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FIGURE 2 | Innate versus adaptive immune responses in sepsis and Type Il diabetes. (A) During an acute episode of sepsis, the innate and adaptive immune
systems are in a constant state of fluctuation. They respond to an invading pathogen and attempt to recover homeostasis after the pathogen is cleared. This
continual seesaw effect is thought to drive ongoing inflammation, facilitate organ injury, and enable infectious complications. (B) In diabetes, the innate and adaptive
immune systems experience chronic derangements secondary to chronic inflammation, also placing these systems in constant flux. When these two systems
(sepsis and diabetes) are superimposed, patients have increased morbidity and mortality; however, we do not know why. There are unclear synergistic versus
antagonistic changes occurring that leads to worsened immune system perturbations and the inability to return to homeostasis.

It is evident that sepsis induces a pathological state of immune
suppression that prompts the development of secondary infec-
tions while still in the ICU setting (203). In addition, several
reports demonstrate that sepsis survivors and T2D patients
experience dramatically higher rates of subsequent infections
long after the initial episode of sepsis has abated (204, 205).
The increased hospital readmission rates due to infectious
complications among T2D patients and sepsis survivors is a sign
of ongoing immune suppression and dysregulation that if not
corrected, diminishes life quality and durable survival. With the
ever increasing, comorbidity challenged, elderly T2D population
experiencing persistent inflammation, immune suppression, and

immune senescence, the number of T2D sepsis survivors who
develop subsequent infections is predicted to rise substantially in
the next decades (200, 206).

IMMUNE-MODULATORY THERAPIES
IN T2D

Below we will address immune modulators/modulatory
pathways that deserve further consideration as disease-
modifying therapeutics. These immune modulators, their
proposed benefits, and some possible combinations are also
listed in Table 1.
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TABLE 1 | Immune modulators.

Immune
modulators,
diabetes

IL-1 inhibition

TNF inhibition

NF-«p inhibition

Diacerin MCP-1 antagonism IL-6

inhibition

Sirtuins
augmentation

PPAR-y agonists

Proposed benefit

| acute phase
inflammation

| pancreatic p-cell

| risk of developing T2

1 release of TNF-a,
IL-1B, IL-8, and MCP-1

| hemoglobin A1c

| concentrations of
TNF-a and IL-1B

1 monocyte/macrophage | inflammation

migration/infiltration

1 insulin secretion | insulin resistance

1 insulin secretion

1 insulin sensitivity

1 insulin resistance

1 hemoglobin Alc

apoptosis
1 insulin secretion | insulin clearane 1 metabolic control | macrophage
concentration
Potential cells T cells, Neutrophils, T cells, lymphocytes  Neutrophils, Monocytes, T cells, T cells, Macrophages
affected Lymphocytes macrophages, macrophages Macrophages monocytes, monocytes,
endothelial cells neutrophils,  neutrophils,
lymphocytes lymphocytes

Immune G-CSF GM-CSF IFNy PD-1 and PD-L1
modulators,
sepsis

Proposed benefit

1 neutrophil and
monocyte production
and release

1 myelopoiesis and
granulopoiesis

1 neutrophil/monocyte
production and function

1 monocyte/lymphocyte
cytotoxicity

1 T cell responses

| nosocomial infection
acquisition

| ventilator days

1 monocyte HLA-DR
expression and function

| infection and related
complications

1 immunity against
fungal infections

1 T cell exhaustion

1 lymphocyte
proliferation

1 neutrophil and
monocyte cytotoxicity

1 opportunistic infections

Potential cells

T cells, monocytes,

T cells, monocytes,

T cells, monocytes,

T cells, monocytes,

affected neutophils, neutrophils, neutophils, neutrophils
lymphocytes lymphocytes lymphocytes
Proposed PD-1 and MCP-1 PD-L1 and diacerin IFNy and diacerin

combinations

Proposed benefit

| monocyte infiltration

1 lymphocyte
proliferation

1 T cell function

| inflammation

1 neutrophil and monocyte
cytotoxicity

| opportunistic infections

1 monocyte function

1 inflammation

| fungal infections

Potential cells
affected

Lymphocyte,
T cells, monocytes

Neutrophils, monocytes

Monocytes
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IL-1

IL-1 has long been given to patients after transplantation
to enhance recovery (207). Since these patients developed
symptoms and signs of a systematic inflammatory reaction
during treatment, subsequent research focused on blocking
IL-1 during sepsis by using anakinra, a naturally occurring
IL-1RA. There have been multiple controlled trials of anakinra
in human sepsis. In one placebo-controlled trial, there was a
reduction in 28-day all-cause mortality, but the results did not
reach statistical significance (208). Attention was then turned
to focus on antagonism of IL-1 during noninfectious chronic
inflammatory diseases, including myeloma and rheumatoid
arthritis. IL-1p antagonism is now the standard of therapy in
autoinflammatory diseases (209). T2D can be classified as an
autoinflammatory disease, with the innate immune system
inappropriately activated due to metabolic stress leading to
a chronic inflammatory disease (210). IL-1 prevents insulin
secretion while promoting pancreatic p-cell death via apoptosis
(211). In patients with T2D, there is increased expression of
IL-1 expression in pancreatic p-cells with subsequent reduction
in IL-1RA (212). In these patients, anakinra lowered blood
glucose levels and improves B cell secretory function and
insulin sensitivity, as well as reducing evidence of systemic
inflammation. Just as interesting, after withdrawal of anakinra
treatment, improvement in insulin secretion lasted 39 weeks
(212), suggesting that the therapeutic effect IL-1 antagonism is
long-lasting, perhaps due to interruption of IL-1 autoinduction
(213). However, anakinra has a short half-life requiring daily
administration to maintain adequate suppression of IL-1f and
often causes injection-site reactions, limiting its ability to serve as
a long-term therapy option (214). Subsequent studies therefore
focused on humanized monoclonal antibodies, Gevokizumab,
Canakinumab, and LY2189102, against IL-1p. Gevokizumab
improved glycemic control (potentially by restoring insulin
production) and reduced inflammation in patients with T2D
(210, 215). Given the half-life of around 3 weeks, preliminary
studies indicated that monthly or longer administration might
be possible. Clinical trial NCT00900146 utilized Canakinumab
and showed a numerical reduction in hemoglobin A1C, with a
trend toward improved insulin secretion rate (216). LY2189102
improved glycated hemoglobin levels and corrected fasting and
postprandial glycemia, as compared to placebo (217). In addi-
tion, just like the studies on anakinra, treatment effects were
noted to be long lasting, even after treatment was stopped. These
trials show the potential therapeutic benefit of inhibiting the
IL-1 pathway. To further support this, a current diabetic sulfo-
nylurea medication Glibenclamide has actually been shown as
a powerful inhibitor of IL-1p in islet cells (93).

