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Abstract

Type 1 diabetes mellitus (T1D) is an autoimmune disease often diagnosed in childhood that results
in pancreatic $-cell destruction and life-long insulin dependence. T1D susceptibility involves a
complex interplay of genetic and environmental factors and has historically been attributed to
adaptive immunity, though there is now increasing evidence for a role of innate inflammation.
Here, we review studies that define a heightened age-dependent innate inflammatory state in T1D
families that is paralleled with high fidelity by the T1D-susceptible BioBreeding rat. Innate
inflammation may be driven by changes in interactions between the host and environment, such as
through an altered microbiome, intestinal hyper-permeability, or viral exposures. Special focus is
placed on the temporal measurement of plasma induced transcriptional signatures of recent onset
T1D patients and their siblings as well as in the Biobreeding rat as it defines the natural history of
innate inflammation. These sensitive and comprehensive analyses have also revealed that those
who successfully managed T1D risk develop an age-dependent immunoregulatory state, providing
a possible mechanism for the juvenile nature of T1D. Therapeutic targeting of innate inflammation
has been proven effective in preventing and delaying T1D in rat models. Clinical trials of agents
that suppress innate inflammation have had more modest success, but efficacy is improved by the
addition of combinatorial approaches that target other aspects of T1D pathogenesis. An
understanding of innate inflammation and mechanisms by which this susceptibility is both
potentiated and mitigated offers important insight into T1D progression and avenues for
therapeutic intervention.
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Introduction

Type 1 diabetes mellitus (T1D) is an autoimmune disease in which the insulin-producing
pancreatic B-cells are targeted and destroyed by infiltrating immunocytes, resulting in
lifelong dependence on exogenous insulin. T1D is one of the most common chronic diseases
of childhood with peak ages of onset at 5-7 years of age and again peri-pubertally (1). While
residual B-cells have been detected in patients with even long-standing T1D, evidence
supports that individuals present clinically after a significant loss of B-cell mass and function
(2, 3), at which point glucose homeostasis can no longer be maintained. As such,
hyperglycemia develops with classic symptoms of polyuria, polydipsia, and weight loss.
Globally, the incidence of T1D has been increasing over the past several decades, with the
number of new cases rising by approximately 3% per year in children and teens (4).

T1D is a complex disease involving an interaction of multiple genetic loci and
environmental factors, perhaps best reflected by the study of T1D in monozygotic twins who
exhibit < 100% concordance rates despite long-term follow-up (5). The largest genetic
contribution to T1D risk is conveyed by the human leukocyte antigen (HLA) locus, with >
90% of patients possessing DR3 and/or DR4 HLA-DRBL class Il alleles compared to a
carrier frequency of approximately 40% in Caucasians (5, 6). These high risk alleles appear
to be evolutionarily selected for their ability to present a broad range of microbial peptides
to T-cells, but are associated with many autoimmune diseases (7), likely because of their
propensity to also present self-peptides to T-cells (8). In addition to the HLA locus, genome
wide association studies have identified >40 additional loci that contribute lesser degrees of
risk. Within these mapped regions reside disease promoting genetic variants; many of the
most highly characterized candidate genes encode protein products related to immune
function (e.g. PTPN22, CTLA4, IFIH1, IL2RA and SH2B3) (9). The environmental trigger(s)
of T1D remain unknown, but the process of autoimmunity, once initiated, occurs over
months to years (10, 11). During this time of declining p-cell function and mass, disease-
specific but non-pathogenic autoantibodies (AA) against $-cell autoantigens appear in
various titers and combinations. These serve as a marker of -cell autoimmune responses
and risk of disease progression, and are present in > 90% of newly diagnosed T1D patients
(12). Notably, the risk of progressing to T1D increases with the number of detectable AAs,
such that the presence of two or more AA indicates a greater than 80% likelihood of
developing T1D within 15 years (13). However, there is considerable variability in the rate
of progressing from seroconversion (development of AA) to clinical T1D onset, ranging
from weeks to decades (14). The factors that govern this variability are not understood.

Historically, studies of T1D pathogenesis have focused on adaptive immunity, however,
increasing attention is now being directed towards the role of innate immunity (reviewed in
(15)). Studies by our group and others support the hypothesis that T1D pathogenesis
involves elevated innate immune activity coupled with failures in central and peripheral
tolerance mechanisms that allow for expansion of auto-reactive T-cells (16, 17). Several
observations are driving an increased focus on innate immune processes in T1D
pathogenesis: 1) Monotherapies that have aggressively targeted and suppressed adaptive
immunity have failed to induce sustained disruption of the underlying disease process (18—
20), whereas recent preclinical studies using combination therapies targeting both innate and
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adaptive immunity suggest greater efficacy (21, 22). 2) The increase in T1D incidence that
has occurred in recent decades is too rapid to be due to solely genetic shifts; this is supported
in part by the observation that those with “low risk” HLA genotypes now have the highest
rate of increased T1D incidence (23, 24). These epidemiological changes suggest the
presence of environmental changes that potentiate autoimmunity, perhaps through
dysregulated innate immune processes.

