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Maternal provisions in
type 1 diabetes: Evidence
for both protective &
pathogenic potential

Erin Strachan, Xavier Clemente-Casares and Sue Tsai*

Department of Medical Microbiology & Immunology, University of Alberta, Edmonton, AB, Canada

Maternal influences on the immune health and development of an infant begin
in utero and continue well into the postnatal period, shaping and educating the
child’s maturing immune system. Two maternal provisions include early
microbial colonizers to initiate microbiota establishment and the transfer of
antibodies from mother to baby. Maternal antibodies are a result of a lifetime of
antigenic experience, reflecting the infection history, health and environmental
exposure of the mother. These same factors are strong influencers of the
microbiota, inexorably linking the two. Together, these provisions help to
educate the developing neonatal immune system and shape lymphocyte
repertoires, establishing a role for external environmental influences even
before birth. In the context of autoimmunity, the transfer of maternal
autoantibodies has the potential to be harmful for the child, sometimes
targeting tissues and cells with devastating consequences. Curiously, this does
not seem to apply to maternal autoantibody transfer in type 1 diabetes (T1D).
Moreover, despite the rising prevalence of the disease, little research has been
conducted on the effects of maternal dysbiosis or antibody transfer from an
affected mother to her offspring and thus their relevance to disease development
in the offspring remains unclear. This review seeks to provide a thorough
evaluation of the role of maternal microorganisms and antibodies within the
context of T1D, exploring both their pathogenic and protective potential.
Although a definitive understanding of their significance in infant T1D
development remains elusive at present, we endeavor to present what has
been learned with the goal of spurring further interest in this important and
intriguing question.
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1 Introduction

Immunity is a balancing act that relies on accurate assessment
and precise management of contrasting, often opposing factors. The
effectiveness of our immune system is contingent on its ability to
assess a threat correctly, respond appropriately, and resolve the
threat without undue harm to the host. Thus, poor immune
regulation leaves an individual vulnerable to self-mediated
destruction. During development, T and B lymphocytes are
subjected first to the process of central tolerance followed by tight
regulation via various mechanisms of peripheral tolerance. Errors
and malfunctions in tolerance education and regulation can give
rise to autoimmune diseases, as is the case in Type 1 diabetes (T1D).
Research over the last decades has expanded our understanding of
the various events involved in onset and pathogenesis of T1D.
Furthermore, it has illuminated the numerous factors contributing
to disease, among them genetic, environmental, dietary and
microbiome contributions, as well as early life events and
conditions. In spite of its importance, there is a paucity of studies
that elucidate maternal-derived mechanisms of T1D resistance vs
pathogenesis. One could argue that genetic, dietary, lifestyle,
environmental and microbiome contributors are all maternally
rooted influences when viewed from a neonatal perspective. Of
particular note, T1D studies worldwide have consistently reported a
bias in disease prevalence amongst children of a parent with
diabetes, with increased risk attributed to those with an affected
father (1-11). This observation suggests that on top of genetic
predisposition, an affected mother may bestow a protective
phenotype upon children, an intriguing possibility that raises
many questions about the role of maternal factors in autoimmune
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diseases. Furthermore, given the numerous maternal influences on
neonatal immune development, coupled with the significance of the
gestational and neonatal influences on lifelong immune function
and resilience, the effects of maternal factors on the development of
T1D cannot be over-emphasized.

The intestinal microbiota is a facet that has been widely
investigated for both its role and response to T1D onset and
pathogenesis. Human studies, as well as animal models, have
consistently demonstrated changes in microbiome diversity,
composition and activity in affected individuals both prior to and
after diagnosis (12). Indeed, intestinal dysbiosis and its disease
modifying consequences have been well explored and thoroughly
reviewed by others (12-15) in so far as it applies to affected
individuals, but relatively little work has been invested into how
T1D associated dysbiosis in pregnant and breastfeeding mothers
affects the infant, in terms of both microbiome establishment and
immune development. Similarly, questions pertaining to the
significance of T1D associated autoantibodies (AA) have been
largely restricted to their involvement in disease progression in
patients (16), while only a few have considered their role in
perpetuating or curbing disease in the infant. Maternally acquired
AA are a key element in some autoimmune diseases and could
conceivably play a role in T1D. Moreover, maternally acquired
antibodies participate in shaping the infant immune system and
microbiome during the neonatal period. Thus, we propose that
maternal provision of immunoglobulin, microorganisms and other
immunomodulatory factors are important interdependent
influencers of infant immune development and establishment of
intestinal homeostasis. This review seeks to explore the various
mechanisms by which these influences operate, with a specific focus
on their significance in T1D (see graphical abstract).
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2 The neonatal immune environment

The immune environment in a newborn is distinctly different
from that of an older child or adult. Although all components of the
innate and adaptive systems are present by the third trimester of
gestation, many are present in lower concentrations or exhibit weak
responses to stimuli, diminished chemotaxis, impaired cytotoxicity,
or reduced expression of activation receptors (17). During this
phase of development, B and T lymphocytes have limited receptor
repertoires, and when challenged with foreign antigen, display a
strong propensity towards a regulatory phenotype. In general, the
neonatal immune environment can be characterized as anti-
inflammatory, highly tolerogenic and amazingly malleable to
external influences and manipulation (17).

Due to the largely sterile environment in utero, antigenic
stimulation prior to birth is dominated by maternal alloantigens
and autoantigens. Upon delivery, the neonate is bombarded by
antigenic challenge primarily through respiratory and
gastrointestinal avenues (18, 19). The challenge of this particular
period of time is the need to balance an emerging functional
immune system with the exponential growth and colonization of
the gut microbiota, while at the same time providing sufficient
immune protection for the infant. Furthermore, both the innate and
adaptive arms of the immune system require maturation, education
and expansion. This is a tall order, but one that is amply met via
both maternal and endogenous mechanisms. Research into various
avenues of immunity and disease have established that within
childhood there exists a critical window of time, one that is vital
to the successful development and education of one’s immune
system. Immunological events that occur, or fail to occur, during
this timeframe have the ability to shape one’s health in a
lifelong fashion.

2.1 The weaning reaction

Insights into the neonatal period have been largely ascertained
through animal studies in recent years. In mice, this window of time
encompasses postpartum weeks 1-3 and the immunological events
that occur have been termed the ‘weaning reaction’ (20). The
weaning reaction occurs in the gastrointestinal (GI) tract, largely
in the distal ileum and colon (20-22). From birth to approximately
10 days postpartum (D10), endogenous immune activity along the
GI tract appears subdued, owing in part to low microbial presence,
fewer mucosal immune cells, and indirect suppression by factors
such as epidermal growth factor (EGF) in breast milk (22).
However, GI changes begin to occur around D14, ultimately
reaching their peak around D21 which coincides with the time of
weaning. The microbial load in the colon increases exponentially
during this time, particularly with respect to Clostridia and
Bacteroides members (20). Hitherto, the ability of mucosal
antigen presenting cells (APC) to sample and present luminal
microbial antigen is inhibited due to the low permeability of the
epithelial barrier and lack of trans-epithelial dendrites (22), but
decreasing levels of murine breast milk EGF around D14 allows for
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the spontaneous formation of goblet cell associated antigen passages
(GAPs). GAPs produce a transient permeability in the murine small
intestine and colon, enabling mucosal APC to acquire and present
microbial antigen which results in antigen-specific mucosal CD4* T
lymphocyte activation and proliferation. When these events occur
from D14-D21 in mice, clonotypic expansion results in a
population of CD4" Foxp3" regulatory T lymphocytes (Tregs)
(20, 22), a subset of T lymphocytes that promotes antigen-specific
tolerance. This tolerance appears to be maintained into adulthood.
At the same time, the increase in microbial antigen exposure,
concomitant with the reduction of inhibiting breast milk factors,
induces significant changes in the transcriptional profile of the
murine GI tract (20, 21). Upregulated expression of genes involved
in barrier integrity, mucosal defense, chemotaxis, and inflammation
are observed at D21, although they quickly revert to baseline levels
by 4 weeks of age (20). Similarly, by 4 weeks of age colonic GAPs are
largely gone and the impermeability of the epithelial barrier is
restored (22).