TNF

The role of TNF in insulin resistance and T2D was first observed
in 1993 (218). Numerous clinical trials have evaluated the ben-
efits of TNF antagonism but have failed to demonstrate advan-
tageous effects on glucose metabolism (219-221). However,
these trials were underpowered, with limited patients over a
short amount time, and did not account for inter-individual
variations (genetic background, body weight, food intake,

and exercise). Trials on TNF for other inflammatory diseases,
including Crohn’s disease, rheumatoid arthritis, and psoriasis,
implicate TNF blockade in altering insulin sensitivity (222,
223). Large cohort studies in patients with rheumatoid arthritis
and psoriasis showed that TNF inhibition is associated with a
reduction in T2D rates (224, 225). Further clinical trials specifi-
cally focusing on T2D with prolonged antagonism of TNF will
likely prove to be therapeutically beneficial.

Nuclear Factor-Kappa Beta (NF-xf)
Lipopolysaccharides from bacterial cell walls and FFAs bind
Fetuin-A to activate TLR2 and TLR4, leading to nuclear trans-
location of NF-kf, which induces an inflammatory response
(226, 227) through the release of TNF, IL-1p, IL-8, and MCP-1
(93). Since 2001, we have known that salsalate, a prodrug
form of salicylic acid, can ameliorate T2D via inhibition of
NF-kp (228). Multiple trials have been completed to evaluate
the potential therapeutic role of salsalate. An initial proof-of-
concept study showed improvement in glycemia, decreased
C-reactive protein levels, and higher adiponectin in plasma
(229). Follow-up studies supported this initial observation
(230, 231) with two multicenter, placebo-controlled studies,
including clinical trial NCT00799643, showing that salsalate
can decrease hemoglobin Alc and improve other markers of
glycemic control (232, 233). However, salsalate also reduces
the clearance of insulin, and thus lowers glucose concentra-
tions through a non-inflammatory mechanism (229, 232).
Metformin, a current widely accepted diabetic drug, has
been shown to inhibit release of pro-inflammatory cytokines
via IL-1f mechanisms by antagonizing NF-kf in cells of the
vascular wall as well as in macrophages (234). Metformin also
inhibits the maturation of IL-1f in macrophages (235).

Diacerein

Diacerein is a common medication for inflammatory joint
disease. It decreases concentrations of cytokines such as TNF
and IL-1p (236, 237). Given the benefits seen in long-term use
in inflammatory joint disease, it was hypothesized that diacerein
could provide benefit in T2D. The randomized, double-blind
placebo-controlled clinical trial NCT01298882 showed increased
insulin production and improved glycemic control after treat-
ment with diacerein in patients who were drug naive. Further
studies investigating the mechanism of action and the role it
plays in immune dysfunction could reveal a therapeutic role for
diacerein in T2D patients.

MCP-1 Antagonism

Monocyte chemoattractant protein-1 (or CCL2) is an essential
chemokine active in the migration and infiltration of monocytes/
macrophages (238). MCP-1 levels are increased in patients with
T2D (239, 240). The gene expression of MCP-1 and its recep-
tor CCR2 is elevated within visceral and subcutaneous adipose
tissue of patients with obesity, as contrasted to lean controls
(241). In addition, there is increased expression in omental fat
with increased macrophage proliferation, when compared with
the fat within the subcutaneous tissue (242). CCX140-B is a
CCR2 antagonist. A pilot study in patients with T2D showed
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that administration of CCX140-B decreased placebo-corrected
glycated hemoglobin (93). Multiple studies have shown that
downregulation of MCP-1 cooccurs with improvement in the
symptoms of T2D. These results implicate a close relationship
and support further studies that investigate the role of MCP-1 as
a therapeutic target (240).

IL-6

IL-6 is a one of the main cytokines that is responsible for an
inflammatory processes and responses. It is produced by mac-
rophages, T cells, osteoblasts, kidney cells, muscle cells, and
adipocytes (243). It has pleiotropic effect on glucose metabolism
that is dependent on tissue type and the surrounding milieu.
Increased levels of IL-6 are associated with obesity, T2D, and car-
diovascular disease (244). Under specific conditions, IL-6 may
either decrease or enhance insulin resistance, as well as improve
glucagon-like peptide-1-mediated insulin section. In the para-
digm of inflammation within obesity, it is hypothesized that IL-6
enhances the prevailing inflammation, thus precipitating insulin
resistance and leading to further micro- and macrovascular
complications (245).