A full understanding of the mechanisms underlying age-dependent diabetes susceptibility
remains unclear. This review will focus on recent studies that have identified a heightened
innate inflammatory state associated with diabetes susceptibility in T1D families and T1D
rat models; proposed mechanisms for how this baseline innate inflammation progresses to
T1D, such as through viral triggering and defective immunoregulation; and how
therapeutically targeting innate inflammatory processes may reduce disease incidence.

Innate Immunity and Inflammation in T1D

The innate immune system plays a vital role as the first line of defense against microbial
infection. Leukocytes of the innate immune system, which consist of natural killer cells,
granulocytes (mast cells, eosinophils, basophils, neutrophils), macrophages, and dendritic
cells, function within the immune system by recognizing common microbial ligands and
initiating generalized inflammatory responses against the microbe or infected cells
(reviewed in (25)). Innate pattern recognition receptors (PRRs), including toll-like receptors
(TLRs), RIG-I-like helicases (immunoreceptors for viral RNA), and nucleotide-binding
oligomerization domain-like receptors, are largely responsible for this host-environment
interaction and, once stimulated, promote the synthesis and release of pro-inflammatory
mediators (such as interleukin-1 (IL-1) and interferon-a (IFN-a)), that promote the
development of adaptive T-cell mediated immunity. Overall shifts in baseline innate
inflammatory activity may be mediated through the inheritance of potentiating genetic
variants in immune pathways as well as through environmental changes that influence innate
immune cells by altering the magnitude or types of microbial exposures.

Several theories, (reviewed in (26)) have been put forth to explain how genetic and
environmental factors interact to promote T1D pathogenesis, and are applicable to the
epidemiological changes being observed in T1D and other autoimmune diseases. The
“hygiene hypothesis” postulates that decreasing infectious disease exposures and the
subsequent paucity of innate immune stimulation in early life primes the adaptive immune
system towards autoimmunity (27). It is supported, in part, by the inverse relationship
between T1D incidence and infectious disease mortality rates between countries (28). The
“fertile field hypothesis” posits that microbial infections induce an innate immunological
state primed for expansion of auto-reactive T-cells given the right stimuli (29). The
gastrointestinal (Gl) tract represents a major site for host:environment interaction and the
“perfect storm hypothesis” considers a role for interplay between the gut microbiome,
genetic modifiers of immune function, and increased intestinal permeability (30). Notably,
increased intestinal permeability has been reported in T1D patients, their unaffected family
members, and in rat models of T1D (31-35). Furthermore, a growing body of evidence
suggests that multiple environmental factors, including viral infections, dietary alterations,
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and the composition of the GI microbiome, can contribute to T1D development in
genetically susceptible subjects, potentially through alterations in mucosal immunity and
PRR ligand exposure (3, 26, 30, 36). Together the data suggest a complex interplay of
multiple genetic and environmental factors in the pathogenesis of T1D.

Evidence of viral triggering of T1D in genetically susceptible hosts: Rat

models and human studies

Investigations into the viral triggering of T1D have been greatly facilitated by the use of
diabetes susceptible rat strains. As with humans, diabetes in the BioBreeding diabetes
resistant (BBDR) and LEW1.WR1 rat models is T-cell mediated and dependent on a high
risk major histocompatibility complex (MHC) class Il haplotype (RT1Y) (37, 38). Unlike
their congenic BB diabetes prone (BBDP) littermates, BBDR rats are wild-type for
Gimap5+/+ (39), a gene necessary for post-thymic T-cell survival (40-42). They are
therefore neither lymphopenic nor deficient in regulatory T-cells (Tregs) (43, 44), and do not
develop insulitis or spontaneous diabetes. While approximately 2% of LEW1.WR1 rats
develop T1D spontaneously (45), higher rates of diabetes can be induced in both young
LEW1.WR1 and BBDR rats by viruses that include Kilham’s rat virus (KRV) (45-49), a
ubiquitous rat parvovirus (45, 50, 51). Very high rates of T1D penetrance (up to 100%) can
be achieved in both BBDR and LEW1.WR1 rats after KRV infection if the animals are first
primed with polyinosinic:polycytidylic acid (poly I:C), a TLR3 agonist known to activate
innate inflammation (45, 48), highlighting the role of a background inflammatory profile in
driving diabetogenesis.

In genetically susceptible hosts, a simple causal link between viral exposure and progression
to diabetes cannot be made. Like KRV, rat cytomegalovirus was found to induce T1D in up
to 60% of LEW1.WR1 rats, whereas H-1, vaccinia, and Coxsackie B4 viruses did not (45).
In this same study, simultaneous inoculation of KRV and rat cytomegalovirus induced
diabetes in 100% of animals. Overall, the data show that the potential of a given viral
infection to induce T1D varies by the type of virus and is influenced by the sequence or
combination of viral exposures (45). Importantly, the ability of KRV to induce T1D in
LEW.1WR1 and BBDR rats declines with age (45, 49), and suggests that developmental
changes in susceptible hosts are determinants of viral diabetogenicity. Relevant to the low
rate of T1D progression among human carriers of high risk HLA haplotypes, such viral
induction protocols do not induce T1D in MHC-matched Wistar-Furth rats, suggesting that
factors beyond the MHC are necessary for viral induction of T1D (51, 52). The ability to
induce diabetes within the context of high genetic risk in an age-dependent manner is a
significant attribute of the BBDR and LEW1.WR1 rat models that may parallel human
diabetogenesis.

