kept on standard Altromin diet.
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Fig. 16. Percentage of o T cells (of total CD3+ T cells) in 12-weeks old NOD mice exposed to LC diet from
the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs, and PPs.
Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was done with unpaired t-test

(*p<0.05).
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Fig. 17. Percentage of CD8+ v4 T cells (of total CD3+yd T cells) in 12-weeks-old NOD mice exposed to LC
diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs,
and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was done with
unpaired t-test (*p<0.05).
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Assessing the percentages of migratory T cell subsets in 12-weeks-old NOD mice exposed

to LC diet from the age of 4 weeks

On the next step, we were evaluating the percentages of migratory CD8+ T cell subsets - naive T
cells (Tn, CD8+CD44-CD62L+), T central memory (Tcm, CD44+CD62L+), T effector/ effector
memory (Teff/em, CD44+CD62L-), and double negative CD44-CD62L- subsets.
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Fig. 18. Gating strategy for migratory CD8+ T cells subsets. Gates were set for the singlets, leukocytes,
live total CD3+ T cells, followed by the gating of CD8+ T cells and subsequent discrimination into naive
T cells (Tn, CD44-CD62L+), T central memory (Tcm, CD44+CD62L+), T effector memory (Tem,
CD44+CD62L-) and double negative CD44-CD62L- subsets. FMO controls are shown for CD62L_APC-
H7 and CD44 APC-A.

Considering these T cell subsets, we again did not find any statistically significant changes in
NOD mice exposed to LC diet from the age of 4 weeks compared with a standard Altromin diet
(control) in spleen, mLNs, pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were

pooled. The statistical analysis was done with unpaired t-test (*p<0.05).
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Fig. 19. Percentage of Tn, CD8+CD44-CD62L+ T cells (of total CD8+ T cells) in 12-weeks-old NOD mice
exposed to LC diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs,
pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was done
with unpaired t-test (¥*p<0.05).
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Fig. 19. Percentage of Tcm, CD8+CD44+CD62L+ T cells (of total CD8+ T cells) in 12-weeks-old NOD mice

exposed to LC diet from the age of 4 weeks compared with a standard Altromin diet (control) in spleen, mLNs,
pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The statistical analysis was done
with unpaired t-test (¥*p<0.05).
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Fig. 20. Percentage of Teff/em, CD8+CD44+CD62L- T cells (of total CD8+ T cells) in 12-weeks-old
NOD mice exposed to LC diet from the age of 4 weeks compared with a standard Altromin diet (control)
in spleen, mLNs, pLNs, iLNs, and PPs. Samples from pLNs, iLNs, and PPs were pooled (n=7). The

statistical analysis was done with unpaired t-test (*p<0.05).
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5.1.3. Insulitis scoring in NOD mice exposed to LC diet from the age of 4 weeks

Consistently with T1D incidence and cytometry data, no statistically significant differences were

observed in NOD mice exposed to LC diet from the age of 4 weeks compared with standard

Altromin diet.
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Fig. 21. Insulitis scoring in NOD mice exposed to LC diet from the age of 4 weeks compared

with the standard Altromin diet (6 mice per group).
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5.2. Effects of low-carbohydrate diet introduced to NOD mice from in utero

5.2.1. T1D incidence in NOD mice exposed to LC diet from in utero

When LC diet was introduced to SPF NOD mice from in utero, surprisingly, there was a highly
significant acceleration in cumulative T1D incidence compared with the group kept on a

standard diet (p=0.0141).
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Fig.22. Effect of the LC diet introduced to pregnant females on diabetes incidence in F1 NOD female
mice (up to the age of 310 days, n=15). Experiment 1 of 3.

So far, there have been very few environmental exposures which had been shown to accelerate
T1D onset in NOD mice. This finding was so unusual, that it has been decided to repeat this
experiment. The second T1D incidence experiment on NOD mice with LC diet exposure from in
utero confirmed the previous results, again with high statistic significance (p=0.0329). The
ongoing third experiment confirmed these results (data are being processed), which makes this

finding highly reliable.
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Fig. 23. Effect of the low-carbohydrate diet introduced to pregnant females on diabetes incidence in F1

NOD female mice (up to the age of 310 days, n=17). Experiment 2 of 3.