Sirtuins

Sirtuins represent a class of NAD*-dependent deacetylases
that have a wide array of biological functions, one being to
coordinate the body’s reaction to caloric intake. Sirtuins are
associated with metabolic disorders (246) and play a critical
role in restoring homeostasis during stress responses (247).
Emerging evidence supports that failure to maintain homeo-
stasis during metabolism and bioenergy reprogramming result
in acute and chronic inflammatory disease (247). In obesity,
there is a decrease in sirtuin 1 levels and activity. This is likely
secondary to upregulation of peroxisome proliferator-activated
receptor gamma (PPAR-y) genes that regulate fatty acid uptake
and triglyceride synthesis in mature adipocytes (248). Increased
sirtuin 1 expression and activation is associated with increased
insulin secretion (249). There are substantial data to support
that increased sirtuin 1 activity counters obesity, the metabolic
syndrome, and T2D with or without obesity (247) making it a
desirable therapeutic target.

Peroxisome Proliferator-Activated
Receptor Gamma

A current antidiabetic therapeutic group, the thiazolidinedi-
ones which include rosiglitazone and pioglitazone, are PPAR-y
agonists. PPAR-y is a type II nuclear receptor found mainly
in macrophages, adipose tissue, and in the colon. These drugs
effectively improve insulin resistance and reduce hemoglobin
Alc though multiple mechanisms. One mechanism is that they
can inhibit pro-inflammatory pathways leading to decreased
macrophage concentration in adipose tissue (250, 251). The
overall clinical effect from the improved insulin resistance and
anti-inflammatory effects of these agents are not clearly defined;
however, they reveal multiple mechanistic pathways to further
evaluate (252).

IMMUNE-MODULATORY THERAPIES IN
SEPSIS

Granulocyte Colony-Stimulating Factor
(G-CSF) and GM-CSF

Granulocyte colony-stimulating factor stimulates the produc-
tion of stem cells, progenitors, and granulocytes (253). Two
randomized controlled human trials with recombinant G-CSF
were performed to test its effect on neutrophil production,
maturity, and overall function. Although an increase in blood
leukocyte counts was observed, there was no improvement in
28-day patient mortality (254, 255). This makes one wonder if
a longer study therapy or observation time would have changed
the investigation outcomes. Given the ongoing and continuous
alterations observed in granulocyte production, myelopoiesis,
and neutrophil function in T2D and septic patients, prolonged
G-CSF administration may be efficacious for improved immune
surveillance, infection eradication, tissue regeneration, and
survival during sepsis.

GM-CSF is an additional cytokine that enhances stem cells
to differentiate into macrophages, monocytes, and neutrophils
(256). In one study, ventilator-dependent septic patients who
were prescribed GM-CSF during the immune suppressive phase
had fewer days on the ventilator and within the ICU (257, 258).
Recombinant GM-CSF treatment in septic children improved
lymphocyte TNF production and significantly reduced hospital-
associated infections (259). Further evidence for GM-CSF
therapy from a meta-analysis of over 12 clinical studies using
GM-CSF or G-CSF showed that treatment with either reduces
infectious complications (260). In light of the fact that 70-80%
patients who succumb to sepsis harbor persistent, chronic, ongo-
ing, or secondary infections (13), G-CSF or GM-CSF combined
with other immune regulators may bolster immune response
and eradicate infection in septic T2D populations, potentially
improving overall survival (254, 261).

Interferon Gamma

Interferon gamma is the sole protein within the family of type II
interferons. Adequate IFNy production and signaling is critical
for appropriate immune targeting of microbial invaders. IFNy is
also a central inducer of macrophage activation, stimulating class
I MHC expression (141). Patients with severe sepsis treated with
recombinant IFNy demonstrate reversal of sepsis-induced mono-
cytic dysfunction, as well as having better overall survival (262).
It is important to note that even though the patient population of
most trials involving IFNy were mixed cohorts of severe trauma
patients, the largest study reports a clear decrease in mortality
due to infections (263). A recent report on severe trauma patients
shows that 42 of 63 genes were within the interferon pathway and
differentially expressed in patients with uncomplicated versus
complicated outcomes. Recombinant IFNy treatment was also
able to partially restore immune metabolic defects associated
with immune paralysis in humans after sepsis, further suggesting
that IFNy therapy after sepsis may benefit a multitude of cellular
immune functions (264). IFNYy is a very promising agent if it is
targeted to specific patient populations, such as T2D patients who
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have immune suppression, adaptive immune dysfunction, and
chronic inflammation.

Programmed Cell Death Protein-1 and
Ligand (PD-1 and PD-L1)

The PD-1 protein is expressed on myeloid lineage cells and most
B- and T-lymphocytes, while its ligand (PD-L1) is expressed
universally on monocytes, macrophages, epithelial cells, ECs, and
DCs (265). Its ultimate effect is inhibitory, reducing CD8* T cells
from proliferating or accumulating in lymphoid organs. PD-1
becomes upregulated during viral infections and cancer states
and is associated with “T cell exhaustion from prolonged periods
of exposure to self-antigens” (266). Subsequently, patients in
septic shock exhibit higher levels of PD-1 and PD-L1 on their
monocytes and T-lymphocytes (267). Anti-PD-1 and anti-PD-
L1 have demonstrated encouraging results in clinical trials on
human with viral infection or cancer (267). Studies have dem-
onstrated that upregulation of granulocyte PD-L1 potentiates
lymphocyte apoptosis via contact inhibition, which correlates
with outcome (268). Given PD-1 and PD-1Ls positive effect on
adaptive immunity as well as tumor growth, they both could be
used as biomarkers of immune suppression from sepsis. They are
also potential targets to ameliorate adaptive immune dysfunction
or increase overall survival in the long-term (9).