Counter to rat models, conclusive proof of viral triggering of human T1D has remained
elusive. However, epidemiologic studies have supported a role for viruses in human T1D as
incidence varies with season and birth month (53, 54), and a multitude of studies have
identified a higher rate of enterovirus infection among T1D patients than controls (55-61).
A systematic meta-analysis concluded a significant association between enterovirus
infection and T1D associated autoimmunity as defined as seroconversion or progression to
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T1D; specifically, the likelihood of finding a previous enterovirus infection was 9 times
higher in T1D patients and 3 times higher in individuals with diabetes-related autoimmunity
as compared to healthy controls (62). This analysis has been further supported by the
recently reported association of Coxsackie B1 virus with an increased risk of p-cell
autoimmunity (63), as well as immunohistochemical staining studies that detected presence
of the enteroviral capsid protein VVP1 at a higher frequency in islets of patients with new
onset T1D compared to controls (64). Genetic studies have also implicated anti-viral IFN-a
driven immune responses in diabetogenesis through the association of several candidate
genes (IFIH1, TLR7/TLR8, FUT2, and GPR183) (65, 66) that encode proteins involved in
responses to viral infection. Further, targeted and genome-wide transcriptomic analysis of
two large longitudinal studies of at-risk infant cohorts, BABYDIET (67) and the Finnish
Type 1 Diabetes Prediction and Prevention study (68), have identified a transient IFN
driven-signature in individuals prior to seroconversion and overt diabetes. More specifically,
the IFN signature was found to be temporally preceded by recent respiratory infections,
suggesting some degree of causality (67). It is also possible, however, that at-risk and T1D
subjects possess a heightened baseline innate inflammatory state and may tend towards a
more vigorous response when challenged by infection.

Evidence of an underlying innate inflammatory state associated with T1D

susceptibility

One means by which innate immune cells mediate their actions is through the liberation of
soluble mediators. In T1D, the sites of inflammation, namely the pancreatic islets and
draining lymph nodes, are largely inaccessible except at necropsy/autopsy and represent a
minimal fraction of body mass. As such, inflammatory cytokines, chemokines, and other
mediators (small nucleotides, lipids) may be at a locally high concentration at these sites but
are often too dilute in the periphery for direct measurement. Further, measurement of a
single or few cytokines may be uninformative due to important combinatorial effects.

We have employed an alternative approach to assay the extracellular milieu associated with
T1D susceptibility. This strategy, illustrated in Figure 1, uses patient plasma to induce
transcriptional responses in a “reporter” cell population. With this indirect approach,
peripheral blood mononuclear cells (PBMCs) of a well-controlled healthy blood donor are
used as sensitive biosensors that transcriptionally respond to the dilute disease-associated
factors in patient plasma. This response is then measured with a comprehensive genome-
scale array (48, 69-71). After the application of pathway analyses, the array data can be
quantitatively interpreted in terms of inflammatory and regulatory immune activities.

Temporal Measurement of Plasma Induced Signatures in BB rats

We applied this approach to plasma samples longitudinally collected from spontaneously
diabetic BBDP rats and non-diabetic BBDR rats at 30, 40, 50 and 60 days of life, with the
objective of studying the secretome associated with both T1D progression and non-
progression in the context of high genetic susceptibility (48). In line with their shared
susceptibility, plasma of both BB sub-strains induced a transcriptional response indicative of
innate immune activation and consistent with PRR ligand exposure (Figure 2A). This
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signature included robust induction of genes associated with inflammatory IL-1 and nuclear
factor-kappa B (NF-kB) signaling, such as Il1a, I11b, 111r1, Irak3, Ccl3, Ccl4, and Nfkbl.
However, a key feature distinguishing BBDR from BBDP plasma was temporal induction of
many interleukin-10 (IL-10) and transforming growth factor-p (TGFB) dependent genes
known to be involved in the regulation of inflammatory responses, consistent with the
presence of Treg activity (Figure 2B). This included transcripts encoding Smurfl, Smurf2,
Fcor2b, Piasl, Casp8, and Lgals3. The longitudinal analysis also revealed that the dynamics
and balance of the inflammatory and regulatory responses of the two BB sub-strains were
highly distinct: BBDR rats exhibited simultaneous induction of transcription consistent with
both pro-inflammatory and immunoregulatory processes by age 40 days. In contrast,
longitudinal samples collected from BBDP rats exhibited asynchronous dynamics, with later
induction of inflammatory transcription, consistent with their overall lymphopenia, as well
as a weaker and even later induction of 1L-10 mediated regulatory transcription, consistent
with their deficiency in Tregs. During this time frame, BBDP rats exhibit histological
evidence of low grade insulitis by 50 days of age, which progresses to profound p-cell
destruction and T1D onset by ~60 days of age (72, 73).