Particularly enlightening is what ensues when the weaning
reaction fails to occur, or occurs outside the D14-21 window of
time. If microbial stimulation is unavailable prior to D21 (for
instance, germ-free mice colonized post D21) or breast milk EGF
remains elevated up until weaning, a phenomenon referred to as
“pathological imprinting” occurs, such that mice become highly
susceptible to inflammatory diseases in adulthood, showing
dysregulation of a broad range of immune responses (20, 22).
Pathological imprinting also occurs if mice are unable to respond
to microbial stimulation due to genetic manipulation (22), are
experimentally prevented from inducing CD4 "Foxp3™ Tregs (20),
or are weaned outside the D14-21 window (20). Each of these
scenarios yields clonotypic expansion of CD4" T lymphocytes that
are pro-inflammatory in nature and tolerance is not established.
Thus, a successful weaning reaction is reliant on a consortium of
factors that include microbial presence prior to weaning, receding
levels of breast milk EGF allowing for formation of colonic GAPs,
the ability to induce CD4"Foxp3™ Tregs, and a significant dynamic
induction of immune-associated gene expression around D21.
Deviations from this protocol result in pathological imprinting
that promotes dysregulated immune responses later in life (20,
22). Importantly, a suboptimal weaning reaction may not leave an
obvious signature in adulthood; in the cited studies, no differences
were observed in the microbiota or CD4 "Foxp3" Treg numbers of
adult mice despite a suboptimal weaning reaction and subsequent
immune dysregulation (20, 22).

The experimental and genetic manipulations utilized in animal
studies are artificial and thus, their translational potential remains
to be determined. However, these studies may help explain some of
the observations in human disease. For example, the knowledge that
the change in breast milk EGF concentration is responsible for the
timing of GAP formation, and that manipulating the timing of GAP
formation to occur earlier or later results in pathogenic imprinting
might help explain why the exclusive use of formula or early use of
cow’s milk are consistently associated with immunodysregulatory
diseases in humans (23). The composition of formula and cow’s
milk is static throughout infant development, abolishing the
possibility for dynamic interaction with infant physiology in a
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time-dependent manner. Similarly, the observation that a strong
weaning reaction and development of tolerance are dependent on
early microbial stimulation may explain the negative correlation
between inflammatory/autoimmune diseases and less-hygienic
living conditions (non-industrialized countries, rural or farm
living, pets, etc) (24), since early microbial exposure in these
situations would likely be increased and more diverse.

Despite the phenomenal surge in endogenous immune growth
during this time, infants remain highly susceptible to infection.
Indeed, 3.1 million infants under 1 yr of age were admitted to
hospital with an infectious disease in the United States between
2001 and 2014, with more than 6000 succumbing to infection (25).
Thus, infant survival during this challenging time depends heavily
on maternally provided immunity. While bolstering infant defense
against these insults, these maternal provisions continue to act as an
educator in the development and maturation of the infant’s
immune system, leaving an indelible imprint in preparation for
future immune insults.

3 Maternal effects on infant
microbiota development

Environmental cues are sensed by microbial communities in the
gut, a site that interfaces dietary nutrients, resident microbes and
the host mucosal immune system (26). Intestinal homeostasis is
maintained through cooperated actions of a mucus-lined physical
barrier, and an immunological barrier consisting of epithelium- and
immune cell- derived antimicrobial substances, proinflammatory
cytokines and chemoattractants, and humoral effector molecules
such as anti-commensal immunoglobulins (27). An imbalance in
the gut microbiome, termed dysbiosis, causes altered generation of
diet-dependent immunomodulatory metabolites (28) and can
contribute to local and systemic inflammation and loss of
immune tolerance (29, 30).

The microbiota and its role in health and disease has been an
area of increasingly intense investigation over the last few decades.
Both the findings of microbiome studies and their associations with
T1D have been thoroughly reviewed by others (12-15), but the
effects of dysbiosis during pregnancy and breastfeeding on the
development of T1D in infants has received much less attention.
In the following sections, we discuss maternal influences on the
development of the neonatal microbiome and review the few studies
that have addressed the effects of T1D associated maternal dysbiosis
on infant disease development.

3.1 Origin and outcome of infant
gut colonization

Although actively debated, it is generally accepted that babies in
utero are largely sterile, resulting in a GI tract that is extremely
vulnerable to microbial colonization at birth (31). Amidst the
numerous factors that influence the development of the infant
microbiota, mode of delivery and breastfeeding are amongst the
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most influential (32, 33). During a natural birth, microorganisms
from the vaginal tract act as pioneer colonizers of this highly
hospitable niche, resulting in an early infant microbiome that
resembles the maternal vaginal microbiome. Because the vaginal
microbiome is frequently dominated by Lactobacillus species (34),
vaginally-delivered infants tend to show higher proportions of this
genus (32, 35). For infants born via Caesarean section, the early
microbiome resembles the maternal skin flora and as a group, show
significant differences from vaginally delivered neonates (32, 35).
However, by 6 months of age these differences have largely
disappeared and infant diet (breastfed or formula-fed) emerges as
the main stratifier of microbiome composition (36-38). Breast milk
harbors its own unique microbiome which includes viable
microorganisms from both Lactobacillus and Bifidobacteria
genera in humans (39). Both vaginally-acquired and breast milk
provided microorganisms aid in the early development of a healthy
microbiome and diminish opportunity for pathogenic microbes to
establish colonization (40-42). Human milk oligosaccharides aid in
this endeavor by selectively promoting the growth of commensal
bacteria, including Lactobacillus and Bifidobacterium species.
Bifidobacterium accounts for a significant proportion of the
microbiota in vaginally-delivered, breastfed infants after the
neonatal period (43-45). The health-promoting effects of both
Lactobacillus and Bifidobacterium have been well elucidated, with
studies demonstrating their ability to inhibit enteric infections (46,
47), contribute to the colonization of other commensal species via
cross-feeding (48, 49), and bolster production of the
immunomodulatory short chain fatty acids (SCFA) (43, 44, 50).
The production of SCFA, especially butyrate, is a key contributor to
gut barrier function, as these metabolites are both an energy source
for intestinal epithelial cells (IEC) and promoters of homeostatic,
tolerogenic immune responses (43, 44). Moreover, reduced
pathogen presence resulting from strong commensal growth
serves to protect the infant from a variety of infections (33).
Indeed, enough evidence has emerged with respect to the
importance of Bifidobacterium during infancy to motivate a
clinical trial in Europe exploring the protective effects of
B. longum ssp. infantis administration to infants at risk of
developing T1D (51).

Microbiome colonization plays a critical role in stimulating the
neonatal immune system (40-42). Studies using germfree mice have
provided a glimpse into the molecular and functional immune
changes prompted by microbial colonization. Compared to pups
born to germfree mice, those born to dams colonized with a
complex microbiota showed upregulated ileal expression of
lymphocyte activation genes (CD45, Nfkb) as early as postpartum
day 1 (D1), followed by upregulated expression of genes involved in
microbial sensing (Tlr2, Tlr4) and cytokine production (Tslp, Tnf)
by D6 (52). By D23, the terminal ileum showed decreased
expression of several chemokines (Ccl2, Ccl3, Cxcll, Cxcl2),
suggesting reduced trafficking of immune cells to the gut. At the
same time point, genes involved in antigen presentation (CD80, H2-
Ea) and lymphocyte activation (CD40) were downregulated in the
mesenteric lymph nodes (MLN) (52). Using mice colonized
postnatally, El Aidy et al. showed that introduction of a complex
microbiota resulted in expression of innate immune associated
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genes (Reg3g, Reg3b, Retnlb) within 4 days of exposure, followed by
increased expression of cytokines (IFNy, TNFa, IL-10) and antigen
presentation elements (Tapl, Tap2, Psmb8, Psmb9) by post-
colonization D16 (21). Further evidence of gut-resident microbial
stimulation of the immune system has been demonstrated by
studies utilizing probiotics. Oral administration of various
Bifidobacterium or Lactobacillus species has been shown to
strengthen GI immune responses by promoting recruitment of
innate immune cells, increasing their expression of microbial
recognition receptors and enhancing their phagocytic activity, as
well as stimulating intestinal IgA secretion (53). Lactobacillus casei
strain DN-114001, when provided in a fermented milk product, has
been shown to interact directly with both IEC and mucosal immune
tissues in the small intestine, resulting in increased numbers of IgA ™
B cells, CD4" and CD8" T lymphocytes, macrophages and goblet
cells in adult BALB/c mice (54). Interestingly, when the same L.
casei DN-114001-containing fermented milk product was
administered to breastfeeding murine dams, their offspring
exhibited an early transient reduction in small intestinal goblet
cells, macrophages and dendritic cells, possibly due to the altered
representation of microbial taxa observed during this period (55).