CONCLUSION

Type II diabetes is a disease of altered immunity that results in
protracted inflammation, immune suppression, and significant
infection morbidity. Clinically, it is obvious that patients with
T2D are more susceptible to infections. In sepsis, despite the best
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The folate pathway is critical to proper cellular function and metabolism. It is responsible
for multiple functions, including energy (ATP) production, methylation reactions for DNA
and protein synthesis and the production of immunomodulatory molecules, inosine and
adenosine. These play an important role in immune signaling and cytotoxicity. Herein, we
hypothesize that defects in the folate pathway in genetically susceptible individuals could
lead to immune dysfunction, permissive environments for chronic cyclical latent/lytic viral
infection, and, ultimately, the development of unchecked autoimmune responses to
infected tissue, in this case islet beta cells. In the context of type 1 diabetes (T1D), there
has been a recent increase in newly diagnosed cases of T1D in the past 20 years that
has exceeded previous epidemiological predictions with yet unidentified factor(s). This
speaks to a potential environmental trigger that adversely affects immune responses.
Most research into the immune dysfunction of T1D has focused on downstream adap-
tive responses of T and B cells neglecting the role of the upstream innate players such
as natural killer (NK) cells. Constantly, surveiling the blood and tissues for pathogens,
NK cells remove threats through direct cytotoxic responses and recruitment of adaptive
responses using cytokines, such as IL-1p and IFN-y. One long-standing hypothesis
suggests viral infection as a potential trigger for the autoimmune response in T1D.
Recent data suggest multiple viruses as potential causal agents. Intertwined with this is
an observed reduced NK cell enumeration, cytotoxicity, and cytokine signaling in T1D
patients. Many of the viruses implicated in T1D are chronic latent/lysogenic infections
with demonstrated capacity to reduce NK cell response and number through mecha-
nisms that resemble those of pregnancy tolerance. Defects in the folate pathway in T1D
patients could result in decreased immune response to viral infection or viral reactivation.
Dampened NK responses to infections result in improper signaling, improper antigen
presentation, and amplified CD8* lymphocyte proliferation and cytotoxicity, a hallmark
of beta cell infiltrates in patients with T1D onset. This would suggest a critical role for
NK cells in T1D development linked to viral infection and the importance of the folate
pathway in maintaining proper NK response.

Keywords: diabetes, natural killer cells, virus, folic acid, folate cycle
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THE CELLULAR FOLATE PATHWAY: ROLE
IN ENERGY PRODUCTION, PROTEIN/
DNA SYNTHESIS, AND IMMUNE
FUNCTION

Figure 1 depicts the cellular folate pathway and the importance
of the vitamin (B9) for the maintenance of cellular energy, DNA
manufacture and repair, protein production, single-carbon trans-
fers (methylation) and as a co-factor for numerous reactions. It is
especially important for rapid cell growth and division, and critical
to proper immune function. Particularly related to natural killer
(NK) cell function, the production of inosine (Figure 1A, red
box) is critical in maintaining NK cell cytotoxicity and prolifera-
tion in response to pathogens, while the production of adenosine
will result in decreased NK cytotoxicity and proliferation, as well
as generalized immunosuppression, as evidenced by adenosine
deaminase (ADA) inhibitors, such as EHNA and drugs, such as
Methotrexate. Literature demonstrates that increased activity
of the enzymes associated with energy production (ATIC and
GART), shown in Figure 1A (purple box) which (1) suppresses
the function of ADA and the formation of inosine and hypoxan-
thine and (2) causes the internalization of the insulin receptor
and an excess of intracellular ATP/adenosine (1).

In Figure 1B, important protein synthesis and methylation
occurs, particularly the regeneration of the disease-associated
homocysteine to methionine. Methionine is an essential amino
acid critical to the formation of many biologically active proteins

and the methylation of other critical products, such as S-adenosyl
methionine, an important methyl donor to further methylation
reactions. Defects in the folate pathway have been linked to
numerous disease conditions, including fetal/infant neural tube
defects, homocysteinemia, anemia, cognitive defects, cardio-
vascular disease, and cancer. It is clear that changes in the folate
pathway could significantly impact functions throughout the
whole body, including cell energy, protein/DNA synthesis, and,
critically, immune function.

In 1992, the WHO recognized that there are over 2 billion
people worldwide that suffer from micronutrient deficiencies,
such as folate. In order to combat the increasing incidence of
health conditions related to these deficiencies, 159 countries
implemented a micronutrient/folic acid fortification plan in
primarily, processed flour products. The flour fortification
initiative became mandatory in these 159 countries in 1996
(Figure 2) and was fully implemented by 1998. Intriguingly, this
is the same time period that the incidence of diabetes, both Type
1 and Type 2, began an upward trend that significantly exceeded
epidemiological predictions (replotted from http://cdc.gov/
diabetes/statistics). Superimposed on the graphic of Figure 2 are
results from the NHANES study examining serum folate levels
in subjects over the age of 9 at specific time points within that
same period (2). In the period from 1988 to 2000, there was a
nearly 2.4-fold increase in the median serum folate of all sub-
jects. Another study examining folate and unmetabolized folic
acid (UMFA) in 2007-2008 NHANES collected serum samples
found UMFA in all subjects with 33.2% of the subjects having
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FIGURE 2 | U.S. incidence of diabetes over the past 50 years (type 1
diabetes and T2D) expressed as % of total population. The red arrow depicts
the initiation point of mandatory fortification of flour products with folic acid.
The green bars are measurements of serum folate levels from NHANES
subjects of the corresponding years.

levels greater than 1 nmol/L (3). This increase in folate/folic acid
levels supports the idea that micronutrient fortification may
be unnecessary in developed countries and indicates a marked
consumption of enriched flour products in the U.S. As well,
the increase is superimposable on the rate of diabetes increase.
Adding to this argument, in developing countries, comparable
increases have been observed in autoimmune conditions in the
past 10-15 years (4, 5). Given the importance of the folate cycle
a broad, population-wide exposure to micronutrient fortifica-
tion could result in sudden, dramatic increases in unexpected
pathologies, such as type 1 diabetes (T1D). There is evidence
that in developed countries, where micronutrient deficiencies
are much less evident, people may be consuming an excess of
folic acid. This excess consumption, in genetically susceptible
individuals, might result in adverse health and dysfunction
of the innate immune system. As an example, a recent paper
demonstrated that excess B vitamin intake, the family containing
folate (B9), was correlated with increased obesity and diabetes in
the studied populations (6).

