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H Abstract

Prevention of childhood-onset type 1 diabetes has become more urgent with its marked increased
Q#midence in recent decades in the modern world. Temporally associated with the rising
incidence of type 1 diabetes, as well as other autoimmune and allergic diseases in childhood in
O modern times, is the disappearance of Bifidobacterium and specifically Bifidobacterium longum
o subsp. infantis (B. infantis) predominance in the intestinal microbiota of breastfed, vaginally
delivered infants. B. infantis efficiently metabolizes human milk oligosaccharides without cross-
feeding free sugar monomers to other commensals or pathogens and thereby dominates the

intestinal microbiota of breastfed infants. Increased levels of short chain fatty acids, which
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stimulate both immunoregulation and healthy intestinal and pancreatic B-cell function, are
generated by B. infantis. Based on recent observations of the intestinal microbiota in early life in
young children who develop type 1 diabetes and demonstration of the robust preventive effects
of short chain fatty acids in animal models of autoimmune diabetes, we hypothesize that
restoring a B. infantis dominant microbiota early in infancy will prevent islet autoimmunity and

childhood-onset type 1 diabetes.
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Introduction

An increasing contribution of the environment to the etiology of childhood-onset type 1 diabetes
is evidenced in recent decades by a 2-4% increase in annual incidence, disease presentation at an
earlier age in some European countries (1), and increased prevalence in lower HLA-risk
genotypes (2). The significant incidence, daily burden, morbidity, mortality, and economic costs

of type 1 diabetes have catalyzed widespread efforts for its prevention. Primary prevention of

cle

) ﬁ islet autoimmunity associated with childhood-onset type 1 diabetes requires the development of a
highly safe intervention since neonates and/or infants will be the target population because the
peak age incidence of islet autoantibody seroconversion is approximately 9-24 months (3; 4).
Even with targeting high risk genotype infants for primary prevention, the majority will never
develop clinical disease in their lifetime. Furthermore, an intervention for primary prevention
that is safe and cost-effective, could be used for public health-based universal infant
administration, an approach that would eliminate the need to screen for genetic risk and provides
more widespread prevention than targeting a genetic at-risk childhood population. Clinical trials
for primary prevention of childhood-onset type 1 diabetes have not however shown efficacy to

date (5).

Development of Healthy Immune Regulation and Trained Innate Immunity
In addition to the rising incidence of childhood-onset type 1 diabetes, there has been an

increased incidence and prevalence of several other childhood diseases in the developed and
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rapidly developing world, including allergic disease as well as celiac disease (6). A common
feature of these diseases is defective immune regulation with recognition of either self-antigens

or hyper-responsiveness to environmental triggers, suggesting that immunoregulation or immune
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training may not be as complete and robust as in prior decades. Immunoregulation develops
early in life through a symbiotic relationship between the host and the microbes residing at
mucosal surfaces, especially in the intestine (7). The intestinal microbiota evolves over the first
two to three years of life before it starts to resemble the adult microbiota (8). During this period
of development, the microbiota of the infant and young child changes markedly with weaning
from breast milk to cow’s milk formula, which generates the prominent major shift, introduction

of complementary food, infections, or exposure to antibiotics (8).

The basis of immune education or training from the microbiota early in life has not been
completely elucidated, but a homeostatic relationship and dialogue between the intestinal
microbiota and the immune system, which coevolved, establishes the immunological tone of
tissues both in the local environment and systemically (9). When these interactions are
disrupted, disease may ensue. Signaling from the microbiota through bacterial structural
components and metabolites shapes a regulatory landscape and suppresses immune responses to
commensals and dietary food antigens (10). This regulation of cellular components of innate
immunity is mediated in part by epigenetic effects on their chromatin landscape (11), which
results in innate immune memory or enhancement of innate immune function and altered

immunological tone or set-points, representing trained innate immunity (12).

In the mouse, and likely in humans, there are critical periods of time or developmental windows
for induction and establishment of healthy microbiota-induced immunoregulation, which if
missed, increases the likelihood of development of pathogenic immune responses and

susceptibility to disease (13). Furthermore, the temporal pattern of microbiota development and
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the role and level of colonization of keystone, pioneer microbes in establishing and maintaining
the microbial ecology early in life have been shown to dictate health and susceptibility to disease

(13; 14).

