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Summary

Few concepts in recent years have garnered more disease research attention
than that of the intestinal (i.e. ‘gut’) microbiome. This emerging interest has
included investigations of the microbiome’s role in the pathogenesis of a
variety of autoimmune disorders, including type 1 diabetes (T1D). Indeed, a
growing number of recent studies of patients with T1D or at varying levels of
risk for this disease, as well as in animal models of the disorder, lend increas-
ing support to the notion that alterations in the microbiome precede T1D
onset. Herein, we review these investigations, examining the mechanisms by
which the microbiome may influence TID development and explore how
multi-disciplinary analysis of the microbiome and the host immune
response may provide novel biomarkers and therapeutic options for preven-
tion of T1D.
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Overview of type 1 diabetes and involvement of the
microbiome in disease development

T1D is a disorder resulting from an immune-mediated
destruction of pancreatic beta cells in genetically predis-
posed individuals [1,2]. Poorly understood environmental
factors probably contribute to disease development through
mechanisms that either trigger the initial autoimmune
response, or modify this destructive process at various
points throughout the natural history of the disease [3,4]. A
variety of putative environmental factors have been posited
as potential candidates for serving in such a role, the major-
ity being dietary [5-7]. However, the specific environmental
constituents responsible for eliciting or driving beta cell
autoimmunity are unknown.

The intestinal microbiome represents a complex, symbi-
otic ecological community that influences human health
and development, including the education and maintenance
of the immune system [8-10]. While considered to impact
upon a wide array of physiological activities and disease, the
role of the intestinal microbiome in autoimmunity has

autoimmunity, immunology, insulin, intestinal physiology,

recently garnered significant attention, with evidence sug-
gesting a role for impacting upon the development of a
number of disorders including T1D [11-14].

Based on the available body of literature, it is feasible to
suggest that the well-described increased incidence in T1D
over the past 50 years [15,16] arises, at least in part, from
one of two primary mechanisms related to the intestinal
microbiome. In the first notion (Fig. 1), defective develop-
ment and/or alteration of healthy microbiota in an indi-
vidual at genetic risk for T1D may result in abnormal
immunoregulation that enables autoimmune destruction of
insulin-producing B cells. This notion is supported by evi-
dence suggesting that immune education required for self/
non-self immunoregulation is, to a large degree, conferred
early in life, through maturation and education of the
immune system by microbiota that colonize the gastrointes-
tinal tract, living symbiotically with the host [18,19]. The
second concept (Fig. 1), acting either independently of or
co-incident with the first, is that enhanced leakiness of the
gut epithelial barrier (observed in both human patients and
animal models of T1D) either results from an altered
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Fig. 1. ‘The perfect storm’ — a hypothetical
model of the contribution of various gut
components (including altered immune
regulation and gut leakiness) to the
pathogenesis of type 1 diabetes. Reproduced
with permission [17].

microbiome or is a key determinant of an altered
microbiome, or ‘dysbiosis’ [17,20]. Either type of
microbiome-mediated mechanism could underlie the
observed combination of increasing disease incidence as
well as the younger age of onset [21], resulting from less
robust or delayed maturation of immunoregulation in early
childhood. Understanding such mechanisms is an impor-
tant consideration. Indeed, if a central role for the
microbiome in T1D risk was confirmed, as will be discussed
later, the disease might be preventable by augmenting or
accelerating healthy microbiota-induced immunoregula-
tion, as well as by attenuating intestinal leakiness. However,
before undertaking such therapeutic efforts, it would appear
critical to determine first whether and how an altered
microbiome contributes to either defective immu-
noregulation and/or gut leakiness in T1D.

Apart from studies of T1D pathogenesis, longitudinal
sampling of the intestinal microbial flora from birth to early
childhood has demonstrated a dynamic pattern of micro-
bial colonization, with alterations in the composition of
intestinal bacterial communities associated with various life
and developmental events, beginning with mode of delivery
[9,22]. Specifically, clear changes in microbial composition
have been observed with weaning and the introduction of
cow’s milk-based formula or solid foods, illnesses including
viral infections and antibiotic treatment, among others
[7,23-25]. While intellectually intriguing, the role for each
of these aspects in T1D pathogenesis remains unclear, but
continues to emerge.