Consistent with the temporal induction of the immunoregulation seen in the transcriptional
analyses, BBDR rats exhibit an age-dependent decrease in circulating cytokine/chemokine
levels when directly measured by ELISA. Specifically, cytokines and chemokines including
Il-1a, Ccl2, Ccl3, and Cxcll were at their highest levels at 30-40 days and found to
subsequently decline by 50-60 days of life (48). In contrast, significant temporal changes in
circulating cytokine and chemokine levels were generally unmeasurable in BBDP rats,
likely owing to their lymphopenia. Plasma levels of the Treg-derived regulatory cytokine
IL-10 did not significantly differ between the strains over time. However, the highest IL-10
level was observed at day 40 in the BBDR rats, whereas in BBDP rats the highest levels
were not measured until day 60, again indicating asynchronous induction of
immunoregulatory processes between the two BB sub-strains. While the direct circulating
cytokine measurements provided some degree of validation, the plasma induced signatures
were highly informative, revealing a much more complex and dynamic process.

It has been known that susceptibility of LEW.1WR1 rats to KRV-induced T1D declines
with age (45, 49), but it is not known why this occurs. Hence, we conducted studies to
determine if the temporal immunoregulatory changes we observed in BBDR rats inversely
correlated with an age-dependent decline in susceptibility of KRV-induced T1D in BBDR
rats. Indeed, the penetrance of T1D induced by KRV with or without a priming dose of poly
I:C significantly declined with increasing age in the BBDR rat (48). For example, 100% of
weanling rats (< 30 days of age) developed T1D after poly I:C- and KRV-inoculation as
compared to 0% of the rats older than 40 days of life. Thus, the age-dependent decline in
T1D susceptibility following immunological perturbation in BBDR rats corresponds with
both an age-dependent acquisition of an 1L-10- and TGF-p-mediated immunoregulated state
and a decline in measurable pro-inflammatory cytokine levels. Importantly, these
observations offer mechanistic insight as to the juvenile nature of T1D susceptibility in the
BBDR rat.
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T1D susceptibility of the BB rat extends beyond that conveyed by the high-risk MHC (in
BBDR and BBDP rats) and Gimap5 deficiency (in BBDP rats). This is reflected by the
expression of the chemokine eotaxin (Ccl11), an attractant for mast cells, granulocytes and
T-helper 2 lymphocytes, by the pancreatic p-cells of BB rats. Islet-specific eotaxin
expression, which we interpret as a marker of islet duress, is histologically detected by 40
days of life in both insulitic BBDP rats and insulitis-free BBDR rats (73, 74). Interestingly,
this phenotype is not observed in the MHC-matched Wistar-Furth rat or when the RT1Y
class Il MHC and/or Gimap5 deficiency, the two largest genetic contributors to T1D risk in
BBDP rats, are introgressed onto a Fischer (F344) control strain (unpublished results).
Consistent with their lack of an underlying inflammatory state, in longitudinal studies, these
new F344 derived control strains completely lack the inflammatory and regulatory dynamics
exhibited by the plasma induced signatures of BBDP and BBDR rats (unpublished results)
and do not develop insulitis or diabetes.

The reasons for the baseline elevated inflammatory states in BBDR and BBDP rats remains
to be answered. Consistent with the existence of additional genetic modifiers of immune
function is the recent report that BB rats possess a single nucleotide substitution in the
protein tyrosine phosphatase non-receptor type 22 (PTPN22) gene (a gene also associated
with human T1D susceptibility) that results in T-cell hyper-responsiveness (75). Another
source of inflammation could be intestinal hyper-permeability, possibly mediated by genetic
variation and/or the composition of the intestinal microbiome, which could promote
translocation of bacteria and/or PRR ligands and a heightened systemic innate inflammatory
state. Consistent with this possibility, we previously reported levels of lipopolysaccharide, a
TLR agonist of bacterial origin, to be higher in BBDP and BBDR rat serum than in that of
Brown Norway rats (70). Notably, administration of the probiotic Lactobacillus johnsonii
N6.2 increased tight junction protein expression and reduced expression of proinflammatory
cytokines in the ileum, and decreased the incidence of T1D in BBDP rats (76). A similar
underlying pathomechanism, involving interactions between inherited susceptibility, gut
microbiota and environmental triggers (for example, viruses) may also exist in the
LEW1.WR1 rat, as antibiotic treatment has been determined to protect rats from KRV-
induced insulitis and T1D (77).