Folic acid is a synthetic that works in the same pathways as
naturally occurring folates because it is a substrate for the enzyme
dihydrofolate reductase (DHFR), segment 1 of Figure 1. It is first
processed into dihydrofolate (DHF). This reaction is up to 1,300
times slower than the metabolism of non-synthetic folates in the
liver of human subjects with an inherent fivefold variation in
activity among subjects (7). This is the same pathway in which
the immunosuppressant Methotrexate works, through competi-
tive inhibition of DHFR. The inefficient reaction of folic acid and
DHER could potentially mimic this immunosuppressive effect.
The inhibition of DHFR by Methotrexate results in dysfunction
in the purinosome (Figure 1A, purple box) and the accumulation
of adenosine (Figure 1A, red box), which is immunosuppressive.
This is likely due to a slow production of THE which is the
primary substrate for the cell energy/immune modulatory side
of the folate cycle. Thus, high levels of folic acid and variations
in DHFR activity could result in high levels of UMFA that could
adversely modulate NK cell and, furthermore, other immune

cell activity. In support of this, malarial infection in mice fed a
high folic acid (HFA) diet was associated with decreased NK cell
activity, NK cell numbers, and survival; this was not observed in
mice fed a control diet (8).

NK CELLS: THE FIRST-LINE DEFENSE
AGAINST PATHOGENS

Natural killer cells respond to and directly kill pathogenic invad-
ers. Their name derives from their capacity to cause cytotoxicity
in cells that do not properly present the major histocompatibility
complex class I (MHC-I), bound with cytoplasmic peptides, to
the surveillance of the immune system; either lacking expres-
sion, expressing non-self peptides, or hyper-expressing peptides.
NK cells lyse target cells directly unlike adaptive cells needing
effector differentiation. Mature NK cells reside in the body
prepared to respond to invaders. Cytokines, such as INFy, gran-
zyme, and perforin, are stored in preformed granules and rapidly
released upon NK cell activation. This is different from cells of
the adaptive system requiring post-activation gene transcription
to achieve effector status.

In addition to direct killing, NK cells are involved in the
strength and finely tuned control of adaptive immune responses.
In recent studies, it has been shown that NK cells control both
effector and suppressive activities of downstream responses,
including those of activate or kill antigen-presenting cells and
regulatory T cells, cytotoxic T lymphocytes (CTLs) T-helper
(Th) cells and B-cells (9-13). This is done through direct killing
or by signaling through cytokines, such as TNF-a, IFN-y, and
others. The role of NK cells is the modulation of cytotoxic CD8*
T lymphocyte response is to control aberrant/chronic inflamma-
tory responses avoiding unchecked cell/tissue destruction. In the
context of autoimmunity and T1D, defects in NK cell function
and number could play a bigger role in the observed CD8* CTL
infiltration of beta cells and the chronic destruction of self-tissue
than originally thought. In a 2012 study by Ehlers et al., autoim-
mune diabetes was ameliorated by NK-cell-mediated destruction
of CD8* CTLs in the NOD model (13). In our preliminary work,
there are stark differences in NK cell populations in NOD mice
compared to age/sex-matched control strains, such as C57Bl/6
and NOR mice; particularly, at the time prior to disease onset. In
the Ehlers study, incubation of conventional NK cells with IL-18
resulted in an increase ina CD117 positive subset that had a direct
Iytic activity against the CTLs in PD-1/PD-L1-dependent man-
ner suggesting the importance of NKs and, likely, specific subsets
of NKs in adaptive immune responses in disease development. In
a 2010 study by Olson et al., it was demonstrated that NK cells,
reduced GVHD in an animal model by inhibiting alloreactive
response by inducing apoptosis and reducing IFN gamma pro-
duction by cytotoxic T-cells (14). Although NK subpopulations
were not studied, we would propose that the NK cells respon-
sible for this intricate control of the T-cell response are likely
the mouse equivalent of the CD56 bright, CD117* population
observed in humans.

Natural killer cells constantly circulate through the blood
monitoring the classical MHC-I, or human leukocyte antigen
A, B, and C (HLA-A, HLA-B, and HLA-C). If classical HLA
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self-antigens are properly presented, the effectors will also
encounter HLA-E resulting in the inhibition of the cytotoxic
activity. The non-classical human leukocyte antigen HLA-E
has a specialized role in cell recognition by NK cells. HLA-E is
expressed on the cell surface after binding a restricted subset of
peptides, primarily those derived from leading sequence signal
peptides of HLA-A, -B, and -C, and, most importantly, the non-
classical Class I, HLA-G. NK cells recognize the HLA-E peptide
complex and produce an inhibitory effect on the cytotoxic activity
of the effectors to prevent cell lysis.

Over the past 20 years, research into NK cells has greatly
expanded and analyses that typically was limited to bulk NK cells
identified as CD3-, CD56*/CD16- or CD56%"/CD16*, has
expanded to include other important clusters of differentiation
for subpopulation analysis, such as CD11b, CD27, CD57, CD7,
CD69, and others. Importantly, subpopulations have been clas-
sified in terms of strong cytotoxic capabilities (CD56%™/CD16",
CD11b*, CD277, and CD57%) to the highly suppressive decidual
phenotype (CD56%/CD16-, CD27-, and CD11b") (15-19). This
has expanded the understanding and research into the role of
NK cells in numerous autoimmune pathologies, including T1D.