Current knowledge of the microbiome in T1D

While the exact genesis for the role of the microbiome in
T1D may be of some debate, some of the earliest evidence
for such an association arose from studies of BioBreeding
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Diabetes Prone (BB-DP) rats, where antibiotic treatment
decreased the risk for the disease [26,27]. This was quickly
followed by a similar study utilizing the non-obese diabetic
(NOD) mouse [8]. Rederivation of NOD mice from con-
ventional to a specific pathogen-free (SPF) setting increased
diabetes incidence, suggesting that some microbial expo-
sures may protect against T1D [28]. Moreover, experimen-
tal exposure to bacterial antigens and infections decreases
the risk for T1D in the NOD model [29]. Feeding either
Lactobacillus reuteri or L. johnsonii to BB-DP rats increased
or decreased the risk for diabetes, respectively [30]. NOD
mice carrying a null mutation in an adaptor for innate
immune receptors [myeloid differentiation primary
response gene (MYD88)] are protected from T1D and have
an altered microbiome compared to wild-type controls [8].
Taken collectively, these results suggest that microbial expo-
sures may play a role in the onset of the disease.

With respect to humans, an early microbial 16S rRNA
gene sequencing study of faecal bacterial composition in a
small Finnish cohort of four pairs of T1D cases and con-
trols demonstrated a higher level of Bacteroidetes relative to
Firmicutes approximately 6 months after birth in those who
eventually developed T1D, and suggested that this ratio of
Bacteroidetes to Firmicutes increased over time in autoim-
mune cases, but declined in those who did not develop the
disorder [14]. The case (i.e. TID) microbiomes were also
much less diverse than the control microbiomes. In addi-
tion, the case microbiomes were much less similar to each
other than were the control microbiomes. These results sug-
gested that the microbiomes of subjects with T1D autoim-
munity were much less stable over time than those from
control subjects.

This study was followed by a metagenomic analysis of
faecal samples of the same four case—control pairs taken at
the time that the cases displayed seroconversion to serum

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 177: 30-37 31




FOCUS ON HYGIENE HYPOTHESIS AND APPROACHES TO MODULATING THE MICROBIOME

anti-islet autoantibodies [11]. Bacterial genes associated
with production of short chain fatty acids and gut integrity
were more abundant in healthy controls than autoantibody-
positive cases (i.e. people at increased risk for T1D). This
work led to the hypothesis that the fate of lactate is impor-
tant to gut health.

A more recent study was conducted in Spain, where 16
children with TID showed increased numbers of
Clostridium, Bacteroides and Veillonella and decreased
numbers of Bifidobacterium and Lactobacillus compared to
16 healthy children [31]. However, unlike the studies
described previously that were performed by 16S rRNA
gene sequencing, these investigators used polymerase chain
reaction (PCR) primer sets designed for certain bacterial
genera followed by denaturing gradient gel electrophoresis
(DGGE). The discrepancy between studies raises the impor-
tant caveat that apparent variance in the data can reflect
dependency on the methods of detection and analysis.

To exclude the potential impact of the major histocom-
patibility complex genotype on microbiome composition
and examine potential microbiome differences that precede
disease onset, a recent study using 16S rRNA gene sequenc-
ing examined the faecal microbiome of healthy children
matched for age, sex and high genetic risk and discordant
for islet autoantibodies [13]. This study showed that certain
bacteria correlated with the number of positive
autoantibodies, potentially indicating a role of dysbiosis as a
regulator of B cell autoimmunity in the progression of the
autoimmune process towards 3 cell destruction and clinical
disease. In yet another effort [11], a lower abundance of
lactate- and butyrate-producing bacterial species was asso-
ciated with autoantibody status, confirming a relationship
of bacterial harbouring specific to beta cell autoimmunity
prior to disease onset. Interestingly, several associations
between autoantibody status and specific bacterial taxa were
significant in only one sex (Bacteroides in males, and
Bacteroides fragilis in females). Larger cohorts will be
needed to validate potential gender influences on the T1D-
associated microbiome.