Microbial exposure has been shown to expand B and T
lymphocyte repertoires, promoting lymphocyte proliferation and
influencing their differentiation (20, 56-61). Trafficking of
microbial antigen from the intestine to the thymus via dendritic
cells results in the stimulation and proliferation of populations of
microbe-specific T lymphocytes (57), including microbiota-specific
Tregs that develop and differentiate in the thymus, subsequently
migrating to the intestine (58). Additionally, upon early life
exposure to the microbiota, peripheral T lymphocytes can be
induced to a regulatory phenoytpe referred to as inducible Tregs
(iTregs) which express the transcription factors Foxp3 and RORyt
(62). Perinatal exposure to broad-spectrum antibiotics, which
induces a state of dysbiosis, has been shown to significantly
decrease the numbers of iTregs in the colon and contribute to
dysregulated intestinal immune responses later in life (63), further
demonstrating the ability of the microbiota to influence the
adaptive immune response.

Overall, colonization stimulates both pro- and anti-
inflammatory signals that together drive a balanced tolerogenic
response in a time-specific manner, allowing for continued
microbial presence and microbiome establishment while
simultaneously promoting the maturation and expansion of the
neonatal immune system. Perturbations of these microbially-
influenced immune signals often result in irreparable impairment

of the developing immune system.

3.2 Contributions of the early microbiome
to health & disease

The importance of early establishment of a healthy,
balanced microbiota has become increasingly evident. Correlative
studies in humans consistently show increased prevalence of
immunodysregulatory diseases amongst individuals exposed to
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dysbiosis-promoting events during infancy and early childhood (24).
Similarly, studies in animals have demonstrated the deleterious effects
of early dysbiosis on health status later in life and have provided
substantial evidence for the health-promoting effects of SCFA-
producing commensal microorganisms such as Bifidobacterium and
Lactobacillus particularly during the gestational and neonatal periods
(44). For example, SCFA administration to pregnant and breastfeeding
dams has been shown to remodel the infant gut microbiome, alter
lymphocyte populations in the gut, ameliorate inflammation in the
pancreas, and reduce disease incidence in animal models of T1D (64,
65). Interestingly, this outcome cannot be achieved with SCFA
supplementation after weaning alone (64), underscoring the
importance of maternal provisions during this time period.

In older individuals affected with T1D, an altered gut
environment is frequently seen both prior to and following
diagnosis. An aberrant microbiome has been observed to precede
or coincide with disease onset (29, 45, 66-72) and is believed to be a
contributor to disease development (Figure 1). Notably, a decreased
abundance of SCFA-producing bacteria has been reported in
children at various stages of T1D progression (29, 66, 69, 70, 73)
and a decline in gut barrier function, as evidenced by increased
permeability and microbial translocation, has been observed in
patients (66, 74-77). Similar observations of dysbiosis and altered
SCFA levels were made in animal models of T1D (78-80), and
further supported by demonstration that the administration of
health-promoting bacterial strains such as Lactobacillus johnsonii
could delay or reduce T1D incidence in disease-prone rats (81). The
disease-modifying role of the microbiome was further
demonstrated via fecal microbiota transfer studies in mice (82,
83) and in a human clinical trial with new onset T1D individuals
(84).
particularly coxsackieviral infections, during childhood have been

Finally, dysbiosis-promoting enteroviral infections,

strongly correlated with T1D in various human studies (23, 85-91)
(Figure 1). Taken together, these findings and observations strongly
argue for the presence and importance of early maternal influences
on intestinal homeostasis that serve to protect against disease in
later years.

In order to appreciate the relevance of microbiome
modifications observed in T1D, it is necessary to establish what a
healthy, disease-resistant microbiota looks like, particularly during
infancy. However, the factors contributing to microbiome
development are diverse, dynamic, and likely still largely
unknown. Microbiome composition is influenced by genetics,
delivery mode, maternal seeding, diet, age, antibiotic use,
infection history, and disease status (24). There are differences
observed across geographical regions and with different living
environments (73). A household with pets influences microbiome
composition, as does the presence or absence of older siblings (24).
Furthermore, microbial composition can look different between two
individuals but be very similar with respect to functional
composition. To further complicate the matter, analysis of early
life microbiome composition is often limited by the length of the
study follow up period; it is very difficult to know whether an infant
can be categorized as a healthy control when his or her future
disease status is unknown. Thus, it is not an easy feat to ascertain
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FIGURE 1

Proposed mechanisms of autoimmune activation leading to insulitis.
(A) Environmental triggers such as infection or prolonged antibiotic
use can induce changes in the Gl tract leading to dysbiosis,
increased Gl inflammation and impaired barrier integrity. Together,
these changes promote microbial translocation across the epithelial
lining and increase PAMP presence in secondary lymphoid organs
such as the MLN and PLN. (B) Presentation of PAMPs to T
lymphocytes in the MLN and PLN results in T and B lymphocyte
activation and promotion of a pro-inflammatory environment.
Impaired central and peripheral tolerance in genetically at-risk
individuals can allow for the erroneous activation of autoreactive
lymphocytes by multiple mechanisms, including molecular mimicry
and bystander effects. (C) Enteric viruses can gain access to
pancreatic islets, resulting in infection and death of beta cells. As
infected cells die and release autoantigens, APC internalize these
autoantigens and present them to lymphocytes in the PLN. Owing
to ineffective peripheral tolerance, islet-reactive lymphocytes
become activated and infiltrate the islets, promoting further beta
cell destruction. (D) Activated islet-specific B lymphocytes undergo
differentiation to plasma cells which enter systemic circulation and
secrete islet-specific antibodies into the bloodstream. Detection of
these autoantibodies is a clinical indicator preceding diagnosis of
T1D. Gl, gastrointestinal; PAMP, pathogen associated molecular
patterns; MLN, mesenteric lymph nodes; PLN, pancreatic lymph
nodes; APC, antigen presenting cell; Tfh, follicular helper

T lymphocytes; Treg, regulatory T lymphocyte.

the composition of a “normal, healthy” infant microbiota. In light of
this, perhaps the most suitable option is to compare the collective
microbiota of populations with a comparatively low incidence of
T1D to those harbored by individuals at risk of developing T1D.
Employing this rationale, the DIABIMMUNE study (92) followed
the microbiota development of ~1000 infants from Russia, Estonia
and Finland from birth to 3 years of age. During the timeframe of
the study, Finland exhibited a 6 fold higher incidence of T1D
compared to Russia (93), allowing for a comparison of microbiota
development in low-T1D-risk Russian infants versus elevated-T1D-
risk Finnish infants. During the first year of life, low T1D risk (aka
“a healthy microbiota”) was associated with increased
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representation of the phylum Actinobacteria, specifically members
of Bifidobacterium genus. Because of this, Russian infant
microbiomes exhibited lower compositional and functional
diversity up to 12 months of age, but by 3 years of age, had
surpassed the diversity of Finnish infant microbiomes. With the
exception of Bifidobacterium members, Russian infants showed a
more plastic microbiome characterized by less strain stability
during the first year of life. In contrast, Finnish infants had
elevated levels of Bacteroides species, most notably Bacteroides
dorei, with relatively stable strain persistence. The differences
observed between infants from the two regions could not be
accounted for by breastfeeding prevalence, and were instead
attributed to disparities in environmental and living conditions
between the two countries.