VIRUSES MODULATE THE INNATE
IMMUNE SYSTEM THROUGH
PREGNANCY TOLERANCE MECHANISMS

One of the primary roles of NK cells is combatting viral infection
through direct killing of infected cells and recruitment of adaptive
responses, including memory responses, to prevent reinfection
with re-exposure. Many viral pathogens have developed the abil-
ity to disrupt Class I and Class II presentation in order to avoid
recognition of their antigens by the immune system (20-22).
This is likely the reason why higher species evolved the adaptive
immune system, as the innate system was inadequate to defend
against the varied number of pathogens encountered and their
capability to mutate. It is also likely that some viruses survived by
exploiting pathways that impart tolerance in the placenta during
pregnancy. When the innate system is functioning properly, there
is a balance of effector and suppressive subpopulations of NK cells
that recognize invaders through unique receptor mechanisms
with both activating and inhibitory pathways. The inhibitory
pathways recognize MHC-I antigen expression and preferentially
shut down the effector subpopulation. If the Class 1 molecules are
not present or if non-self-antigens are presented, the activating
pathway is initiated and the unrecognized entity is destroyed.
During pregnancy, the mother’s innate immune response,
particularly that of NK cells is dampened through placental
hyperexpression of membrane-bound HLA-G and elevated
plasma levels of the circulating soluble isoform (23-26). The
soluble form recruits decidual NK cells to the decidua forming a
immunoprotective layer around the fetus, while the membrane-
bound isoform disables circulating NK effector cells by inducing
apoptotic signaling and reducing cytotoxicity (24, 27). In addi-
tion, HLA-G serves to stabilize the membrane presentation of
HLA-E to NK effectors another potent inhibitor of cytotoxicity.
This induces cytokine and chemokine secretion conducive to

tolerance induction in the placenta. HLA-G is constitutively
expressed in several tissues within the adult body. Initially
described in trophoblast cells of the placenta, it has subsequently
been found in thymic epithelial cells, erythroblasts, corneal cells,
mesenchymal stem cells, and most intriguingly, pancreatic islet
beta cells (28-33). Through the flexibility of the effector and
the suppressive subpopulations of NK cells, the innate immune
system provides mechanisms for threat removal and self-
protection, much like the two arms of the downstream adaptive
immune responses. It is clear why such mechanisms, if assumed
by pathogens, could be utilized to escape detection and allow
for unchecked persistence in a host. This long-term escape of a
virus from the innate immune response could lead to ineffec-
tive viral clearance and presence in tissues normally uninfected
by pathogens. This, in turn, could result in an aggressive and
unchecked adaptive immune response resulting in the destruc-
tion of self-tissue, characteristic of all autoimmune conditions.
The constitutive expression of pregnancy/immune modulatory
factors, such as HLA-G on some somatic cells would provide
an immune-privileged site for viral evasion, even from the
moment of fetal development. This hypothesis would also help to
explain the disparity in the female-to-male ratio of autoimmune
pathologies, as every month, when a woman menstruates, she is
temporarily immunosuppressed in preparation for implantation.
This has been demonstrated in studies of NK cells during both
pregnancy and the menstrual cycle (34-36). The one unique
exception to this rule in autoimmune pathologies is T1D, where
the age of onset is earlier than other autoimmunities, frequently
earlier than puberty, and the female-to-male ratio is approxi-
mately 1:1. Given the constitutive expression of HLA-G on the
surface of beta cells, this is easily explained as beta cells could be
an immune-privileged site for viral infection (31).

Some viruses (and other somatic invaders, such as specific
cancers) implement pregnancy mechanisms to avoid detection
by the innate immune system. Particular whole families of viruses
have the ability to lie dormant for years, integrated into the host
genome, in a latent (“lysogenic”) phase of their life cycle. This
behavior is characteristic of members of the Herpes and Coxsackie
virus families. Members of these viral families utilize, much like
cancer cells and trophoblast cells, the host’s own signaling path-
ways to disable the innate immune system. Particularly, HLA-E
and HLA-G are modulated by viruses, such as Epstein-Barr
virus (EBV), cytomegalovirus (CMV), parvovirus-B19 (Parvo
B19), herpes simplex virus type 1, and RABV26 (37-45). Many
of these viruses force surface expression of HLA-E, typically
occurring only with self-peptide recognition, strongly inhibit-
ing the innate effector population (46-50). These findings have
broad implications in clearance of viruses from host tissues and
hint at a potential etiology for the development of many disease
conditions. Viruses have been suggested as a causative agent in
many autoimmune pathologies, including MS, T1D, Sjogren’s
syndrome, rheumatoid arthritis, Crohn’s disease, and systemic
lupus erythematosus (51-64).

Important to the theory of viral etiology and recent increases
in prevalence of autoimmune pathologies, including T1D, is the
passage of viruses through gametes. Originally thought to only
occur with endogenous retroviral infections, there is growing
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evidence that other viruses can be passed in gametes by means
of episomal latency (65, 66). In episomal latency, viral genes
are stabilized as both linear and lariat structures floating in the
cytoplasm or the nucleus, without integrating into the genome.
While this makes them more susceptible to viral defenses and
cellular enzymes, there is the possibility that avoidance of enter-
ing the nucleus and integration with nuclear domain 10 thereby
avoiding activation of interferon is beneficial to their survival
and propagation. Coupled with our proposed environmental
weakening of innate immune defenses, persistent viral infections
cycling through latent and lytic phases and ineffectively cleared
could progress to an aberrant immune response and development
of autoimmune pathologies, including T1D.