Although the number and size of studies of the gut
microbiome of T1D remains small, they suggest some inter-
esting trends (Table 1). At the taxonomic level, Bacteroides
is associated positively with islet autoimmunity for T1D
while Firmicutes is associated negatively. Butyrate-
producing bacteria may be protective, while those that
produce other short chain fatty acids may lead to autoim-
munity. These observations may relate to the effects of bac-
terial fermentation products on gut epithelial integrity.
Fermentation of lactate to butyrate is associated with tight
junction formation and mucin synthesis and increased
integrity of the gut epithelium. In contrast, lactate fermen-
tation to other short chain fatty acids such as propionate,
acetate or succinate is not associated with mucin synthesis
and tight junction formation and sustenance of an intact
epithelial layer [11]. Thus, gut health may be favoured when
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Table 1. Putative differences in the microbiome of seroconverted
versus high-risk non-diabetic people [11,13,14,31]).

Seroconverted High-risk control
Property subjects subjects
Dominant phylum Bacteroidetes Firmicutes
SCFA producers Succinate, acetate Butyrate
Bacterial diversity Low High
Functional diversity Low High
Genus differences Bacteroides Bifidobacterium

Clostridium Faecalibacterium
Veillonella

Community stability Low High

Lactobacillus

SCFA = short chain fatty acid.

the intestinal microbial community is dominated by
butyrate producers and disrupted by dominance of
propionate producers. Such findings are, in general, sup-
portive of the aforementioned ‘gut leakiness’ hypothesis, but
do not include any functional assessment of these organ-
isms on gut epithelial function. Larger metagenomic and
affiliated functional studies will be needed to resolve the
many confounding factors affecting the microbial composi-
tion, and to validate and refine these trends beyond the
initial findings of genus-level associations.

Uncovering a pathogenic role for the microbiome in
TaD - a proposed pathway forward

As mentioned previously, interactions between susceptibil-
ity genes and environmental determinants of T1D remain
poorly defined [16]. The most pressing outstanding ques-
tions regarding the microbiome as an environmental deter-
minant in T1D are (i): does the microbiome hold any
additional clues into disease aetiology, including potential
viral or bacterial antigens and metabolites; (ii) is there a
microbiome-wide dysbiosis linked to pathogenesis (i.e.
development of autoimmunity, progression of autoimmun-
ity, onset of clinical disease); and (iii) is defective
microbiome-induced immunoregulation contributing to
pathogenesis of T1D?

Identifying the environmental determinants of disease is
quite challenging, and poses a number of requirements on
study design. First, subjects need to be studied before the
onset and throughout all phases of the disease to capture
important transition points. Setting up a prospective cohort
for a disease with an incidence rate of ~10-30 (i.e. interme-
diate to high) new cases per 100 000 per year in a cost-
effective way requires an approach to screen and follow a
large number of subjects. One approach is to enrol first-
degree relatives (FDR) of T1D patients, who have an
elevated risk and are straightforward to identify. However,
they represent a fraction of all cases of T1D, as 85-90% of
diagnosed patients do not have an FDR with the disease. An
alternative is general population screening for T1D genetic
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Table 2. Overview of cohort characteristics in ongoing microbiome studies.

Location Enrolment Cohort size

North Young T1D
Cohort Europe America Australia Prospective FDR GP Pregnancy Birth children Teen Screening Enrolling cases
DiPP v v v v 180 000 8500 300
DIABIMMUNE 4 v v v 12 000 4400 4
TEENDIAB v v v n.a. 1500 ?
ImmunDiabRisk v v v v v n.a. 200 ?
TEDDY v v v v v 500 000 12 000 800
ENDIA v v v v n.a. 1400 50

DiPP = Diabetes Prediction and Prevention Project; DIABIMMUNE = Pathogenesis of Type 1 Diabetes — Testing the Hygiene Hypothesis;
TEDDY = The Environmental Determinants of Diabetes in the Young study; ENDIA = Environmental Determinants of Islet Autoimmunity;

FDR = first-degree relatives; GP = general practitioner; n.a. = not applicable; T1D = type 1 diabetes.

risk. Such screening focuses upon the human leucocyte
antigen (HLA) class II genes (DRBI, DQAI and DQBI),
which account for approximately 50% of the total genetic
contribution to TID [32]. Secondly, in order to capture
environmental determinants comprehensively, subjects will
need to be examined frequently for a variety of potentially
impactful exposures. This includes the collection of diverse
sample types (e.g. blood, stool, saliva) and a broad spec-
trum of information on other environmental factors, such
as dietary patterns, psychosocial factors, allergies, living
habits, antibiotic use and vaccinations. Because T1D onset
can occur very early on in life, such longitudinal screening
should start from birth or, preferably, during the prenatal
period, including collection of maternal samples. Lastly, the
human microbiome is both complex and variable between
individuals and within individuals due to developmental
and environmental events [33]. Study design and analyses
need to anticipate controlling or accounting for host
genetic, developmental and environmental influences [34]
requiring a large enough cohort or cohorts to retain statisti-
cal power for multiple interactions.