Measurement of Plasma Induced Signatures in human T1D

We have extensively applied the same sensitive and comprehensive approach detailed in
Figure 1 to human T1D. In our seminal report (17), similar to the BB rat, we observed that
plasma of autoantibody positive (AA(+)) recent onset (RO) T1D subjects induced a partially
IL-1 dependent signature consistent with immune activation and PRR ligand exposure
relative to plasma of unrelated healthy controls (UHC). RO T1D subjects lacking titers for
the commonly tested AA were not different from their AA(+) counterparts, indicating that
the signature was independent of AA status (17). Signatures of subjects with long-standing
T1D (>10 years post-diagnosis) were more similar to those of uHC (17), suggesting that 1)
the RO T1D signature is related to active autoimmunity and 2) long-standing T1D is
immunologically quiescent relative to the immediate post-onset period. Importantly, we
analyzed longitudinal samples of subjects who subsequently progressed to T1D, and found
that the signature associated with RO T1D preceded both the development of AA and the
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clinical diagnosis of T1D by as much as 5 years (17). To explore the disease-specificity of
the approach, we have applied it to HIN1 influenza, bacterial pneumonia, and cystic fibrosis
with airway Pseudomonas aeruginosa colonization (71) as well as multiple sclerosis and
Crohn’s disease (unpublished results) and have found specific, mechanistically-informative
signatures for each disease state. Other groups have used this approach to identify disease
specific signatures associated with systemic onset juvenile idiopathic arthritis and sepsis (78,
79). Importantly, corroborating evidence of an innate inflammatory state associated with
T1D has been generated through the application of global serum-based proteomic analysis
of diabetes patients and unrelated healthy controls (80).

Our more recent efforts have focused on using plasma induced transcriptional bioassays to
understand the immune states that exist within T1D families and how these change with
progression and non-progression to T1D over time. Siblings of those affected with T1D
have ~6% probability of developing T1D and most who progress to T1D possess a DR3
and/or DR4 HLA haplotype (5, 81). Therefore, we conducted a cross-sectional study of age-
matched RO T1D patients, uHC (no family history of T1D), healthy AA(=) high HLA risk
siblings (DR3 and/or DR4, termed HRS) and healthy AA(-) low HLA risk siblings (non-
DR3/non-DR4, termed LRS) (82). While RO T1D plasma induced a unique signature
relative to the uHC, HRS and LRS, the signatures associated with these 3 healthy control
cohorts were also distinct from one another. Expectedly, the RO T1D and HRS groups were
found most similar to one another as they share the most genetic susceptibility.
Unexpectedly, however, the LRS and uHC cohorts possessed the most distinct signatures
from one another. It was also surprising that the LRS signature exhibited the most robust
induction of inflammatory transcripts and the lowest induction of transcripts associated with
immunoregulatory activity. Pathway analyses revealed a continuum of immune states across
the four cohorts: Relative to uHC, T1D family members exhibited an elevated, partially-1L-1
dependent inflammatory state. Among HRS, this familial inflammatory state was found
more regulated with greater IL-10/TGF-p bias compared to LRS. RO T1D patients
possessed signatures intermediate to those of LRS and HRS, such that inflammation
decreased and regulation increased across the LRS—+ROT1D—HRS—uHC continuum.
These relationships were confirmed through in vitro studies whereby co-cultures were
spiked with either cytokines or receptor-blocking antibodies (82).

Additional follow-up studies included 25-plex cytokine analyses of the four cohorts.
Significant differences were not detected between the 3 T1D family cohorts. However,
significantly elevated levels of inflammatory cytokines and chemokines (specifically IL-1a,
IL-12p40, CCL2, CCL3 and CCL4) were detected in RO T1D patients and their healthy
AA(-) siblings relative to uHC. The selected ELISA panel could not differentiate the four
cross-sectional cohorts whereas the plasma-induced signature could, reflecting the
bioassay’s ability to capture a net response to the sum of plasma-borne factors. Taken
together, our studies support that an innate inflammatory state exists in T1D families
independent of HLA haplotype, AA status, and disease progression. Further, in HRS where
high-risk HLA haplotypes convey greater probability of an adaptive response and T1D
progression, immunoregulatory mechanisms are more active.
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We have also longitudinally studied siblings of those with T1D to capture the changes in
immune response associated with either progression or non-progression to T1D (82).
Among those who progress to T1D (Figure 2C), we consistently observe temporal increases
in inflammatory activity (e.g. IL1A, IL1B, IL1R1, IRAK3, CCL3, CCl4, and NFKB1) with
coincident reductions in regulatory activity. Perhaps expectedly, an increase in inflammatory
bias is seen with, or just prior to, the detection of circulating AAs in HRS. The opposite is
also observed, with regulatory bias being associated with decreases in the number of
detected AAs. Consistent with the cross-sectional HRS cohort signature, longitudinal
analysis of persistently AA(-) HRS subjects revealed temporal increases transcripts
associated with immunoregulatory processes and suggested the possibility of increased Treg
activity (Figure 2D). This included transcripts encoding SMURF1, SMURF2, FCGR2B,
PIASL, CASP8, and LGALS3.

Using the phenotyping protocol described by Miyara et al. (83), we longitudinally examined
abundances of activated and resting Treg in banked peripheral blood mononuclear cell
samples of our T1D family cohorts. Those subjects whose signatures showed increasing
inflammatory bias over time (subjects who progressed to T1D and persistently AA(+) HRS)
showed a flat or downward trend in the percentage of activated Tregs. Conversely, the
percentage of activated Tregs increased as the inflammatory signature decreased over time
in AA(-) HRS. Combined, these data suggest that the innate inflammatory state common to
T1D family members is more actively regulated in an age-dependent manner in the presence
of high risk HLA haplotypes, offering mechanistic insight as to why human T1D
susceptibility declines with age (82).