VIRUSES, NK CELLS, AND T1D

A role for viruses as a cause for T1D has been controversial
and hotly debated for decades but recent findings, the result of
improved detection strategies and strong collaborative efforts,
are increasing the likelihood that viruses have a greater role
in the disease etiology than initially thought. Specific viruses,
including but not limited to the Coxsackie family (B4, B6, and
B1), the Herpes family (HHV-6, EBV, and CMYV), and others
(e.g., Parvo B19) have all been implicated in autoimmune disease
development (45, 52, 55, 58, 60, 63, 64, 67, 68). Early discordant
results were due to methodological issues (sample size, sampling
frequency, assay sensitivity, and biology of viral infections) and
have now been resolved through research networks and stand-
ardized protocols. Recent studies have linked genetic factors that
influence T1D risk with viral infection (55, 60, 69-71). Others
have demonstrated enteroviral infection can occur in beta cells
resulting in cell death, in the case of acute Iytic infections, and
dysfunction, with more chronic infection. Acute and chronic
viral responses in predisposed individuals could trigger chronic
islet autoimmunity. Histological pancreatic specimens from a UK
cohort of new-onset T1D patients were examined and found to
have viral antigens and markers of inflammation in islets contain-
ing insulin-positive cells. This was found at a significantly higher
frequency in this cohort compared to non-diabetic subjects of
similar age and sex. Other clinical study data associated T1D with
antibody responses to certain viral strains. One group recently
utilized a high throughput immuno-proteomics methodology
as a screening tool examining responses to seven viruses associ-
ated with T1D most frequently in the historical literature (72).
Antibody responses to 646 viral antigens associated with the
seven viruses were assessed in 42 long-standing patients relative
to 42 sex and age-matched controls. Antibody response to EBV,
a member of the Herpes family, was found to be significantly
higher in case versus control subjects in both sex and age groups.
There was also a trend toward earlier EBV infection in the case
subjects. This platform is an example of improved detection
methodologies that are helping to unravel the association of
viruses with T1D and other autoimmune conditions. EBV is a
virus that has been demonstrated in the literature to disable and
suppress NK cells efficiently. This supports the idea that viruses
could suppress innate response leading to unmodulated CD8*
T-cell responses.

Improper viral clearance and manipulation of innate response
had been suggested in the development of T1D in other papers
(68). This group examined donor pancreata from 6 T1D patients
and 26 controls, performing histopathological analysis of the
tissues looking for viral infection and lymphocyte infiltration.
In 3 of the 6 T1D patients, Coxsackie B4 infection was detected
through positive staining of viral capsid protein (VP1) and then
DNA extraction and sequencing of infected regions. In the same
patients, the islet infiltrates comprised primarily NK cells. The
islets cells in this group were intact and had positive staining
for insulin. In the other 3 T1D patients, no virus was observed
and infiltrates were NK free and represented mainly by CD8*
T cells. In this group, the islets were undergoing degranulation
and destruction/apoptosis. It is unlikely that at the time of death,
all three patients had ongoing Coxsackie B4 infection or that the
cause of death was fulminant Coxsackie infection. Rather, these
data offer additional compelling evidence for inefficient clearance
of an enterovirus highlighted by subclinical/latent infection and
the presence of nearby NK cells. Because subpopulation analysis
was not performed, it is unclear whether those NK cells had cyto-
toxic function or were regulatory. Viruses, much like tumors, can
recruit regulatory NK cells that are much like T-regulatory cells
and are immunosuppressive in their function. The observed NKs
could quite possibly be from this unique population; they could
also be dysfunctional NK effectors. This speaks to the study by
Ehlers et al., where CD117/CD56"¢" NK cells, a known regula-
tory phenotype, destroyed CD8" CTLs associated with diabetes
onset in NOD mice. As further evidence for viral manipulation of
innate immune function in T1D, a 2009 paper by Tanaka etal. (73)
described MHC Class 1 hyperexpression in islet cells also positive
for VP1 associated with enterovirus infection and coexpression of
CXCL10 and IFN gamma. This demonstrates a persistent battle
between viral suppressive mechanisms and cellular chemokine/
cytokine secretion recruiting immune response to the site of viral
infection (73).

Despite these findings, the role of NK in T1D is not completely
understood. This is likely because the majority of prior literature
has examined bulk NKs ignoring multiple subsets with important
and differing immunological functions (15, 18, 74). It is well
established that NK dysfunction plays a role in the pathogensis of
T1D. As an example, T1D patients and NOD mice have defective
NKG2D signaling which is important in activation during viral
response. This is present irrespective of disease duration. In addi-
tion, NK cells in T1D patients have been shown to have defective
responses to IL-2 and IL-15, lipopolysaccharide, and reduced
cytotoxicity and improper, often elevated, IFNy secretion (75).
At disease onset, it has been shown that the effector population,
CD56%"CD16*, is reduced (76-78), again suggesting manipula-
tion by viral entities or an environmental factor adversely affect-
ing the NK effector subpopulation.

In the NOD mouse, similar trends have been observed. In one
study, NK infiltration into the pancreas of NOD mice was observed
before T-cell auto-reactive infiltrates (74). These NKs displayed
a more immature phenotype and reduced proliferative capacity,
suggesting a dysfunction and turn over similarly observed by our
group in long-standing and at-risk clinical patients. These could
be equivalent to the suppressive subset observed in humans that
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inhibit DCs and CD8* CTLs. One subset of these cells produced
IFN-y spontaneously, suggesting an ongoing response, perhaps
to a pathogen, such as a virus. This suggests the presence of
some pathogen and an NK dysfunction/pathogen clearance
problem that ultimately results in an amplified T-cell response
due to aberrant IFN-v, inability of regulatory NK cells to balance
CD8* CTL response and eventual autoimmunity leading to B-cell
destruction.