Some studies have attempted to elucidate an early life T1D-
associated microbiota by analyzing infant microbiota samples and
retrospectively categorizing them as T1D or healthy controls after
following each participant for a given length of time. The length of
the follow up period can be a significant limiting factor, however,
and often accounts for discrepancies observed between studies. In
order to minimize this limitation, the presence of T1D associated
AA is often used as a surrogate for T1D incidence, as AA are often
present during the preclinical disease period. Applying this
methodology, The Environmental Determinants for Diabetes in
the Young (TEDDY) Study (45) found that infants from 3 - 14
months of age had a microbiota dominated by one of three
Bifidobacterium species and thus showed low diversity, regardless
of AA presence or subsequent T1D status. Geographical region and
provision of breast milk were the two major factors accounting for
differences between the infants, and cessation of breastfeeding was
associated with an increase in the phylum Firmicutes in all infants.
Interestingly, maternal T1D status played almost no part in
microbiota stratification at any age. Differences observed between
the T1D-affected individuals and those identified as healthy
controls were subtle and included elevated Parabacteroides and
Prevotellaceae representation, along with decreased presence of
Dialister, Akkermansia and Ruminococcaceae members. In
accordance with this, the DIABIMMUNE study (92) noted rising
Dialister invisus levels by 24 months of age in the Russian cohort
compared to the Finnish infants. In contrast, Dialister invisus was
found to be a T1D-associated species in studies analyzing
microbiomes of older participants (12, 68), underscoring the
importance of distinguishing age-associated from disease-
associated microbiome differences. The role of Akkermansia
municiphila in regulating disease has been demonstrated in
animal studies, where it has been found to lower T1D incidence
in NOD mice (82). Prevotella is a genus that often emerges as
differentially represented in T1D, although studies are in
disagreement over the direction of change (12). This is possibly
due to differences in age or geographical location of the participants,
or are reflective of changes at different stages of T1D development.
Thus, these discrepancies may distinguish microbial modifications
that drive autoimmunity from those that are a consequence
of disease.
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3.3 Contribution of maternal dysbiosis
to T1D

There is evidence that maternal dysbiosis may facilitate early
infant dysbiosis, beginning even prior to birth. Studies analyzing the
microorganisms in meconium of neonates have found that
maternal health status affects the early gut microbiome of infants.
Compared to those from healthy mothers, infants born to
hyperglycemic mothers harbor a microbiome exhibiting reduced
metabolic potential, increased bacterial diversity, altered
representation of bacterial phyla with reduced Prevotella and
Lactobacillus members, and increased presence of eukaryotic
viruses (94-96). Furthermore, the altered gut metabolome
observed in hyperglycemic mothers is reflected in the blood and
fecal metabolome of their infants at birth, particularly with respect
to metabolites involved in biotin metabolism (97). This is unlikely
to be related to vaginal microbial transfer or breastfeeding, as
meconium is passed within the first few hours to days after birth,
and instead may reflect events occurring in utero, lending credence
to the in utero colonization theory (31). It is worth noting that these
studies focused on hyperglycemic mothers presenting with either
type 2 or gestational diabetes, so whether these findings are relevant
in T1D is as yet unknown.

Since the vaginal microbiota is a significant source of
microorganisms for establishment of the early microbiome in
vaginally-delivered infants, it is noteworthy that maternal vaginal
dysbiosis is associated with both maternal hyperglycemia (95) and
T1D incidence in offspring (34, 98). In a study of pregnant women
with gestational diabetes, increased blood glucose levels corresponded
with high Prevotella/Aerococcus and low Faecalibacterium/
Fusobacterium ratios in both the vaginal and intestinal tracts.
Furthermore, these same trends were observed in the meconium of
their infants (95). In studies aimed at elucidating the association
between child T1D and maternal vaginal dysbiosis, both Tejesvi et al.
(34) and Ruotsalainen et al. (98) reported maternal vaginal
microbiomes dominated largely by the genus Lactobacillus,
regardless of offspring health status. However, in women that had
previously given birth to a child diagnosed with T1D, the proportion
of Lactobacillus was reduced slightly but significantly, resulting in
greater microbial diversity overall (34, 98). Specifically, they found
increased prevalence of the bacterial genera Aerococcus and
Prevotella. Furthermore, these women showed alterations in vaginal
fungal communities, exhibiting an increase in both incidence and
abundance of the fungal genus Tylospora (98). A T1D associated
altered vaginal mycobiome is of interest, since children with T1D
associated AA have been shown to exhibit increased presence of
Saccharomyces and Candida along with a reduction in Verticillium
genus members (99). Although very enlightening, the studies by
Ruotsalainen et al. (98) and Tejesvi et al. (34) were conducted years
after childbirth, so the relevance of vaginal dysbiosis to disease and its
effect on infant microbiome development is unknown. Thus, studies
exploring maternal vaginal dysbiosis prior to or following birth, along
with exploration of microbiome development and later disease
incidence in their infants, would enhance our understanding of the
relationship between the two.
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3.4 Effects of maternal dysbiosis
during breastfeeding

An altered intestinal microbiome in mothers with TID has
further implications for breastfeeding. Human milk is populated, at
least in part, with microorganisms and metabolites from the gut
microbiome (100), raising the possibility that breastfeeding by
affected mothers could promote the development of an
unbalanced infant microbiota. Although we were unable to find
studies addressing this question in TID, there is evidence that
maternal health status can affect breast milk composition. One
study observed altered human colostrum microbiome composition
in breastfeeding mothers with gestational diabetes, noting increased
diversity and an over-representation of several genera, including
Prevotella (101). In an animal study, vancomycin-induced dysbiosis
in pregnant and breastfeeding mice resulted in increased
immunoglobulin in breast milk and contributed to an increase in
splenic lymphocytes in the pups, particularly with respect to
follicular and marginal zone B cells. These changes were
attributed to alterations in maternal gut microbiome activities, as
vancomycin is not absorbed across the intestinal wall and so can
only act locally (102). The long term consequence of the altered
splenic lymphocyte populations was not explored, so whether
vancomycin-induced maternal dysbiosis and the resulting
increase in breast milk immunoglobulin proved protective or
pathogenic in nature is unclear. Indeed, the possibility that a
dysbiotic maternal microbiota, along with the ensuing alteration
of the infant microbiota and heightened GI immune response, may
have beneficial consequences to infant health is a novel idea, but one
that is gaining merit and thus compels consideration. Usami et al.
demonstrated the ability of Bacteroides acidifaciens and Prevotella
buccalisto to elicit strong humoral responses in the Peyer’s Patches
(PP) of lactating mice (103). The resulting IgA-secreting plasma
cells migrated to the mammary glands, where their IgA production
contributed significantly to the milk IgA concentration. In
comparison to milk IgA produced in the absence of intestinal P.
buccalisto and B. acidifaciens, the increased milk IgA was found to
more efficiently coat fecal microorganisms, providing a potential
mechanism for maternal protection against P. buccalisto and B.
acidifaciens overgrowth in offspring. Furthermore, given that T1D
dysbiosis is frequently associated with increased Prevotella and
Bacteroides species (12), this is evidence that a dysbiotic maternal
microbiome featuring elevated numbers of immunogenic
commensals may contribute to infant protection via the induction
of microbe-specific IgA production secreted in milk. Another
example of the potential health benefit of neonatal intestinal
inflammation can be found in a study by Valladares et al. (81).
The authors demonstrated that the daily administration of
Lactobacillus johnsonii to T1D-prone rats during adult life
increased expression of the tight junction protein claudin 1 and
decreased interferon (IFN)-y levels in the ileum. The resulting
health benefit was reduced disease incidence. Surprisingly,
administration of the same L. johnsonii strain to rats pre-weaning
did not result in disease amelioration, but instead marginally
increased the disease incidence. The authors proposed that this
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unexpected result was a product of heightened neonatal stress from
the administration procedure (daily oral gavage), suggesting that
the stress outweighed the later health benefits of the bacterium (81).
However, in considering the importance of the heightened immune
activity that constitutes the weaning reaction, an alternative
explanation is that reducing or inhibiting pro-inflammatory
responses by administration of L. johnsonii during the pre-
weaning period yielded an overall health deficit in the form of
immune dysregulation, which promoted T1D development within
the disease-prone animals.