The innate inflammatory state detailed above in T1D subjects and their family members is in
part dependent on IL-1, a pro-inflammatory cytokine central to innate immunity that has
been implicated in T1D risk. IL-1 is known to act directly on p-cells, by impairing insulin
biosynthesis and release (84-86), and by promoting cytokine and hyperglycemia-induced B-
cell death (84, 87, 88). These effects can be mitigated by IL-1 antagonism (89, 90). IL-1 also
amplifies adaptive immunity by enhancing the expansion and survival of naive and memory
T-cells and by promoting T-helper-1 and T-helper 17 effector T cell differentiation and
proliferation (91). Although the literature describing peripheral cytokine and chemokine
levels in T1D are mixed, likely due to the use of healthy related subjects as controls,
elevated peripheral levels of IL-1 has been previously reported in T1D subjects (92, 93).
Furthermore, compared to controls, leukocytes of T1D subjects have been reported to
express elevated innate transcriptional programs as well as exhibit elevated responsiveness
as evidenced by the liberation of higher levels of IL-1 upon mitogen stimulation in vitro
(93-97).

Studies have also reported evidence of immune hyper-responsiveness in unaffected family
members of those with T1D compared to unrelated healthy controls. Both T1D subjects and
their family members have quantitatively fewer peripheral dendritic cells than healthy
controls; however, the peripheral dendritic cells of high-risk T1D relatives produce more
IFNa in response to TLR9 stimulation than controls (98). Further, the PBMCs of children
with T1D and their first degree relatives express higher spontaneous and mitogen-stimulated
levels of TNF-a and IFN-y, both B-cell toxic cytokines (93).
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In line with our observations of temporally induced immunoregulation among those who do
not progress to T1D, other evidence supports the existence of active homeostatic
mechanisms that control autoimmunity. The most commonly recognized example is that
many family members of T1D subjects never progress to clinical onset of T1D despite the
development of autoantibodies. In addition, AA- first-degree relatives of T1D subjects have
been reported to have a balance of inflammatory and regulatory T cells intermediate to that
of recent onset T1D and uHC (99). The variable ability of a given subject to successfully
manage the innate inflammatory state likely stems from varying combinations of genetic
predisposition and environmental factors that encompass viruses as well as diet and the Gl
microbiome (3, 26, 30).

Our working model for age-dependent T1D susceptibility in humans and BB rats is
illustrated in Figure 3. Our rodent and human studies have identified an elevated
inflammatory state associated with T1D susceptibility that is consistent with hypersensitivity
towards and/or increased exposure to PRR ligands; this perhaps represents the proposed
“fertile field” (29). Increased sensitivity to PRR ligands could be mediated by genetics,
while increased PRR ligand exposure could be mediated by increased intestinal
permeability, a phenotype that may be genetically-controlled but environmentally
influenced. Coincident with the rising incidence of T1D, antibiotic usage has become
common, and there has been a shift in Western populations towards a high-fat, high-
carbohydrate diet (100, 101); these environmental changes mediate alterations in the Gl
microbiome. Indeed, changes in the GI microbiome have been reported to result in increases
in intestinal permeability and pro-inflammatory bias in human and animal studies (102—
106). Moreover, altered intestinal ultra-structure and intestinal barrier dysfunction have been
associated with T1D in humans (31-33, 35) and rodent models including the BB rat (107-
110). Notably, zonulin, a protein that modulates intestinal permeability through mediation of
intercellular tight junction disassembly, has been found elevated in T1D patients and their
healthy first degree relatives (34) and blockade of the zonulin receptor reduces T1D
incidence in BBDP rats (111). Furthermore, new studies have identified significant
alterations in the GI microbiome associated with T1D progression that include reduced
community diversity and increased inflammation-associated organisms between the time of
seroconversion and diabetes onset (36).

Our studies have also identified age-dependent endogenous regulatory mechanisms,
reflected in part by temporal increases in Treg percentages, that we hypothesize act to
manage the underlying innate inflammatory state associated T1D susceptibility. Importantly,
exposure of Tregs to inflammatory inputs, including endotoxin or cytokines, can impair their
suppressive capacity (112, 113). Thus, in addition to genetic variation and the endogenous
innate state, additional inflammatory signals such as those mediated by viral infection,
particularly in younger subjects, may impair compensatory regulatory mechanisms and
promote autoimmunity.