C

~ Disappearing Microbes Are No Longer Colonizing the Intestinal Microbiota in Early Life

A difference in the microbiota of breastfed and formula fed infants was recognized almost 100

C

) ﬁ years ago with the breastfed microbiota colonized with higher levels of Bifidobacterium. The so-
called “bifido factor” in breast milk that promotes colonization with Bifidobacterium is now
recognized as human milk oligosaccharides (HMOs), which are comprised of more than 150
complex, branching sugar molecules. The HMOs represent ~ 15% of the energy content of
breast milk, are not metabolized by the infant, and serve as a prebiotic primarily for

Bifidobacterium, which actively metabolize HMOs to short-chain fatty acids (SCFA) (15).

In recent decades, several environmental changes have contributed to both altered infant
microbiota and health. Delivery by Cesarean section, which increases the risk of type 1 diabetes
by approximately 20% (16), has become more common worldwide, and bestows an intestinal
microbiome associated with decreased colonization with Bifidobacterium even in breastfed
infants (17) and with overall effects on the intestinal microbiota lasting throughout infancy (8).
Antibiotic use in the intrapartum and perinatal period and during infancy and early childhood has

increased in recent decades, alters the infant microbiota with significant reduction in colonization
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with Bifidobacterium, and predisposes children born by Cesarean section to type 1 diabetes (18).
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The microbiota of vaginally-delivered, breastfed neonates and infants has changed in recent
decades. Historically, Bifidobacterium dominated the intestinal microbiota of vaginally-
delivered, breastfed infants, but this predominance of Bifidobacterium is not as frequent today
(19-22). In arecent study in the United States, approximately 30% of infants at two months of
age who were exclusively breastfed had no detectable Bifidobacterium and only 30% had
Bifidobacterium representing greater than 50% of the total bacterial community, with sampling
ten times in the first two months of life and analysis by 16S rRNA sequencing and quantitative
PCR (22). A decrease in infant colonization with Bifidobacterium has also been observed in
Finland in comparison to HLA-matched infants in Karelia, Russia in the DIABIMMUNE study

(23), as detailed below.

Among all bacterial species, Bifidobacterium longum subsp. infantis (B. infantis) has a unique

d Article

q) ability of efficiently metabolizing HMO molecules to simple sugars that are then converted to

| ) SCFA because it contains a unique gene cluster encoding genes for binding, transporting and

Q hydrolyzing HMOs (24). As a consequence of this unique ability to scavenge and metabolize
HMOs, B. infantis has historically predominated in the intestinal microbiota of breastfed infants.

G) Remarkably, the near disappearance of B. infantis in the infant microbiota in the developed

O world overshadows the decrease in colonization with Bifidobacterium noted above (20; 25).

o Approximately 70% of breastfed infants from Ghana (n=32) were found to be colonized with B.
infantis compared to none of 40 breastfed infants from New Zealand and the United Kingdom, as
analyzed by PCR (26). In breastfed, vaginally delivered infants in New Zealand, Australia and
Southeast Asia, 15% or less of infants were colonized with B. infantis at 8 weeks of age as

detected by quantitative PCR (20; 27). Detectable intestinal colonization with B. infantis in
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breastfed vaginally-delivered infants with multiple sampling (up to 10 times) and using state-of-
the-art methods, as described above, is infrequent (10% or less of infants) in the United States in
recent times (22; 28). The rarity (<5% prevalence) of B. infantis colonization of Japanese
women late in pregnancy (n= 100) of whom 100% were colonized with Bifidobacterium
contrasts markedly with the frequency of detection of other species of Bifidobacterium (29).
Concomitant with disappearance of intestinal colonization with Bifidobacterium and B. infantis
in infancy in the developed world, is an increase in infant fecal pH by as much as 1.5 pH units in
breastfed infants over the last century (30), which likely reflects the decreased production of
SCFA and lactate arising from the reduction in Bifidobacterium colonization and absence of B.

infantis, which was historically their major source in stools of breastfed infants (20-22; 24; 30).