In humans, breastfeeding has been studied extensively for its
role in conferring protection from T1D. Although the strength of
the correlation differs between studies, the consensus is that infants
breastfed for 3 or more months show a reduced incidence of T1D
later in life (104, 105). The reasons for this, and the mechanisms
behind it, are likely multi-faceted and undoubtedly include
microbiome modification. In both human studies and animal
models of T1D, investigations into GI alterations have yielded
insights into possible mechanisms that link breastfeeding and the
neonatal microbiome with disease. In humans, exclusive
breastfeeding was shown to correlate with increased populations
of Tregs in GI tracts of 3 week old infants and was associated with
increased presence of Veillonella and Gemella, known for their
SCFA production, in stool samples (59). In mice, compared to
diabetes-resistant strains, weaned non-obese diabetic (NOD) mice
display alterations in microbiome composition accompanied by
reduced small intestinal goblet cell numbers and diminished mucus
secretion along the GI tract (106). The presence of a thick mucus
layer along the GI tract is an essential part of the physical barrier
maintaining separation of the microbiota from the gut epithelium,
and deficits in this mucosal layer have been associated with
inflammatory bowel diseases and gut dysbiosis (27, 107).
Interestingly, when NOD pups were fostered to a diabetes-
resistant dam immediately after birth, these impairments were
not observed (106). Given these findings, it is possible that breast
milk from a disease-resistant dam, which presumably differs in
composition from NOD breast milk, is able to correct inherent GI
deficits in disease-susceptible infants. Alternatively, GI alterations
may develop in the pups as a result of breast milk from the NOD
dam and thus are avoided completely by nursing from the foster
dam. Whether it is the breast milk microbiome of the two differing
dams giving rise to different microbiome development in the pups
and subsequently affecting barrier function, or another aspect of the
breast milk altogether, is an important question that wasn’t
explored in this particular study, nor was the effect of fostering on
T1D prevalence in the pups. Regardless, this study highlights the
ability of breast milk to affect development of the neonatal GI tract,
providing some mechanistic possibilities behind the negative
correlation that exists between breastfeeding and T1D incidence
in humans. Moving forward, the diabetogenic versus protective
potential of breast milk from affected mothers is an important issue
to address, as the increasingly popular establishment of human milk
banks makes it possible to provide alternate sources of breast milk
for infants at risk.
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4 Maternal antibodies acting in the
intestinal tract

For the first month of life, maternally derived antibodies in
breast milk provide the bulk of gut immunoglobulin as the infant
has yet to produce sufficient amounts of his or her own (108, 109).
Even beyond this period, breast milk antibodies supplement gut
immunoglobulin to a substantial degree (109). Breast milk contains
antibodies of all isotypes but is particularly high in IgA, IgM and
IgG (41). Pathogen-reactive IgG, produced either in response to
maternal infection or arising as natural antibodies from exposure to
maternal gut commensal species, can act in the gut lumen to coat
enteric pathogens such as Citrobacter rodentium and
enterotoxigenic E. coli, protecting the infant from infection (110,
111). Similarly, IgA and IgM accomplish their function in the gut
lumen but tend to show less specificity for their targets, instead
binding to microbial cell surface structures that are common
between a number of microorganisms (56). Together, luminal
antibodies protect against pathogen overgrowth and coat toxins
and commensal microbes, keeping them away from the intestinal
lining and establishing the spatial gradient of microbial density
indicative of a healthy gut environment (112). Breast milk
antibodies have been implicated in the maintenance of a
tolerogenic environment unique to the neonatal intestine, helping
to suppress CD4" T lymphocyte maturation (113). Moreover,
maternal IgA acts as an opsonin, promoting the phagocytosis of
IgA-bound microorganisms by colostrum/breast milk phagocytes
and activating their various immunological functions (114). This
particular role for IgA may be species-dependent, as murine
phagocytes do not express an Fc receptor for IgA (115).

T1D has been shown to complicate the delivery of breast milk
antibodies to babies. In general, mothers with T1D have later onset
of lactation and lower milk supply throughout the breastfeeding
period, difficulties that are further exacerbated with poor blood
glucose control (116). Additionally, hyperglycemia may lower
colostrum IgA and IgG levels (117). Colostral phagocytes show
significantly reduced activity in the presence of microbes lacking
IgA opsonization (114), raising the possibility that decreased IgA
levels in colostrum could impede gut immunity during the first
weeks of neonatal life. Whether this is actually the case remains to
be investigated. One study reported that IgA levels in T1D
colostrum, though decreased, remained high enough to maintain
substantial phagocytic activity in breast milk-resident phagocytes
(114). Because very few human studies have looked at
immunoglobulin content in breast milk from women with T1D
(118), it is currently unclear whether antibody levels in breast milk
are affected beyond the colostrum stage, although there is some
support for decreased IgA in breast milk of hyperglycemic mothers
(119). Furthermore, reduced IgA coating of fecal material is
frequently reported in T1D, including studies using newly-
weaned NOD mice (106), although it is unclear whether this is
due to a decrease in endogenous IgA production or a deficit in
breast milk immunoglobulin. The potential cause-and-effect
relationships of intestinal dysbiosis and IgA responses in the
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setting of TID is an area under active investigation in our
laboratory. We hope this will shed light on a topic that has
important implications in maternally-transmitted, non-genetically
encoded mechanisms of disease susceptibility and resistance.

5 Active transport of maternal
IgG — the FcRn

The presence of a placental immunoglobulin transporter was
first confirmed in humans in 1990 (120, 121) and was termed the
neonatal Fc receptor (FcRn). Since then, its various roles in
antibody transport, and more generally in fetal and neonatal
immunity, have been investigated (Figure 2). Expression patterns
of the FcRn are regulated both temporally and spatially. Age and
tissue specific expression of FcRn allows for maternal antibody
transfer both during fetal development across the placenta, termed
placental transcytosis, and during early life through the uptake of
antibodies in breast milk. Expression patterns of the FcRn differ
between mice and humans due in part to being regulated by
different promotors (122-124). In mice, FcRn expression is found
in the epithelial cells of a number of tissues, including those of the
yolk sac during gestation (125, 126). Additionally, IEC show FcRn
expression up until weaning, after which expression on the apical

10.3389/fimmu.2023.1146082

surface is largely lost (110, 127) although there is evidence of
retained expression on the basolateral surface (110). The majority
of murine maternal immunoglobulin is transferred via breast milk
ingestion during the first 21 days of life (110, 122). This transfer of
breast milk immunoglobulin is largely restricted to IgG, since FcRn
shows strong specificity for binding and transport of IgG with little
to no affinity for other immunoglobulin isotypes (124, 128-130). In
contrast, human babies acquire their bulk of maternal IgG via
placental transcytosis (122). Human placental endothelial cells and
syncytiotrophoblasts express FcRn (126, 131-135) allowing for
significant transfer of maternal antibodies particularly during the
third trimester (136-138). Similar to mice, human FcRn is also
expressed by IEC to allow for breast milk IgG uptake; this
expression remains well into adulthood. Furthermore, the
presence of FcRn on various murine and human hematopoietic
cells, particularly APC, provides a mechanistic role for maternal IgG
in fetal and neonatal immune development (126, 128, 139, 140).
The expression of FcRn by these various tissue types fulfills a
number of roles with respect to humoral immunity and immune
development during infancy. The active transport of maternal IgG
from mom to infant provides a source of systemic passive immunity
against pathogens and is highly effective in protecting the neonate
against infection and disease (141, 142) so much so that it has
become common practice to vaccinate pregnant women against
infections such as influenza, measles, mumps and rubella with the
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FcRn transport of maternal IgG. (A) FcRn expression in the placenta allows for the active transport of IgG from the mother's bloodstream to the
infant during gestation. If maternal IgG has bound antigen (Ab-Ag complex) this antigen will be transported to the infant as well, resulting in early
antigenic exposure. (B) FcRn expression along the Gl tract of the neonate can bind and transport maternal IgG and Ab-Ag complexes from breast
milk across the intestinal barrier. These maternal antibodies can infiltrate local lymphoid tissues such as the MLN and PP. (C) Whether originating
from maternal bloodstream or breast milk, IgG and Ab-Ag complexes can enter the infant's circulation. Maternal IgG provides a source of passive
immunity for the infant, neutralizing pathogens that would otherwise present a serious challenge for the underdeveloped neonatal immune system.
(D) Maternal IgG and Ab-Ag complexes in infant circulation can gain access to various lymphoid organs where they can be taken up by APC via cell
surface FcRn. Once endocytosed, the IgG can be recycled and the antigenic peptide presented to naive T lymphocytes. This early antigenic
exposure generally results in a tolerogenic response, including the polarization and proliferation of CD4" T lymphocytes to Treg. FcRn, neonatal Fc
receptor; Gl, gastrointestinal; MLN, mesenteric lymph nodes; PP, Peyer's Patches; APC, antigen presenting cells; Treg, regulatory T lymphocytes.
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goal of reducing infection in their babies (143, 144). Furthermore,
the binding and transport of immunoglobulin by FcRn results in
recycling of the antibody and extension of its half life (145),
extending its immune potential in the infant. Since viral
infections in utero and during the neonatal period have been
associated with increased risk of developing T1D in childhood
(85, 87-90), the antiviral protection afforded to offspring via FcRn
delivery of maternal antibodies suggests a possible link between the
function of FcRn and T1D risk in genetically susceptible
individuals. Moreover, the presence of FcRn on the surface of
phagocytic cells and APC facilitates the capture of maternal IgG-
antigen (Ab-Ag) complexes and subsequent presentation of
maternally-derived antigen to naive T lymphocytes (122, 146).
This has numerous implications for fetal immune development
and its role in disease will be discussed at length in the
following sections.