Therapeutic targeting of innate inflammation in Type 1 Diabetes

Therapeutic targeting of innate inflammatory processes can delay and/or prevent diabetes in
rat models of T1D. We have treated spontaneously diabetic BBDP rats with agents that are
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known to inhibit degranulation of innate immune cells. Cromolyn (disodium cromoglycate)
inhibits mast cell activation/degranulation by impairing phosphorylation of moesin, which is
involved in signal transduction and regulating functional associations between the cell
surface and cytoskeleton (114). Salbutamol is a po-adrenergic agonist that inhibits the
intermediate conductance of the calcium activated potassium channel expressed by mast
cells (115), that has been shown to reduce the severity of disease in other autoimmune
models (115, 116). As shown in Figure 4, both cromolyn (74) and salbutamol significantly
delayed or prevented T1D onset in otherwise spontaneously diabetic BBDP rats. We have
also targeted the 1L-1 pathway with IL-1 receptor antagonist (IL-1RN, anakinra), which
binds IL-1 receptor 1 thereby blocking the actions of both IL-1a and IL-1f. Treatment of
BBDP rats with IL-1RN more modestly delayed diabetes onset in BBDP rats (70).

Therapeutic targeting of innate immunity can also reduce viral triggering of T1D in
susceptible rat models. Pre-treatment with salicylate, a potent inhibitor of NFkB activity
(117), successfully prevented KRV-induced diabetes in BBDR rats, and was associated with
reduced serum levels of pro-inflammatory cytokines and the acute phase protein,
haptoglobin (118). Further, LEW1.WR1 rats co-administered the anti-inflammatory histone
deacetylase inhibitor ITF-2357 and KRV were protected from diabetes through modulation
of innate inflammation (119). Co-administration of IL-1RN with KRV prevented viral
triggering of T1D in LEW1.WR1 rats without interfering with the adaptive immunity
responses necessary for clearing infection (120). Consistent with a role for the Gl
microbiome and mucosal immunity in potentiating the innate state of T1D susceptible rats is
the finding that administration of antibiotics in the drinking water of LEW1.WR1 rats
reduced viral-induced T1D (77).

It is important to point out that successful targeting of innate immunity in rat models has
generally been initiated in young animals before significant progression of the adaptive
immune response has occurred (i.e., near the time of weaning in the spontaneous BBDP
model and before or coincident with viral triggering of diabetogenesis in the BBDR or
LEW1.WR1 rats). This is in contrast to the immunotherapeutic trials that have been
completed in human T1D, which have focused on patients after clinical onset, a time
relatively late in the disease course and well after the establishment of targeted adaptive
immune responses towards islet antigens. These differences likely contribute to why animal
studies have been more successful than existing human trials in mitigating disease
progression. Overall therapies targeting innate immunity in human subjects remains largely
in its infancy. A small pilot study of the potent anti-inflammatory agent anti-TNF-a in
newly diagnosed pediatric T1D subjects suggested some degree of B-cell preservation (121).
Administration of alpha-1 antitrypsin (AAT) to a small group of T1D subjects led to reduced
TLR-induced IL-1p response in monocytes and dendritic cells 12 months after treatment, but
did not result in significant metabolic improvements (122). Circulating plasma AAT, an
endogenous inhibitor of neutrophil serine proteases, is decreased in new onset T1D patients,
thus representing a possible mechanism for enhanced innate inflammation (123). In vitro,
AAT inhibits LPS-induced production of TNF-a and IL-1f (124, 125) while enhancing
regulatory IL-10 expression (124). Vitamin D has also been identified as a potential
therapeutic given its broad anti-inflammatory properties (126) and its ability to promote the
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generation of tolerogenic mature dendritic cells (127). However, small studies of vitamin D
supplementation in recent onset T1D have only resulted in modest -cell protection (128,
129).

On a larger scale, IL-1RN (Anakinra) and human monoclonal IL-15 antibody (canakinumab)
were employed in two randomized, placebo-controlled trials in recent onset T1D subjects
(the Anti-Interleukin-1 in Diabetes Action and TrialNet Canakinumab trials) (130).
Unfortunately, while well-tolerated, neither IL-1RN nor canakinumab resulted in preserved
f3-cell function, as measured by stimulated c-peptide area under the curve. Despite this
failure, using our plasma induced transcriptional bioassay, our group has shown reduced
inflammatory bias and enhanced regulatory bias in these subjects; further, inflammation was
inversely correlated with c-peptide response in IL-1RN-treated subjects, suggesting that in a
subset of subjects exhibiting the greatest reduction in inflammation, there was improved -
cell function (131). However, IL-1RN and canakinumab normalized only a small portion of
the probe sets identified in historical cross-sectional analyses of healthy controls
(unpublished data), suggesting that the immune state associated with new onset T1D arises
from a complex milieu of mediators that extends beyond an acute IL-1 mediated
inflammatory signal; as such, targeting innate inflammation with monotherapies at diagnosis
may be too late to be effective. Because of the complexity of diabetes pathogenesis,
successful intervention may require combinatorial approaches targeting both innate and
adaptive immunity. Indeed, preclinical studies suggest that IL-1 blockade in combination
with other therapies may preserve B-cell function more effectively than using it alone (21,
22).