The next step was to evaluate the immunological effects of LC diet in NOD mice that reached

the age of 12 weeks.
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5.2.2. Evaluating the percentages of T cell subsets in 12-weeks-old NOD mice exposed to

LC diet from in utero

When LC diet was introduced from in utero, there were statistically significant changes in
different immunoregulatory subsets. Among CD4+IL-10+ T cells, a significant decrease was
observed in LC group compared with the standard diet group (p=0.0018), while in mLNs the

percentage of CD4+ T cells secreting IL-10 was higher than in a control group.
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Fig. 24. Percentage of CD4+IL10+ T cells (of total CD4+ T cells) in 12-weeks old NOD mice exposed to
LC diet from in utero compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs, and

PPs. Samples from PPs were pooled. The statistical analysis was done with unpaired t-test (*p<0.05).
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The percentage of CD4+FoxP3+ Tregs was significantly reduced in spleen in NOD mice

exposed to LC diet from in utero, in parallel with the reduction of CD4+IL10+ T cells.

Moreover, Tregs were also decreased in iLNs, together with the data on spleen, indicating a

systemic reduction of FoxP3+Tregs under exposure to LC diet in NOD mice at the stage close to

T1D onset.
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Fig. 25. Percentage of CD4+FoxP3+ T cells (of total CD4+ T cells) in 12-weeks old NOD mice exposed

to LC diet from in utero compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs,

and PPs. Samples from PPs were pooled. The statistical analysis was done with unpaired t-test (*p<0.05).
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Next, when CD4+FoxP3+IL10+ were studied, surprisingly, there were no differences observed
in spleen from LC and standard diet groups, while in LC group in mLNs and in iLNs, the Tregs

percentages were increased compared with control.
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Fig. 26. Percentage of FoxP3+IL10+ T cells (of CD4+FoxP3+ T cells) in 12-weeks old NOD mice
exposed to LC diet from in utero compared with a standard Altromin diet (control) in spleen, mLNss,
pLNs, iLNs, and PPs. Samples from PPs were pooled. The statistical analysis was done with unpaired t-
test (*p<0.05).
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The next evaluated T cell subset was a subset of Tr1 cells, characterized by CD4+CD49b+
LAG3+ phenotype. Due to the fact that Tr1 cells are highly metabolically active and able to
produce high amounts of IL-10 and TGF-p, they are also rapidly dying, which was taken into

account when gating live/dead cells as shown below (Fig. 27).
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Fig. 27. Gating strategy for CD49b+LAG3+ Trl and CD49b+LAG3+IL10+ Tr1 cells. The first steps of
the gating were the same as for the previous subsets, i.e. separating singlets, selection of live cells (Fix
Viability 506), gating lymphocytes (FSC-A/SSC-A (not shown), CD3+ T cells, and CD4+ T cells. Then
CD4+ T cells were gated for Trl subset (CD49b+LAG3+) and CD49b+LAG3+IL10+. FMO controls are
shown for CD49b_FITC + LAG3+APC-eF7870 and for IL10_PE.
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The percentages of Tr1 cells were significantly lower in mice exposed to LC from in utero only
in spleen, which was consistent with a decrease in CD4+IL-10+ T cells in spleen in this group.

In other lymphoid organs no statistically significant difference was observed.
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Fig. 28. Percentage of Trl T cells (from total CD4+ T cells) in 12-weeks-old NOD mice exposed to LC
diet from in utero compared with a standard Altromin diet (control) in spleen, mLNs, pL.Ns, iLNs, and

PPs. Samples from PPs were pooled. The statistical analysis was done with unpaired t-test (*p<0.05).
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When the percentage of Trl IL10+ was assessed, no statistically significant differences were

found between the studied groups.
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Fig. 29. Percentage of Tr1 IL10+ T cells (of Tr1 cells) in 12-weeks-old NOD mice exposed to LC diet
from in utero compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs, and PPs.

Samples from PPs were pooled. The statistical analysis was done with unpaired t-test (*p<0.05).