Chronic hyperglycemia has been shown to have adverse effects
in pregnancy, including a decrease in maternal serum antibody
levels despite a sufficient population of B lymphocytes (117, 147).
Furthermore, there is evidence that FcRn expression by placental
and cord blood cells is reduced under hyperglycemic conditions
(147), although the effect that this has on transplacental IgG transfer
is unclear: the rate of transfer may be decreased but overall cord
blood IgG levels are higher than those seen under normal glycemic
conditions, suggesting increased transplacental IgG transfer (117,
147). Although further clarification is needed, it remains that
hyperglycemia alters several factors in the process of maternal
antibody transfer and therefore may contribute to altered
maternal antibody acquisition for the infant.

6 Maternal antibodies in
immune development

The pre- and postnatal transfer of IgG antibodies from mom to
infant is a well documented phenomenon that occurs in every
immunocompetent murine and human pregnancy. It is less clear,
however, what role these antibodies play and what effect they have
on the developing neonate, particularly within the context of
autoimmune diseases. Exposure to antigen is required in order to
educate and expand immature leukocyte populations and diversify
lymphocyte repertoires in the neonate (56, 59, 60). Maternally
acquired IgG plays an active role in the transport of antigen to
the neonate, delivering maternal Ab-Ag complexes via the FcRn
across the placenta. After birth, FcRn expression on infant IEC
allows uptake of maternal IgG from breast milk, which can then
have systemic effects. Maternal IgG can be detected in the MLN and
PP of murine offspring by two weeks of age and may allow for the
uptake of commensal antigen by way of Ab-Ag complexes binding
to the FcRn on immune cells, thereby increasing microbial antigen
sampling and presentation (148). By and large, this mode of antigen
transfer induces a tolerogenic response in the neonate by promoting
the proliferation of CD4" Treg populations. This has been
demonstrated in several mouse studies using ovalbumin (OVA)
challenge, showing that postnatal transfer of OVA-IgG complexes
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in breast milk of OVA sensitized dams resulted in the proliferation
of OVA-specific Treg populations and tolerance to subsequent
OVA challenge in the pups (149-151). The mechanism involves
the capture of Ab-Ag complexes by CD11c" dendritic cells via cell
surface FcRn and subsequent transport to the thymus for
presentation to naive T lymphocytes (151). This phenomenon has
been exploited as a potential therapeutic treatment for islet
autoimmunity in high risk infants. Culina et al. (152) proposed
that fetal introduction of preproinsulin (PPI), a common
autoantigen in T1D, could result in the induction of tolerance to
PPI and thereby reduce disease incidence in high risk neonates.
They created a PPI peptide fragment fused to the Fc portion of IgG
molecule (PPI-Fc) and administered it to pregnant NOD dams as
well as pregnant transgenic dams that harbor PPI-specific CD8"
T lymphocytes. This fusion protein was transplacentally delivered
to the embryos via placental FcRn and resulted in an increased
number of thymic-derived FoxP3" Tregs, impaired PPI-specific
CD8" T cell-mediated cytotoxicity in the transgenic offspring and
reduced T1D incidence in the NOD offspring (152). Intriguingly,
when a follow-up experiment was conducted using oral
administration of the same PPI-Fc molecule to pups one day
postpartum, almost none of these tolerogenic effects ensued
despite confirmed FcRn-dependent PPI-Fc uptake in the intestine
and APC-mediated delivery to the thymus (153). These data
strongly suggest that transplacental delivery of maternal IgG
induces physiological events that differ from those that occur
when the same antibodies are acquired through breast milk.
Whether this is due to route of administration, age at acquisition,
or alternative unexplored factors is currently unknown. Regardless,
this is evidence of numerous factors at work during this short but
crucial period of time and further exploration of these events will
enable us to gain a better understanding of the role of maternal
antibodies in neonatal immune development.

6.1 Foreign antigen-specific maternal
antibodies in T1D

Given the extensive evidence linking enterovirus infections to
diabetogenic events in both humans and animal models of T1D (87,
91), including maternal enteroviral infections during pregnancy (60)
and a positive correlation between circulating maternal enteroviral
antibodies and islet AA (154), it is counterintuitive to learn that there
is a negative correlation between regional frequencies of enteroviral
infections and incidence of T1D throughout the world (155).
Furthermore, this same inverse relationship exists between
maternal serum enteroviral antibodies during pregnancy and
regional T1D incidence in the population (156); T1D prevalence is
higher in populations where women of childbearing age harbor low
serum levels of anti-enteroviral antibodies. A hypothesis for this
apparent paradox was put forward by Viskari et al. (156) who
postulated that enterovirus associated beta cell autoimmunity could
be considered a complication of enteroviral infection that arises due
to increased viral susceptibility in an individual. This theory is
supported by the observation that some enteroviruses, such as
Coxsackie B4 virus, show a tropism for pancreatic beta cells and
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can promote islet-specific autoimmunity via the release of previously
sequestered antigen following beta cell damage (157) (Figure 1). One
plausible explanation for increased viral susceptibility is a lack of
maternally derived and transferred enteroviral neutralizing
antibodies during gestation in regions of low enterovirus
epidemiology, resulting in a lack of passive protection for the
neonate (156). This hypothesis was experimentally investigated
using Coxsackie B virus infection in animal models of T1D (158).
The authors of the study demonstrated that infection of female mice
generated serum neutralizing antibodies that, upon subsequent
breeding, were transferred to the offspring and could be detected in
serum at weaning. Furthermore, these maternally derived antibodies
conferred protection against subsequent Coxsackie B virus infection
in the offspring, and resulted in reduced beta cell autoimmunity and
T1D development. These experimental results are supported by the
observation that although Coxsackie virus Bl (CVBI) exposure
elevates risk of developing islet autoimmunity in genetically at risk
children, those harboring maternal neutralizing antibodies against
CVBI at birth have some attenuation of that risk (159).

6.2 Collaboration between the maternal
microbiome and maternally-derived
immunoglobulin

As discussed by Larsson et al. (158), the Coxsackie B studies
mentioned above lend support to the ‘hygiene hypothesis’, a
broader school of thought that postulates the amplified incidence
of autoimmune diseases experienced in industrialized regions of the
world is attributable to the decreased microbial exposure and
challenge inherent in ‘cleaner’ societies. The relevance of this
theory to the current review becomes apparent when one
considers the tremendous amount of research showing the
importance of maternally provided passive immunity; since mom
cannot pass on to her babe that which she doesn’t have, reduced
maternal exposure to microbes directly affects the immune health,
development and function of her child in a lifelong fashion.
Furthermore, the implications of the hygiene hypothesis become
evident when one considers the role of natural maternal antibodies;
that is, antibodies present in the mother that are generated without
known exposure to a pathogen or vaccination. Recent studies have
established that microbiota-reactive IgG antibodies (AKA natural
antibodies) are present in the serum of murine dams at steady state
(110, 148). These anti-commensal IgG are conferred to the offspring
primarily via the breast milk and can be detected in the gut lumen
and serum (110, 148) as well as the MLN and PP (148) at 1-2 weeks
of age. Koch et al. (148) showed that their absence, in conjunction
with a deficiency of maternally acquired IgA, resulted in a
compensatory reaction in the offspring characterized by an
increase in both numbers and activation state of mucosal T
follicular helper (Tth) cells, germinal center B lymphocytes and
CD4" T effector cells at 25 days postpartum. Although this
phenotype was transient, it is evidence of altered mucosal
immune responses during an important stage of development and
bears implications for future antigenic challenge and possible
aberrant immune responses in the gut. Additionally, the authors

Frontiers in Immunology

11

10.3389/fimmu.2023.1146082

found that lack of maternal IgG led to increased microbial
translocation and presence in the MLN of offspring, a finding
that holds relevance for T1D pathogenesis; increased microbial
translocation across the epithelial barrier and movement to the
MLN and pancreatic lymph nodes (PLN) is hypothesized to
contribute to early events leading to the erroneous activation of
autoreactive T lymphocytes (74, 75) (Figure 1).