The low frequency of B. infantis colonization in breastfed vaginally-delivered infants in recent
decades reflects a transgenerational effect on low levels of maternal colonization with B. infantis
likely arising from exposure to antibiotics, Cesarean section, changes in the food chain, or
exclusive formula feeding in infancy. This loss of infant intestinal colonization with B. infantis
best fits with the so-called “disappearing microbe hypothesis” (31), which is a variant of the
hygiene hypothesis (6) and applies to several different bacteria, including Helicobacter pylori,
and may account for defective immunoregulation and transgenerational effects that are
contributing to the modern day proliferation of autoimmune disease, allergic disease, and obesity
in the developed world. Beneficial effects of a high abundance of Bifidobacterium longum,
(possibly B. longum subsp. infantis) in the intestinal microbiota have been demonstrated for
several immune-mediated phenomena and diseases. Increased B. longum abundance in the early

microbiota at 3-6 months of age has been observed to promote highly activated Treg cells in the
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maturation of the Treg cell population, and the relative abundance of B. longum at 3 months of
age appears to be inversely associated with subsequent atopic sensitization, number of allergen-
specific IgEs, and development of allergies. (Ruohtula T et al. submitted). Treatment for 12
weeks with a combination of B. longum, B. lactis and Lactobacillus casei reduced the severity of
atopic dermatitis and the use of topical steroids (32). In addition B. longum has been reported to
restore mucus growth and protect against diet-induced, microbiota-mediated colonic mucus

deterioration (33).

Alteration of the Infant Intestinal Microbiota Precedes Development of Childhood Onset
Type 1 Diabetes

Alteration of the infant bacterial microbiome has been associated with the development of
childhood-onset type 1 diabetes, with some differences among these relatively small studies but a
relatively consistent finding of a decrease in overall bacterial diversity and stability, decreased
Bifidobacterium species, increased Bacteroides species, and reduced abundance of butyrate and
overall SCFA-producing bacteria and of bacterial genes encoding fermentation pathways and

short-chain fatty acid biosynthesis (34; 35).

The DIABIMMUNE study compared the microbiome of infants in Karelia, Russia, who sustain a
high rate of infectious disease and low rate of type 1 diabetes and other autoimmune and allergic
disease, to the microbiome of infants in Finland and Estonia, who have lower rates of infectious
disease and higher rates of autoimmune and allergic diseases and higher exposure to antibiotics
in the first three years of life (36). The microbiota of Finnish children had decreased levels of

colonization with Bifidobacterium and failed to establish stable, single-strain Bifidobacterium

This article is protected by copyright. All rights reserved.



Accepted Article

communities compared to Russian children (23). The relative abundance of Bifidobacterium
longum, representing predominantly the subspecies B. infantis, in the infant intestinal microbiota
during the breastfeeding period showed a strong inverse correlation with the incidence of type 1
diabetes in the three countries (r = -0.98) (Figure 1). In the Russian children, HMO utilization
genes were conferred primarily by Bifidobacterium, which contrasted with Finnish children who
had HMO utilization predominated by Bacteroides, which also was more abundant throughout
the first three years of life. A lack of breastfeeding did not account for the low levels of
Bifidobacterium in the microbiota of the Finnish children. The Russian children were
predominantly exposed to E. coli LPS, while the Finnish children were predominantly exposed
to Bacteroides LPS. The two forms of LPS have a different structure, and Bacteroides LPS was
less immunostimulatory than E. coli LPS and blunted the immunostimulatory properties of E.
coli LPS. Inan animal model of type 1 diabetes, E. coli LPS but not Bacteroides LPS was
protective. The DIABIMMUNE results suggest that low colonization with Bifidobacterium is
allowing Bacteroides to create a foothold in the infant intestine and decreasing healthy microbial

immunostimulation and immunoregulation for prevention of autoimmune and allergic disease.

There are multiple mechanisms how an altered microbiota with decreased Bifidobacterium and
reduced SCFA could contribute to susceptibility to childhood-onset type 1 diabetes (Figure 2).
First, as discussed above, an altered microbiota (i.e. dysbiosis) could compromise
immunoregulatory “tone” and immune education, and thus, decrease the threshold for
developing autoimmunity after exposure to environmental triggers in infants with genetic risk.
An altered microbiota will be more susceptible to perturbations from diet or infections. The