The next cell subset analyzed was potentially immunoregulatory y6 T cells (Fig. 30). The
percentages of yo T cells in 12-weeks old mice exposed to LC diet since in utero were
significantly lower in spleen compared with the standard diet group, while in mLNs it was the

opposite. No statistically significant differences were observed in other lymphoid organs.

Furthermore, in mice exposed to LC diet from in utero, the percentage of CD8+ yd T cells turned
out to be significantly increased in spleen compared to the standard diet group (Fig. 31). At the

same time, CD8+ vyd T cells were significantly reduced in PPs in LC diet compared with control.
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Fig. 30. Percentage of yd T cells (of CD3+ T cells) in 12-weeks-old NOD mice exposed to LC from in
utero compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs, and PPs. Samples

from PPs were pooled. The statistical analysis was done with unpaired t-test (*p<0.05).
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Fig. 31. Percentage of CD8+ vyo T cells (of total yo T cells) in 12-weeks-old NOD mice exposed to LC
from in utero compared with a standard Altromin diet (control) in spleen, mLNs, pLNs, iLNs, and PPs.

Samples from PPs were pooled. The statistical analysis was done with unpaired t-test (*p<0.05).
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Evaluating migratory CD8+ T cell subsets (Tn, Tem, Teff/em)

Analysis of CD8+ naive T cells (Tn) characterized by the CD8+CD44-CD62L+ phenotype has

shown a significant increase of this cell subset in pLNs and iLNs of LC-treated group.
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Fig. 32. Percentage of CD8+CD44-CD62L+ T cells (Tn, of total CD8+T cells) in 12-weeks-old NOD
mice exposed to LC and standard Altromin (control) diets from in utero in spleen, mLNs, pLNs, iLNs,
and PPs. Samples from PPs were pooled. . The statistical analysis was done with unpaired t-test

(*p<0.05).
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As for the CD8+ central memory T cells (Tcm), a decrease in this cell subset was observed in

spleen, mLNs, pLNs, and iLNs of LC-treated group.
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Fig. 33. Percentage of CD8+CD44+CD62L+ T cells (Tcm, of total CD8+T cells) in 12-weeks-old NOD
mice exposed to LC and standard Altromin (control) diets from in utero in spleen, mLNs, pLNs, iLNs,

and PPs. Samples from PPs were pooled. . The statistical analysis was done with unpaired t-test

(*p<0.05).
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Finally, analysis of CD8+ effector/effector memory (Teff/em, CD8+CD44+CD62L-) cells has
shown a decrease in these cells in spleen, mLNs, pLNs, and iLNs in a group exposed to LC from

in utero, also indicating a localization of Teff/em in the pancreas of NOD mice.
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Fig. 34. Percentage of CD8+CD44+CD62L- T cells (Teff/em, of total CD8+T cells) in 12-weeks-old
NOD mice exposed to LC and standard Altromin (control) diets from in utero in spleen, mLNs, pLNs,
iLNs, and PPs. Samples from PPs were pooled. . The statistical analysis was done with unpaired t-test

(*p<0.05).
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5.2.3. Insulitis scoring in NOD mice exposed to LC diet from in utero

Insulitis scoring of pancreas of NOD mice has shown a statistically significant increase in stage 4
with highly infiltrated islets in NOD mice exposed to LC diet from in utero compared with a
control group. These data were consistent with T1D incidence data and immunological changes

we observed in the LC group.
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Fig. 35. Insulitis scoring in NOD mice exposed to LC diet from in utero compared with the

standard Altromin diet (6 mice per group).
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5. Discussion

Accumulating evidence suggests that various dietary factors can regulate Tregs development
directly or indirectly, e.g. through changes in the gut microbiota and their metabolites. To date,
two dietary factors have been known to induce thymic Tregs (tTregs): 1) short-chain fatty acids
(SCFA), which is a byproduct of fermentation of complex carbohydrates (found in dietary fibre
and resistance starch) by the gut microbiome, and 2) dietary cholesterol, derived from animal
products and prevalent in the Western diet [Tan, Taitz et al., 2022]. As for peripheral Tregs
(pTregs), they can arise from naive CD4+ T cells dependently or independently of peripheral
APCs, and their differentiation is dependent on environmental stimuli, such as TGF-f,
microbiome-derived metabolites and dietary factors. Under physiological conditions, the
majority of Tregs in the gut are pTregs, with pTregs playing an essential role in maintaining the

gut homeostasis [Cheru, Hafler, Sumida 2023].