Collaboration between the maternal microbiota and IgG
transfer to the neonate can bolster offspring gut integrity. Using
mouse models, Gomez de Aguero et al. (160) discovered that
transient colonization of germfree dams during pregnancy
resulted in changes in the small intestinal environment of the
neonate after birth when compared to offspring from dams
maintained under germfree conditions. Pups from transiently-
colonized dams showed an increase in type 3 innate lymphoid
cell (ILC3) and F4/80*CDIlc" cell numbers, along with an altered
ileal transcriptome indicative of amplified cell proliferation, bile
acid metabolism, immune function and epithelial barrier integrity.
In line with this, they found improved gut barrier function in two
week old offspring. The mechanism behind this phenotype was
found to be the result of microbial metabolite delivery from dam to
pup. Specifically, microbially-derived AhR ligands from the dam
were being provided to the pup in part via maternal Ab-Ag
complexes. Interestingly, this phenomenon was initiated in utero
and continued during the postnatal period possibly via Ag-Ab
complexes in the breast milk despite the fact that the dams had
returned to a germfree status before giving birth. This study
highlights the importance of the maternal microbiota to offspring
health and development during the prenatal period.

6.3 Maternal autoantibodies in T1D

The acquisition of maternal antibodies has additional
implications in the context of autoimmunity and the transfer of
AA. In a number of diseases, the transplacental delivery of
maternal AA has deleterious effects on the health of the baby. For
instance, AA raised against ribonucleoprotein particles SS-A/Ro
and SS-B/La in a mother with Sjogren’s syndrome can have
devastating effects when transmitted to an infant during
pregnancy, leading to outcomes of neuropsychiatric impairment,
liver damage and congenital heart block (122, 161). Similarly,
mothers suffering from myasthenia gravis or thrombocytopenia
purpura frequently transfer AA during pregnancy, resulting in
increased incidence of disease in their babies (146). Arguments
for a pathogenic role of maternal AA in T1D have been put forth in
a study using B cell deficient NOD mice. This study showed that
maternally derived IgG persisted in serum past 25 weeks of age and
insulin AA were detectable until 5 weeks of age. The complete
elimination of B cells, and thus both pre- and postnatally acquired
maternal AA, as well as the selective elimination of AA through
early embryo transplant to a non-autoimmune strain of mouse,
significantly reduced disease incidence in NOD offspring (162).
However, a second study in NOD mice reported contradicting
findings in pregnant dams that had been immunized with insulin
(IAA™") or vehicle control (IAA"). The authors found that the

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1146082
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Strachan et al.

presence or absence of maternal insulin AA had no bearing on
subsequent islet autoimmunity and T1D development in their
progeny despite confirmed transfer of insulin AA from TAA"
dams to the offspring (163), suggesting that high maternal insulin
AA levels do not contribute to the development of T1D in offspring.
This conclusion is corroborated in studies in humans where
evidence supporting a pathogenic role for maternal T1D
associated AA is lacking (1-11).

Studies on familial T1D have found that among children with a
parent with T1D, those with an affected mother show up to 4 fold
lower incidence of disease than those with an affected father (1-11)
while only few reports support the opposite (164). This discrepancy
may be due in part to the length of the study follow up period. The
German BABY-DIAB study (165) analyzed blood samples from more
than 1000 children born to a parent with TID (67% mother, 33%
father). Of the children with affected fathers, all were negative for AA
at birth. In contrast, >75% of the neonates born to affected mothers
harbored circulating AA. The AA were deemed to be of maternal
origin since they were of the same specificity and isotype as those
detected in the mothers at delivery. Indeed, a consistent finding in
many human studies is a positive correlation between maternal AA
levels and those measured in cord blood or neonatal circulation at
birth, indicating significant transplacental transfer of T1D associated
AA. Furthermore, most studies report the elimination of maternal
AA by 9 months of age (164-167). In the German BABY-DIAB study
(165), only 12 children remained positive for T1D associated AA by 2
years of age. Interestingly, these same 12 children had exhibited
amongst the lowest cord blood AA levels at birth. The ‘Trial to
Reduce IDDM in the Genetically At Risk’ (TRIGR) study in Finland
also noted a positive correlation between maternal and neonatal AA
levels in their study of 74 T1D mothers and their newborns, although
they found no evidence of induction of beta cell autoimmunity during
fetal development (167). Thus, in spite of significant AA transfer, a
causal link between maternal AA and infant TID development has
not been established.

As Giacoia (146) outlines in his review of AA in pregnancy, there
are several factors that may influence the pathogenicity (or lack thereof)
of maternally derived AA in the developing offspring. If the organ, cell
or autoantigen in question is not yet well developed at the time of
transfer, maternal antibodies may lack a target, rendering them fairly
harmless. Similarly, if the autoantigen is inaccessible due to location
within the organ or cell, pathogenicity may be reduced. Another factor
is the status of immune development within the baby. Ab-Ag
complexes often work by initiating complement activation, antibody
dependent cellular cytotoxicity (ADCC) and antibody dependent
cellular phagocytosis (ADCP). Successful complement activation, for
example, requires all components of the complement cascade to be
functional and present at high enough concentrations to be effective.
Although some components are synthesized as early as 18-20 weeks
gestation, many remain below 50% of adult levels even at full term (168,
169). Similarly, ADCC and ADCP rely on various lymphoid and
myeloid cells to be functional and activated. Given the immature state
of the fetal immune system, coupled with the aforementioned
tolerogenic environment and potential lack of available antigen, it is
possible that these antibody-mediated actions are largely absent when
maternal AA are delivered transplacentally.
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The transfer of maternal AA is not limited to pregnancy, raising
questions about the effects of breastfeeding a newborn when the
mother harbors T1D associated AA. Given that most T1D
associated AA are of the IgG isotype, FcRn expression in the
neonatal small intestine allows for potentially significant uptake
of these maternal AA by the nursing baby. Interestingly, the
majority of studies looking at the effects of breastfeeding on T1D
development support a protective role for long-term breastfeeding
(104, 105), although very few take into account the T1D status of
the mother. Of those looking specifically at breastfeeding by affected
mothers, we were unable to find any that supported a positive
correlation between breastfeeding and disease development in
offspring, and some evidence that supports an inverse
relationship. The German BABY-DIAB study found no
correlation between breastfeeding duration by affected mothers
and AA levels in their infants (170), and reported a protective
effect of breastfeeding for >3 months (1). Because of the lack of
evidence linking breastfeeding by affected mothers to any
deleterious effects in their infant, exclusive breastfeeding remains
the recommendation of most health authorities (171-173).