In sum, T1D susceptibility may be in part attributed to a baseline heightened innate
inflammatory state, as has been documented in recently diagnosed T1D subjects and their
family members. The exact reasons for this heightened innate inflammation remain largely
unknown but altered host:environment interactions are likely involved. Our studies suggest
that siblings of those with T1D who successfully mitigate this inflammation with an age-
dependent increase in immunoregulatory processes do not progress to T1D. Conversely,
failures of these processes to either initiate or fully develop results in seroconversion and/or
progression to T1D. Acknowledgement of the important, temporal role of innate
inflammation in T1D susceptibility allows not only for an understanding of why diabetes is
largely a disease of juvenile onset but also offers the potential for new therapeutic
approaches.
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Figure 1. Assay Format
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Differently regulated
transcripts between
test and control cultures

Serum/plasma induced transcriptional bioassay. The optimized assay uses commercially
supplied peripheral blood mononuclear cells (PBMC) of a single draw of a single well-
characterized person representative of the normal population for human analyses and PBMC
of Brown Norway rats for rat analyses. In a volume of 500ul, PBMC are cultured with
patient serum or plasma (40% or 20% for human or rat analyses, respectively). Purified
RNA (~100ng) from PBMC is labeled and hybridized to the appropriate Affymetrix
GeneChip. The conditioned media are retained for other analyses. Signal intensities are
normalized with Robust Multichip Analysis (RMA; www.bioconductor.org/) and complex

analyses are conducted with other softwares.

Transl Res. Author manuscript; available in PMC 2017 January 01.


http://www.bioconductor.org/

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cabrera et al.

Page 23
S
-2  Fold of Change +2 T1D Sibling
BBDP BBDR Progressor Non-Progressor

Time to onset Age

mmvmm"’
CoaT32R

A IL1R1
VEGFA
CXCL1
CXCL3
PLAUR

IL1A
TCF7L2
CXCL16
PDLIM5
IRAK3
BACH1
ccL3
ccL4
CXCL2
IL1B
NFKB1

Number of detected auto antibodies:0 1 3 3 3 4 0 0 0 0 0 O

BANK1 D
MEF2C
FCGR2B
PPM1K
MBNL1
LGALS3
DDX52
XRCC6
ESYT2
PIAS1
CLN8
SNRPN
SMURF1
SMURF2
ZBTB11
CASP8

2

—
~—

Day 30
Day 40
Day 50
Day 60
Day 30
Day 40
Day 50
Day 60

.‘_.o
©

Inflammatory

Regulatory

Asynchronous  Coincident Increasing Decreasing
inflammation/  inflammation/ inflammation/ inflammation/
Regulation Regulation Decreasing Increasing

regulation regulation

Figure 2. Heatmap
Dynamics of T1D progression and non-progression in BB rats and T1D families.

Orthologues were identified and BB rat plasma induced transcriptional analyses were
conducted as previously described (48). Human plasma induced transcriptional analyses
were conducted as previously described (82). Respectively, Panel A and Panel B show
inflammatory and regulatory transcripts induced by plasma temporally collected from
spontaneously diabetic BBDP and diabetes inducible BBDR rats. Respectively, Panel C and
Panel D show inflammatory and regulatory transcripts induced by plasma temporally
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collected from a human subject that developed T1D and a healthy sibling of a T1D patient
that did not seroconvert to autoantibody positivity or progress to T1D. Expression levels
illustrated in the heat maps are normalized against the mean of all time points.
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Figure 3. Model
Model mechanism for age-dependent decline in T1D susceptibility. Studies support the

existence of an elevated innate inflammatory state associated with T1D susceptibility in
human T1D families and diabetic rat models. In human T1D families, this state is
independent of HLA, autoantibody status and disease progression. In BBDR rats, this state
is independent of the MHC, insulitis and disease progression, but is associated with the
ability of KRV to trigger disease progression. This inflammatory state may be the
consequence of genetics, diet and intestinal microbiome. We further hypothesize that this
heightened inflammatory state represents a “fertile field” in which the additive inflammation
mediated through viral infection can lead to the breaking of immunological tolerance and the
progression of autoimmunity in susceptible hosts. Our studies support that this heightened
underlying inflammatory state is subsequently supplanted by induction of an
immunoregulatory state over time. As these endogenous regulatory processes become more
robust, the immune balance makes environmental triggering of T1D progression less likely.
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Figure 4. Survival Plots
Therapeutic targeting of innate inflammation pathways in BBDP rats delays/prevents T1D.

Survival plots of BBDP rats after intraperitoneal delivery of interleukin-1 receptor
antagonist (IL1RN, 350ug/kg/day, dash line), salbutamol (17.5ug/g five days per week,
dash-dot line) and cromolyn (200ug/g five days per week, dot line). Control BBDP rats were
treated daily with phosphate buffered saline (PBS, solid line). All treatments were initiated
by 30 days of age. T1D onset was defined as the first of two consecutive days with fasting
blood glucose = 250mg/dl. The median age of survival in the saline-treated control group
was 61 days (n=23, range 49-76 days), for IL1IRN it was 67 days (n=16, range 53-100
days), for salbutamol it was 79 days (n=12, range 60-130 days) and for cromolyn it was 68
days (n=16, range 52-130 days). Significance based on log rank test, ** p<0.01, t
p<0.0001.
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