A number of cohort studies designed to partially address
the needs outlined above have ongoing or recently com-
pleted sample collections suited to address several aspects
of microbiome-targeted questions. These include, but are
not limited to, the Finnish studies Diabetes Prediction
and Prevention Project (DiPP) [35], the Pathogenesis
of Type 1 Diabetes — Testing the Hygiene Hypothesis
(DIABIMMUNE) study [36,37], the German studies
TEENDIAB [38] and ImmunDiabRisk, the Australian Envi-
ronmental Determinants of Islet Autoimmunity (ENDIA)
study [39] and the international Environmental Determi-
nants of Diabetes in the Young study (TEDDY) study [40].
The characteristics of each cohort are tabulated here
(Table 2), including the location of the study and age at
enrolment, and highlight the shared and unique contribu-
tions of each study. For example, DIABIMMUNE can
address the relationship between T1D and the hygiene
hypothesis by comparing subjects in several countries with
different T1D incidence rates; TEENDIAB will identify

factors that influence T1D development specifically during
puberty; and ENDIA is the largest cohort that enrols sub-
jects prior to birth and from the southern hemisphere.

Therapeutic targeting of the gut microbiome to
block TaD progression

Experimental microbiome manipulation in young T1D
prone rodents provides robust protection from islet-
autoimmunity and disease, providing proof of principle
that microbial therapy could provide effective protection of
individuals with high genetic risk [12]. The gut microbiome
is extensively remodelled during early postnatal develop-
ment and throughout childhood and puberty [9,41,42].
This natural fluctuation in microbial colonization provides
a window of opportunity to modify this risk factor in chil-
dren with risk markers of anti-islet autoimmunity.

The emerging vanguard in microbial therapeutics is in
the treatment of refractory Clostridium difficile infection, a
serious problem for patients who are repeatedly hospital-
ized and treated with antibiotics or living in chronic care
facilities, many of them elderly. Faecal microbial therapy
(FMT; stool transplant) is a strikingly effective and safe
treatment for C. difficile [43,44]. An alternate approach
could be the use of defined human commensal ecosystems
cultured in conditions that recapitulate the human colon
[45,46]. A recent report demonstrates that such cultured
human bacterial consortia substitutes effectively for trans-
plant of an intact faecal community to treat C. difficile
infection [47]. These successes demonstrate that this infec-
tion is caused by disruption of the normal microbiome.
However, as the disease aetiology, progression and patho-
genesis for C. difficile and T1D are markedly different, the
likelihood of FMT being successful in T1D or other inflam-
matory diseases is unclear. For example, in inflammatory
bowel disease, which has a different aetiology from
C. difficile, outcomes have been mixed in early clinical
studies of FMT for treatment [44,48,49]. These clinical
results underscore the nascent stage of this therapeutic
approach and need for a better understanding of the status
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of the gut epithelial, gut commensal community and
immune response disturbances associated with specific
disease to design microbial therapeutic approaches. Fur-
thermore, an FMT approach is probably unsuitable at
present for T1D prevention trials in children because of the
problems of standardizing stool composition that could
include communicable pathogens. Rather, microbial thera-
peutics for T1D prevention will require the development
and manufacture of reproducible, bacterial consortia with
well-defined genetic content and metabolic output, such as
an adult synthetic community used recently for C. difficile
treatment [47]. Synthetic culture microbial consortia can be
grown to steady state, carefully characterized and moni-
tored. Although these culture consortia will persist in
treated subjects, their genome content, metabolic output
and antibiotic response profiles will be known, facilitating
their removal if necessary. Given the developmental dynam-
ics of the gut microbiome, microbial therapeutics to treat
young, healthy children with T1D risk markers will prob-
ably be derived from healthy paediatric stool samples. An
alternative focus has been on probiotic preparations com-
posed of small numbers of well-characterized strains that
can be bulk-produced, carefully monitored and have long
shelf-life. The safety record of these preparations is excel-
lent; these organisms are excreted from treated subjects and
do not become part of the commensal landscape. However,
there is minimal evidence of the effectiveness of probiotic
strains to treat existing human diseases associated with
dysbiosis or aberrant immunoregulation.