It has been shown by multiple studies that alterations in the gut microbiome composition and
diversity can delay and/or suppress the natural development of T1D in NOD mice [Simon et al.,
2020; Livanos et al., 2016;]. Studies on germ-free NOD mice have shown that lack of microbial
signals from the gut promoted Tregs dysfunction and a rapid development of autoimmune

diabetes [Ostman et al., 2006].

In our experiments, we have used F1 and F2 generations of SPF NOD mice (NOD/ShiLt]J strain
from the Jackson Lab., Bar Harbour, USA). The breeding nucleus imported from the Jackson
Laboratories is from positively-defined SPF conditions in which the mice are colonized with
only 8 bacterial species (altered Shaedler flora, ASF). Unlike many years ago, when frequent
germ-free rederivations of breeding nucleus of NOD mice was required to maintain high diabetes
incidence in the commercial breeding colonines, today's NOD/ShiLt] mice from the Jackson
Lab. are phenotypically very close to the germ-free NOD mice (diabetes incidence, insulitis)
[Lyte et al., 2019]. Due to such a restricted microbiome composition and short term exposure (F1
or F2 generations) to negatively-defined SPF conditions (according to the FELASA guidelines)
[Guillen, 2012] in our animal facility, mice used in our experiments are already displaying very
rapid development and high incidence of diabetes, most likely due to a lack of stimulation of the
immune system with danger stimuli (in line with the hygiene hypothesis). Thus, in addition to a
polygenic predisposition, these mice are strongly prone to the development of autoimmune

diabetes [Pfefferle et al., 2021].
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Complex carbohydrates such as dietary fibre and resistant starch are known to be a major source
of energy for commensal bacteria, being fermented to SCFA, which in turn have prebiotic
properties by stimulating the growth of beneficial bacteria that can utilize these substrates [Tan
et al., 2021]. In our study, the low carbohydrate diet was composed in a way that 45% of energy
came from fat, 49% from protein, and only 6% from carbohydrates. Analyzing cytometry data,
we observed a decrease in CD4+FoxP3+, CD4+IL-10+, and Trl cells in the spleen of NOD mice

kept on LC diet from in utero.

Despite very limited gut microbiota composition of commercial SPF mice, the study of Smith et
al. has shown that even in SPF mice, altered Schaedler microbiota produce large amounts of
SCFAs in vivo and in vitro [Smith et al., 2013]. The study of Bihan et al. using an isotope-based
strategy for absolute quantification of SCFAs in complex biological samples (SQUAD) analyzed
SCFAs in the caecal contents of germ-free versus conventionally raised SPF mice. This study
has found that acetate was the most abundant SCFA in both types of mice and in SPF mice it was

present at 200-fold higher concentration compared to the germ-free animals [Bihan et al., 2022].

Our study did not include metabolomic and microbiome analyses, but since bacteria are known
having mainly preventive effects on diabetes incidence in NOD mice (reviewed in [Zhou et al.,
2020]) , and the NOD/ShiLt] mice from the Jackson Lab. are phenotypically very close to the
germ-free NOD mice, we hypothetize, that it is more likely that the effect of LC diet since in
utero is gut microbiota-independent. Although there is only a limited window for testing
increased/accelerated diabetes incidence compared to germ-free NOD mice, such experiment
should be carried out using long-term germ-free NOD mouse colony to give a clear-cut answer.
The data we obtained still allows to raise several hypothesis: a hypothesis that LC diet
introduced to NOD mice early from in utero induced via direct metabolic influences changes in
early Treg development and maturation, thus resulting in accelerated development of
autoimmune diabetes. The metabolomics of direct effects of diets without presence of gut
microbiota has not yet been adequately developed [Castro-Alves et al., 2022], at least in the field
of T1D. It is also possible to hypothetize, that low levels of dietary carbohydrates in LC diet
could still reduce SCFA production by the limited gut microbiota in our NOD mice, and thus
influence Tregs development at least partly via gut microbiota. This would however require a
careful comparison with the germ-free NOD mice. A recent study of Jacob et al. has shown that
butyrate administration to NOD mice from diabetes onset (15-25 weeks of age) and at 4 weeks
of age reduced the progression of hyperglycaemia in diabetic mice and delayed diabetes onset in