intestinal microbiota affects the pathogenicity of viruses, including enteroviruses (37), which
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have been implicated in the etiology of human type 1 diabetes, and confers colonization
resistance to bacterial pathogens. Additionally, an altered intestinal microbiota may lead to
decreased intestinal mucosa barrier function arising from altered or decreased direct signaling of
metabolites, such as SCFA (38), and such a leaky gut has been implicated in early stages of
human type 1 diabetes (39). A leaky gut could contribute to disease susceptibility by facilitating
translocation of microbiota or microbial products across the intestinal barrier to activate innate
and adaptive immunity. This pathway has been demonstrated to play a role in the streptozotocin
mouse model of diabetes, where intestinal dysbiosis leads to translocation of microbes or their
products into the pancreatic draining lymph nodes that activate the intracellular pattern-
recognition receptor nucleotide-binding oligomerization domain containing 2 (NODZ2) in
myeloid cells to contribute to onset of diabetes (40). The absence of high levels of SCFA with
absence of Bifidobacterium or B. infantis may have effects beyond intestinal barrier function.
SCFA activate release of cathelicidin-related antimicrobial peptides from B-cells that act in a
paracrine manner on B-cells to modulate B-cell inflammatory responses and apoptosis and

convert an inflammatory into a regulatory milieu in the pancreas in autoimmune diabetes (41).

In fact, increasing the levels of intestinal acetate and butyrate with acetylated and butyrylated
starch diets robustly prevents autoimmune diabetes in NOD mice by inducing immunoregulation
of islet antigen-specific cytotoxic T cells and generating regulatory T cells (42). Of interest, a
retrospective analysis of the uncontrolled administration of probiotics containing primarily
Lactobacillus and or Bifidobacterium in The Environmental Determinants of Diabetes in the
Young (TEDDY) study that was initiated within in the first 27 days of life was associated with a

decreased frequency of islet autoantibody seroconversion specifically in children with the HLA
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DR3/DR4 genotype, who have a higher risk of type 1 diabetes, with initiation at a later time

period proving ineffective (43).

Q) Restoring a Disappearing Microbe to Prevent Type 1 Diabetes
~ The dysbiosis and decreased colonization of Bifidobacterium associated with childhood-onset

type 1, the historic alteration of colonization of the intestinal microbiota of breastfed infants

C

) ﬁ associated with increased prevalence of childhood onset type 1 diabetes, and the beneficial
H effects of high levels of SCFA, lead us to hypothesize that establishing high-level, durable infant
intestinal colonization with a high SCFA-producing bacteria, such as Bifidobacterium, may
prevent childhood-onset type 1 diabetes by generating a stable microbiota that will be resistant to
perturbations, induce healthy immunoregulation and immune training, maintain intestinal barrier

integrity, and promote survival of pancreatic p-cells (41; 42; 44).

o—t
o
Q)l ) Although many bacterial species can generate SCFAs, B. infantis is ideal for this purpose
Q because of its natural historical predominance, current disappearance in breastfed, vaginally-
delivered infants in developed countries, and its unique ability to import and metabolize
G) breastmilk HMOs without cross-feeding other commensals or pathogens and to generate high
O levels of SCFA. Other Bifidobacterium do not have the same characteristics, and thus, do not

closely mimic the “natural” microbiome of the past (24). Some Bacteroidaceae can metabolize

C

HMOs, but they metabolize HMOs in a manner different from B. infantis in that they use
extracellular glycosyl hydrolases that metabolize complex glycans outside the bacterial cell and
thus can cross-feed other bacteria, which is not ideal for a probiotic, use different HMOs, and fail

to generate SCFAs and consume HMOs to the same degree as a B. infantis-dominant infant
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intestinal gut microbiota (22; 45-47). Also Bacteroidaceae may not prove ideal for immune
education, as suggested by the DIABIMMUNE study (23). B. infantis, in fact, has been
demonstrated to enhance intestinal integrity, increase IL-10 and Tregs, suppress I1L-17
production, induce oral immune tolerance in mouse models, and modulate other pathways of

immunoregulation (22; 26; 48).

cle

® wpmss{ Furthermore, in contrast to most bacteria that have been used as probiotics, B. infantis has been
shown to stably colonize the neonatal intestine of breastfed infants. In a clinical trial in breastfed
infants, daily administration of B. infantis (Strain EVC001) to neonates from day 7-28 of life
safely, quickly, and robustly (100%) induced predominant colonization (>80% of the bacterial
microbiota) that persisted in the absence of further administration of the probiotic as long as
breastfeeding continued, which reflects the prebiotic properties of breastmilk HMOs for B.
infantis (22; 49). Colonization was equally robust in both vaginally-delivered and Cesarean-
delivered breastfed infants. A decrease in stool pH, increase in stool acetate and lactate, 10-fold
higher consumption of HMOs, and increased microbiome stability was associated with B.

infantis colonization (22).