Manipulating microbiota-induced immunoregulation
through non-bacterial means is also being considered. For
example, while the BABYDIET study, which studied the
delayed introduction of gluten in infants with a genetic risk
of islet autoimmunity, was shown to be safe, it had no effect
on developing autoimmunity [50]. However, in a recent
study, NOD mice were raised on either gluten-containing
chows (GCC) or gluten-free chows (GFC). GFC-fed mice
had a significantly reduced incidence of hyperglycaemia,
which was associated with changes in bacterial genera com-
pared to the GCC-fed mice [51]. While the effects of gluten
on disease development in a human trial were different than
in the NOD study, these studies show the feasibility of early
dietary interventions in T1D and the further need to study
whether and if these interventions alter the microbiota and
associated effects on immunoregulation and disease devel-
opment. Other orally delivered therapeutic approaches
should be studied for their possible effects on the gut
microbiome and T1D. Parasitic helminths, with their potent
immunomodulatory effects, have been implicated in pro-
tection from autoimmune disease pathogenesis. Infection
with helminths has been shown to reduce disease incidence
in preclinical models of T1D [52]. A randomized clinical
trial of oral administration of helminthic eggs (Trichuris
suis ova) was completed in Crohn’s disease [53]. While the
treatment was well tolerated, there were no clinically signifi-
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cant changes in disease course or severity. However, such
immune-modulators might show efficacy if given before the
onset of disease symptoms, for example in people with
genetic and immunological markers of T1D risk. Orally
administered anti-CD3 monoclonal antibody is biologically
active in the gut and suppresses experimental models of
T1D [54]. In clinical trials of intravenous anti-CD3 mono-
clonal antibody (mAb) given to new-onset individuals, post-
hoc analysis demonstrated an improvement in insulin
production and a reduction in the use of exogenous insulin
in some patients [55]. In future clinical studies with oral
anti-CD3 mAb it would be useful to collect longitudinal
stool samples for sequence analysis of potential effects on
the gut microbiome.

However exciting the research and encouraging the pros-
pects to prevent progression to diabetes in clearly defined
at-risk individuals, significant microbial product develop-
ment, regulatory and funding hurdles lie ahead. Drugs that
are single synthetic or protein molecules dominate the
pharmaceutical industry. In contrast, it is likely that the
beneficial effects of commensal microbes result from a suite
of metabolic compounds whose regulation requires their
residence in a community ecosystem, and so may not be
reducible to single molecules. Live microbes are distinct
from all other classes of existing therapeutics, and their
clinical development will require new regulatory frame-
works. Moreover, there is no clear path to creating patented
technology based on live microbes in order to wall-off pro-
prietary technologies. Nevertheless, the advantages of
microbial therapies are many: their capacity to colonize the
subjects may create long windows of beneficial effects; their
production would be far less costly than protein biologicals;
and their administration far less invasive than surgery. As
genetic markers of autoimmune disease risk are translated
to use in prospective identification of high-risk infants,
there will be an opportunity to evaluate the potential of
exposures to non-pathogenic bacteria, or their complex
products, to prevent or delay T1D or other human autoim-
mune diseases.

Challenges and opportunities

Our continued understanding of the role of the micro-
biome in T1D development is underscored by the need to
build a comprehensive understanding of microbiota-
induced immunoregulation. Table 3 conveys a series of
current challenges that remain for deciphering the contri-
butions of the microbiome in T1D, yet each one also forms
an important if not vital opportunity for investigation. Fur-
thermore, given that there is a strong and highly variable
genetic component to T1D risk outside that of HLA [56],
the contributions of the host’s genetic profile should not be
ignored. Even with robust collection of well-characterized
samples, it may be unlikely that all environmental altera-
tions can be determined and taken into account when
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Table 3. Key questions for future research into the role of the microbiome in type 1 diabetes.

what is the mechanism(s), and when does it occur?

diabetes?

dysbiosis and how do we demonstrate impaired function in humans?

disease?

immunoregulation, or microbiome-altered gut permeability?