the early-intervention group with a significant reduction in insulitis. The authors observed
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butyrate-induced increase in Tregs in mLNs, colon, PPs; consistently, Tregs depletion abrogated
the effects promoted by butyrate administration [Jacob N. et al., 2020]. This study demonstrates
the importance of SCFA in maintaining Tregs function and protection from diabetes in NOD

mice.

In a study of Clark et al. using high-fat diet with 44.6% calories coming from fat, 40.7% from
carbohydrates, and 14.7% from protein, exposure of NOD mice from the age of 4 weeks up to 40
weeks to this high-fat diet prevented development of autoimmune diabetes and protected
pancreatic beta-cells from destruction. These protective effects turned out to be mediated by
alterations in gut microbiome, increase in Tregs proportion, and decreased insulitis [Clark et al.,
2021]. These data suggest the important role not only of fats, but also of carbohydrates in
maintaing gut microbiome and immune homeostasis. Moreover, the mentioned study found that
in NOD mice fed with a high-fat diet, CD4+FoxP3+ Tregs were significantly increased in the
spleen but not in pancreatic lymph nodes, and when the authors depleted Tregs in 25-week-old
nondiabetic NOD mice on high-fat diet, there was a 6-fold increase in diabetes incidence
compared with age-matched untreated NOD mice on the same high-fat diet (60% compared with
10.5%, respectively). In our study, CD4+FoxP3+Tregs were significantly decreased in the spleen
of mice fed with LC diet since in utero compared with the mice kept on standard chow diet,
suggesting that LC diet introduced since in utero influnces/targets early Tregs development and
maturation, that is necessary for prevention of full penetrance of diabetes incidence in NOD

mice..

The study of Schuster et al. using helios and neuropilin-1 (Nrpl) to distinguish tTregs from
pTregs has shown that CD4+Foxp3+ Tregs in the spleen and mLNs are predominantly of thymic
origin (tTregs), while gut-associated lymphocytes contented a high frequency of pTregs (25-30%
of all colonic CD4+pTregs) [Schuster et al., 2018]. Our data documenting a decrease in
CD4+FoxP3+Tregs and peripherally-induced CD4+IL-10+ and Trl cells in the spleen of mice
exposed to LC since in utero are in line with the literature data on the essential role of early life
dietary components on development of peripheral Tregs and Trl cells [Tan, Taitz, et al., 2022].
Thus, we suggest that prenatal exposure to low carbohydrate diet since in utero affects both

thymic-derived and peripheral Tregs.

These data are consistent with the curves of cumulative T1D incidence (and insulitis scoring) ,
which were significantly higher in NOD mice exposed to LC diet since in utero compared with
the standard diet group. It would be interesting to expand our data with experiments including

adoptive transfer of diabetes to NOD-SCID recipients, to test the diabetogenicity of leukocyte
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subsets from LC fed NOD mic as well as to investigate changes within the pancreas infiltrate,

and how LC diet effects the gut microbiome composition in SPF NOD mice.

Dietary manipulations should affect mainly the mucosal immune compartment (mLNs) ,
however, our data did not show a prominent changes in the draining pLNs that is also a mucosal
lymphoid organ, and the most critical LN for induction of effector but also regulatory immune
responses, and thus most important lymphoid organ affecting development of diabetes in NOD

mice [Jaakkola et al., 2003; Gagnerault et al., 2002; Clare-Salzler et al., 1992].

The fact that the LC diet has no influance on diabetes incidence if applied at age of 4 weeks
corresponds well with similar findings in case of the highly diabetes-preventive gluten-free diet
in NOD mice, that is also effective only if introduced prenately and has no effect on diabetes

incidence from the age of 4 weeks or later [Hansen et al., 2014].