6.4 Idiotypic/Anti-idiotypic network

An intriguing aspect of peripheral tolerance and immune
regulation specifically pertaining to the humoral response is the
proposed existence of an ‘idiotypic network’, a hypothesis that
presents the immune system as a network of interconnected
lymphocytes and antibodies that act to regulate the humoral arm
of the adaptive system (174). The antigen recognition site of an
antibody - the idiotope - fulfills its primary role in recognizing and
binding to antigen, but can also function as an epitope for other
antibodies. These idiotope-reactive antibodies - that is, antibodies
that target and bind the idiotope of the original antibody - are
termed anti-idiotypic (anti-Id) antibodies and according to the
idiotypic network theory, act as a mechanism of peripheral
tolerance to regulate the activities of naturally-occuring
autoreactive B lymphocytes (175). Although this theory and its
numerous implications have been met with mixed response, the
existence of anti-Id antibodies has been documented in numerous
autoimmune diseases, including T1D (176-178). There is evidence
that some healthy individuals harbor T1D associated AA against
glutamic acid decarboxylase (GADA) as well as GADA-reactive
anti-Id antibodies; the GADA are thought to be rendered ineffective
by the neutralizing effects of the GADA-specific anti-Id antibodies
which are present at significant levels in healthy individuals but
depleted in newly-diagnosed T1D patients (178). Indeed, it has been
proposed that a lack of anti-Id antibodies, rather than the presence
of AA, may facilitate the progression of T1D in susceptible
individuals (178) (Figure 3).

The generation of anti-Id antibodies directed against maternally
derived antibodies has been described and explored in contexts such
as allergy (179) and pathogen resistance (180) but very little in the
context of T1D. It is known that anti-Id antibodies can be generated
by the neonate in response to maternal IgG (180) or acquired from
the mother (179). Several studies have demonstrated the ability of
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endogenous and maternally-delivered anti-Id antibodies to modify
the B lymphocyte repertoire in neonatal mice, often resulting in
suppression of the targeted B lymphocyte (181-183). Furthermore,
there is evidence that T cell receptors (TCR) may also be a target for
anti-Id antibody suppression in neonatal mice, resulting in early
shaping of the T lymphocyte repertoire (184) (Figure 3). Given
these findings, it is possible that maternally-induced idiotypic/anti-
idiotypic interactions in the neonate play a role in neutralizing
maternal AA activity and in modulating the neonatal lymphocyte
repertoire. This could conceivably explain why maternally acquired
AA in the circulation of neonates show no evidence of participating
in or predisposing the child to autoimmune development despite
being present in high concentrations. Furthermore, these anti-Id
antibodies could leave a lasting impression on the developing
lymphocyte repertoires such that naive lymphocytes with a
propensity to recognize T1D associated autoantigen are
suppressed or eliminated altogether. This complicated interplay
between lymphocytes with idiotypically complimentary receptors
could plausibly account for the reduced diabetes incidence reported
in children from diabetic mothers; their immune systems may be
primed for enhanced peripheral tolerance.

7 Conclusion

The under-investigated role of maternal influences in T1D is an
intriguing area of study that so far has resulted in more questions
than answers. Much of what has been learned about maternal
microbiota and antibody transfer and their role in infant disease
has been characterized outside of the context of T1D and thus
requires a fair bit of speculation and hypothesizing with regards to
their relevance to disease. It is broadly known that numerous
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maternal factors both in utero as well as postnatally have a strong
and lasting effect on the health and immune development of the
offspring. Mechanisms of these influences include early
colonization, metabolite production and antigenic challenge by
maternal microbes, establishing the infant gut microbiota and
influencing the development of the gut environment and the
immune system. Transfer of maternal antibodies against microbes
and their metabolites further these aims, and allow for passive
immune protection and establishment of gut homeostasis in infants.

The observations that hyperglycemia alters various aspects of
lactation and humoral immunity suggest that the acquisition of
maternally derived antibodies may be altered in the context of T1D.
Moreover, the mounting evidence that maternally-derived T1D
associated AA exhibit little to no pathogenicity in infants is an
intriguing notion that demands further investigation. Furthermore,
the fact that infants from TID affected mothers exhibit reduced
disease incidence despite evidence that maternal dysbiosis is
reflected in neonatal biology suggests that the protective potential of
maternal factors outweighs the pathogenic potential. We propose that
it may be time to rethink dysbiosis and inflammation, as evidence for
beneficial gut inflammation in the context of neonatal development
are emerging and support a role of early exposure to diverse and/or
immunogenic microorganisms in facilitating a more robust weaning
reaction, ameliorating immune dysregulation, and reducing disease.
Moreover, this theory has implications for studies that manipulate
microbe sensing pathways. One must consider the possibility that the
resulting phenotype from such studies may stem from a combination
of altered microbial sensing in the offspring, as well as their early
exposure to dysbiosis consequent to immunodeficiency. Maternal
contributions from a dysbiotic dam during gestation and lactation
may further confound the issue, urging caution in the interpretation of
results from this type of study.

Idiotypic/anti-idiotypic network hypothesis. (A) The antigen binding site of an antibody is referred to as the idiotope. Idiotypic antibody Abl
recognizes and binds epitope X on autoantigen X. In T1D, autoantigen X is frequently a beta cell protein such as insulin, glutamic acid decarboxylase
(GAD), or tyrosine phosphatase-related insulinoma-associated 2 molecule (IA-2). Detection of T1D-associated autoantibodies is routinely used as a
diagnostic indicator of disease. (B) The idiotypic network postulates that antibodies can be raised against the idiotope of Abl. In the context of
autoimmunity, these anti-idiotypic (anti-Id) antibodies (Ab2) compete with autoantigen X for binding sites on Abl, resulting in Abl neutralization and
limiting antibody-mediated damage to target cells. Anti-Id antibodies have been detected in healthy individuals and T1D patients, but are not
routinely measured. (C) During the neonatal period, binding of anti-Id Ab2 to the B cell receptor of Abl-bearing B lymphocytes leads to their
suppression. Similarly, anti-1d antibodies can suppress T lymphocytes via binding to their T cell receptors.
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Finding a way to effectively halt autoimmune diabetes remains
an unrealized goal. As we further our understanding of how
maternally enacted mechanisms operate during the uniquely
tolerogenic neonatal period, we open the door to the possibility of
using maternal intervention strategies as a therapeutic means to
prevent diseases such as T1D in the young.
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Glossary
T1D type 1 diabetes
AA autoantibodies
GI gastrointestinal
EGF epidermal growth factor
APC antigen presenting cells
GAPs goblet cell associated antigen passages
Tregs CD4" Foxp3" regulatory T lymphocytes
SCFA short chain fatty acids
IEC intestinal epithelial cells
AhR aryl hydrocarbon receptor
Nfkb Nuclear factor kappa B gene
Tir2 toll-like receptor 2 gene
Tir4 toll-like receptor 4 gene
Tslp Thymic stromal lymphopoietin gene
Tnf tumor necrosis factor gene
Cel2 chemokine (c-c motif) ligand 2; monocyte chemoattractant protein-1
gene
Ccl3 chemokine (c-c motif) ligand 3; macrophage inflammatory protein 1-
alpha gene
Cxcll chemokine (c-x-c motif) ligand 1 gene
Cxcl2 chemokine (c-x-c motif) ligand 2 gene
H2- histocompatibility 2, class II antigen E alpha gene
Ea
MLN mesenteric lymph node
Reg3g regenerating islet-derived gene 3 gamma
Reg3b regenerating islet-derived gene 3 beta
Retnlb | resistin like beta gene
IFNY interferon gamma
TNFo tumor necrosis factor alpha
IL-10 interleukin 10
Tapl Transporter associated with antigen processing 1 gene
Tap2 Transporter associated with antigen processing 2 gene
Psmb8 | proteasome 20S subunit beta 8 gene
Psmb9 | proteasome 20S subunit beta 9 gene
iTregs inducible regulatory T lymphocytes
PP Peyer’s Patches
NOD non-obese diabetic mice
FcRn neonatal Fc receptor
Ab-Ag | antibody-antigen complexes
OVA ovalbumin
(Continued)
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Continued
PPI-Fc  preproinsulin peptide fragment fused to Fc portion of IgG molecule
CVBI1 Coxsackie virus B1
Tth T follicular helper cells
PLN pancreatic lymph node
ILC3 type 3 innate lymphoid cells
IAA insulin autoantibodies
ADCC  antibody dependent cellular cytotoxicity
ADCP  antibody dependent cellular phagocytosis
anti-Id  anti-idiotypic antibodies
GADA  glutamic acid decarboxylase autoantibodies
TCR T cell receptor
PAMP  pathogen associated molecular patterns
GAD glutamic acid decarboxylase
IA-2 tyrosine phosphatase-related insulinoma-associated 2 molecule
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