Does altered maturation or development of an adult microbiome or a dysbiotic state contribute to the pathogenesis of human type 1 diabetes,

Does an altered microbiome or dysbiosis act at the level of initiation of autoimmunity and/or progression of type 1 diabetes?
What is the basis of healthy microbiome-induced immunoregulation and does the lack of such contribute to the pathogenesis of human type 1

Is altered gut epithelial function and integrity important in the pathogenesis of type 1 diabetes, and if so, what is the mechanism(s) and relation to
How important are the interactions between host genetics, metabolism and the immune system in shaping the microbiome and predilection to

Are faecal samples an appropriate representation of the microbiome for type 1 diabetes studies?
What are the most promising type 1 diabetes preventive/therapeutic opportunities targeting the microbiome, microbiome-induced

analysing the interplay between the host, the external envi-
ronment and the microbiome. It may be easier to begin to
untangle this complex interaction in more genetically and
culturally homogeneous populations where the T1D inci-
dence is high, such as in Finland. Furthermore, as discussed
above, the DIABIMMUNE study, in its study design looking
at genetically similar, but environmentally disparate
cohorts, may be a valuable resource into identification of
putative microbiome factors that influence disease progres-
sion. We also need to understand how factors before birth
and during pregnancy, including the role of the maternal
environment, impact upon disease development. The
ENDIA study [39] and others in development will enrol
mothers during pregnancy and their infants from birth,
providing essential information of the role of the maternal
environment in TID development. Despite their size,
careful design and execution, individual longitudinal
studies (DIABIMMUNE, TEDDY, ENDIA and others) may
not provide definitive answers on their own. Larger cohort
studies are needed to gain more resolution and statistical
power to test the associations found from these preliminary
studies. Furthermore, multiple microbiome and multi-
’omic studies should be performed in parallel, with a col-
laborative plan for meta-analysis across analytical platforms
to arrive at robust conclusions about the ability of the
microbiome to confer disease susceptibility in individuals at
risk for T1D.

Important operational hurdles must be overcome to
achieve multi-study data analysis and integration. First,
there are no universal standard operating procedures
(SOPs) for the collection, transport and storage of biologi-
cal samples with the probable outcome of substantial vari-
ability between studies. Commensals are largely fastidious
anaerobes that die rapidly upon contact with room air, so
stool collection protocols are essential to preserve microbial
complexity, particularly for metabolic and functional analy-
ses of these organisms. Thus, even with the current large
studies, such as TEDDY and DIABIMMUNE, the emerging
data may only suggest effects of the microbiome on T1D
development, but importantly will inform the design of

future studies that begin in pregnancy to survey the prena-
tal period of development. As part of the second phase of
the Human Microbiome Project (HMP2), SOPs will be
developed for biospecimen collection, and computational
tools and analytical approaches will be advanced that will
guide microbiome research. As SOPs and integrative meta-
analyses are developed and accepted by the community, the
data generated from future programmes will provide more
definitive answers to the questions addressed in this paper.

Current microbiome studies are focused heavily upon
resident bacteria, with little attention to eukaryotic viruses,
bacteriophage, fungi and other microorganisms that are
known to be resident in the gastrointestinal tract [57]. A
major challenge here is that fewer than 5% of the genomic
sequences of these organisms have been annotated. Consid-
erable work is required to predict the potential functions of
these sequences and begin to correlate them with disease
risk and progression.

Conclusions

Determining the underlying causes of T1D have been chal-
lenging, and unravelling the contribution of the
microbiome in T1D development may prove especially dif-
ficult. The field needs well-co-ordinated research efforts to
define the role of the gut microbiome in T1D, with a focus
upon robust data collection and analyses, to address specific
objectives. The longitudinal collection of well-characterized
and high quality samples, beginning in pregnancy and con-
tinuing up to and through T1D onset, should be a priority
in order to understand the earliest microbial effects that
may impact upon immune dysregulation, alterations in gut
integrity or other undefined mechanisms contributing to
this disease. Furthermore, an additional focus of future
studies should be the functionality of microbes associated
with T1D risk or prevention with integrated analyses of the
host and microbial metabolome, transcriptome and
proteome. Such efforts will enable testing hypotheses
related to specific host and microbial functional pathways
in T1D development. Once the functional pathways at the
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host-immune interface are identified and validated, rational
approaches for therapeutic targeting can be identified to
prevent and/or cure this disorder.
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