Interestingly, the percentages of yd T cells in a group exposed to LC from in utero followed the
same pattern as CD4+FoxP3+, CD4+IL-10, and Trl in spleen, showing significantly lower
percentage compared with the control. This pattern corresponds to the opposite change found
with the highly preventive gluten-free diet in T1D, if introduced prenatally. In addition it is in
line with the data on immunoregulatory role of yo T cells in T1D and their role in mechanism of

induction of mucosal, oral tolerance [Harrison et al., 1996; Locke et al., 2006].

Finally, considering the effects of LC diet from in utero on effector and memory T cell subsets,
we observed that CD8+ Tcm (CD44+CD62L+) cells were generally increased on the LC diet
introduced from in utero, with highly significant increases in spleen, pLNs and iLNs. Reciprocal
decrease was found in effector (CD44+CD62L-) CD8+ T cells, possibly indicating a localization
of Teff/em in the pancreas of NOD mice corresponding to our findings of a faster and higher
cumulative T1D incidence as well as insulitis scoring in the LC diet fed group of NOD mice. It
has been recently shown that a very few effector T cells propagating from pancreatic lymph

nodes may effectively lead to the development of T1D in NOD mice [Gearty SV et al., 2022]

Our data present a surprising finding - an accelerated development of TID in NOD mice if
exposed to the LC diet prenatally, and this topic, indeed, requires further investigations (e.g.
adoptive transfer models, germ-free conditions, studies on pancreas-infiltrating lymphocytes, sc-
RNAseq etc.). Because LC diet is one of a few, rare manipulations that leads to the disease

acceleration, our data also call for caution with the use of LC diet in humans.
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6. Summary

Despite the advances in immunological research and a many clinical trials in more than the last
two decades, exogenous insulin therapy still remains a standard of care in T1D. Apart from the
insulin therapy, LC diet can be considered as a feasible approach for a better glycaemia control
in diabetic patients. However, the studies on possible long-term effects of LC diet on immune
parameters, especially during early life stages and immune system formation, are still missing.
This thesis explores the effects of LC diet on development of T1D, insulitis and alterations of
immune parameters using SPF NOD mice, when introduced from the age of 4 weeks and from in

utero.

We did not observe any significant effect of LC diet on diabetes incidence when it was
introduced to NOD females from the age of 4 weeks. In line with these data, we found no
substantial differences in cell subsets percentages in mucosal (mLNs, pLNs, PPs) and non-
mucosal (spleen, iLNs) lymphoid organs in 12-week-old NOD mice fed with LC diet from the
age of 4 weeks. This finding was reflected by no substantial differences in insulitis scoring in

pancreata of NOD mice fed LC and standard diet from 4 weeks of age.

When investigating the effects of LC diet introduced to NOD females since??? in utero, we
obtained an unexpected and interesting finding of statistically significantly accelerated diabetes
incidence in NOD mice fed with LC diet versus the standard diet, which was confirmed by three
independent experiments. This effect was reflected by changes in immunoregulatory T cell
subsets in the LC diet group, with a statistically significantly decreased CD4+IL-10+ T cells ,
Foxp3+ Tregs , Trl cells, and yo T cells preferentially in the spleen, but also in some other
lymphoid organs (e.g. mLNs). CD8+ Tcm were generally increased on the LC diet introduced
since in utero, while CD8+ effector T cells were decreased, possibly reflecting an accelerated
migration of effector T cells to the pancreas of mice fed with the LC diet compared to the NOD
mice fed a standard diet. These data are in line with the insulitis scoring in panreata of NOD

mice fed with the LC and standard diet since in utero.

Thus, this study brings new findings about the influence of LC diet on immuno-regulatory and
effector T cell subsets and an acceleration of T1D if introduced early enough, i.e. when it is
introduced to NOD mice prenatally, since in utero. A very rare acceleration of the development
of TID in NOD mice by an environmental factor — the LC diet, may shed more light on the
pathogenesis of the disease. Further multidisciplinary experiments are needed to elucidate the

complex effects of LC diet on developing immune system in NOD mice.
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