The duration of high level colonization with B. infantis that must be maintained to confer
effective immunoregulation to prevent type 1 diabetes is presently unknown. Based on the

maturation of immune responses in infants to infections and vaccines (50), however, three to six
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months of colonization will likely prove sufficient for induction of effective immunoregulation.
Durable high level colonization with B infantis will require the presence of HMOs in a quantity

found in breast milk or a prebiotic resembling such at similar concentrations. Despite
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recommendations that infants be exclusively breastfed for the first six months of life, only
approximately 50% of infants in the United States are receiving breast milk at six months of age
(CDC Breastfeeding Report Card 2016). A prebiotic that substitutes for HMO (51) that is
administered either in cow’s milk formula or as a supplement would need to be administered at
concentrations high enough to maintain robust B. infantis colonization with early weaning or to

initiate abundant colonization in exclusively formula fed neonates and infants.

Proving efficacy of prevention of childhood-onset type 1 diabetes with a B. infantis probiotic
will require conducting human intervention trials. For practical purposes, the initial prevention
trial should target HLA genotype high-risk breastfed neonates identified preferably at birth (3),
with administration of the probiotic beginning in the first two weeks of life. The infants would
need to be breastfed for three to six months to maintain high level B. infantis colonization during
that period. The development of Stage 1 type 1 diabetes, defined as the presence of multiple islet
autoantibodies and associated with high risk of progression to symptomatic type 1 diabetes (52),
could be used as the trial primary endpoint, with a secondary endpoint of prevention of

symptomatic type 1 diabetes.

Conclusion

Safe and cost-effective approaches for the prevention of childhood-onset type 1 diabetes that
could ultimately be administered to all infants in a public health manner are required. The
keystone commensal microbe B. infantis has disappeared as the predominant microbe in the
infant microbiota in the developed world (20-22; 30), and we hypothesize that restoring B.

infantis colonization early in infancy will prevent childhood-onset type 1 diabetes through effects
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on immune training, prevention of dysbiosis and altered intestinal permeability, and enhanced -
cell function and survival. In contrast to most probiotics, B. infantis stably and safely colonizes
the intestine at high abundance in breastfed infants delivered either vaginally or by Caesarean
section (22; 49). A B. infantis probiotic primary prevention clinical trial can be conducted in a
relatively short time frame in HLA genotype high-risk breastfed infants with a primary endpoint
of islet autoantibody seroconversion (Stage 1 type 1 diabetes) with follow-up for long-term
prevention of onset of clinical disease. Demonstration of proof-of-concept in a high-risk cohort
would catalyze a public health-based clinical trial in a general childhood population, which could
also inform prevention of other childhood diseases (e.g. allergic disease, celiac disease,

childhood obesity) in addition to type 1 diabetes.
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Legends for the Figures:

Figure 1. Relative abundance of Bifidobacterium longum (B.longum) species in the intestinal
microbiota during the breastfeeding period in Finnish, Estonian and Russian Karelian infants
(blue bars, based on the DIABIMMUNE study) (23) and the annual incidence of type 1 diabetes
among children under the age of 15 years in the three countries (orange bars). The relative
abundances of B. longum are significantly different between the countries (P < 2 x107, repeated
measures ANOVA). There is an inverse correlation between the rate of type 1 diabetes and the
relative abundance of B. longum (r =-0.98). The incidence rate of type 1 diabetes is for the
period of 1990-1999 in Finland and Russian Karelia (53), and for the period 1999-2006 in
Estonia (54).

Russian
Karelia

Estonia

Finland

0 10 20 30 40 50
Annual incidence of type 1 diabetes /100,000 children <15 years [l

Accepted Article

0.00 0.05 0.10 0.15 0.20
Mean relative abundance of Bifidobacterium longum [l

This article is protected by copyright. All rights reserved.



Figure 2. Expected impact of the combination of supplementation with Bifidobacterium longum
subsp. infantis (B. infantis) and human milk oligosaccharides (HMO) from breast milk. The
supplementation results in a stable intestinal microbiota with abundance of B. infantis that will
prevent colonization with bacterial pathogens by creating colonization resistance. The
combination also leads to high production of short-chain fatty acids, which support preservation
of the intestinal barrier and active immunological education in the gastrointestinal tract as well as

promoting survival of the B-cells in the pancreatic islets.
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