In our preliminary work, the lymphocytes of 26 control, 12
long-standing T1D, and 7 recent T1D onset (<2 years) subjects
were analyzed for NK cell frequency and subpopulation type.
Total NK cells and NK effectors were compared among the three
groups using non-parametric Kruskal-Wallis analysis followed
by Dunns post hoc testing. Our preliminary data in T1D patients
with long-standing disease provide evidence for a significant
defect of both bulk NKs and the same NK effector phenotype
(CD3-,CD14-,CD19-, CD66b-, CD7+, CD56%, CD16*, CD27-,
CD11b*; expressed as % of total lymphocytes). Moreover, we
find a similar defect in at-risk autoantibody positive subjects,
suggesting diminished NK effector populations and activity
before diabetes diagnosis that may be an important component
of the disease pathogenesis (Figure 3A). Of note, this observa-
tion holds when long-standing T1D patients were compared
to age/sex-matched control subjects using the non-parametric
Mann-Whitney U test. (Figure 3B; P = 0.0026). Importantly, no
significant correlation was found between subject age or sex and
NK status.

Natural killer dysfunction in the literature is shown to lead
to chronic, subclinical infection from many viruses that have
high prevalence in the general population (46, 56, 79, 80). This
is the result of an inefficient clearance that is further exacer-
bated by the ability of these viruses to manipulate NK cells. This
combination of critical defects might lead to the hyper-inflam-
matory adaptive cell response observed in patients, which in
those with HLA variants predisposing to T1D could lead to
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FIGURE 3 | (A) Differences in natural killer (NK) effector cell population
expressed as % of total lymphocytes in 26 control subjects, 12 long-standing
type 1 diabetes (T1D) patients and 7 multiple autoantibody positive at-risk
subjects. (B) Randomized age/sex-matching sub-analysis between control
subjects and long-standing T1D patients. No correlation was found between
NK effector population and either age or sex. Peripheral blood samples from
the subjects in this study were obtained after obtaining written informed
consent. The study was reviewed and approved by the University of Miami
Institutional review Board (protocol 1995-0119).

the triggering of islet autoimmune responses and the chronic
destruction of pancreatic B-cells (81). Given the major role of
NK cells in the innate immune system and their interplay with
the adaptive system, modulating the activity and function of
downstream role players, such as NK-T cells, CD8* cytotoxic
lymphocytes, and T-regs, it is not an unreasonable proposition
that NK cells may have a much bigger, upstream function in
the etiology of T1D and many other autoimmune pathologies
(13, 81). Recently, it has been demonstrated that NK cells
have memory capabilities and with secondary exposures to
pathogens increased IFN-y secretion (82, 83). This suggests
that the aberrant IFN-y secretion observed in T1D and the
hyper-inflammatory adaptive response drive by CD8" CTLs
could be the result of a cyclical response to lytic and lysogenic
viral phases. This would correlate with the relapsing and remit-
ting cycles characteristic of multiple sclerosis as well. Defective
NK function and receptor activation is critical to maintenance
of innate/adaptive balance and proper immune function, as
evidenced in a recent study by Cook et al. where NK dysregula-
tion lead to amplified aberrant responses, cytokine storm, and
death (81). This further supports the potential greater role for
NK cells in T1D development.

FOLIC ACID, NK VIRAL RESPONSE, AND
T1D: TYING IT ALL TOGETHER

Normal response to a primary viral infection occurs in three
distinct phases. The first is an early, non-specific response charac-
terized by fever, inflammation, and the production of interferons
(Type 1: alpha, beta, epsilon, kappa, and omega, produced by
fibroblasts and monocytes; Type 2: gamma, NK cells, and Th
cells). There is a third interferon type with a role in specific types
of infections, but primarily 1 and 2 are critical in both regulat-
ing, signaling, and activating the viral response. NK cells play a
major role in this early response actively lysing cells recognized as
non-self through the production/secretion of granules containing
granzyme B and perforin. In addition, NK cells are intertwined
with the activation and regulation of dendritic cell (DCs) activ-
ity in a positive feedback loop. They can directly activate DCs,
dependent on TNF alpha and IFN gamma secretion. In turn,
activated DCs can then further stimulate NK activity by secret-
ing IL-12, IL-15, and IL-18. NK cells also regulate DC antigen
presentation by actively lysing immature DC cells while sparing
mature/active DCs. NK effectors then work to directly lyse virally
infected cells while DCs circulate to stimulate adaptive responses
through either the T-cell receptor mediated MHC Class I antigen
presentation pathway (CD4* Th cells) or MHC Class I antigen
presentation pathway (CD8* CTL cells). In addition to control-
ling DCs and antigen presentation, the NK cells of the regulatory
phenotype (CD56"*", CD117*) modulate CD8* CTL activity to
balance responses through acquisition of a lytic phenotype and
destruction of the CD8* CTLs. In the aforementioned work of
Dotta et al., where NK cells were observed in T1D post-mortem
pancreatic sections of islets with no evidence of T-cell infiltrate but
the presence of VP1, this might be explained by viral manipula-
tion of innate responses. Recruitment of these CD56™#", CD117+
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cells of a regulatory phenotype with lytic capacity would prevent
CD8" CTLs from tissue destruction through direct lysis of the
infiltrating cells. This is further supported by the observation
of islets containing CD8* CTL infiltrates with no VP1 and no
NK cells. A defect in NK number and activity, particularly in
this CD56"", CD117* population would also adversely affect
antigen presentation as immature DCs would not be targeted as
effectively. This could lead to improper or excessive presentation,
a hallmark of T1D, and amplified CD8* CTL responses.

In our preliminary data (Figures 3A,B), we observed a drop
in bulk NKs in long-standing and at-risk T1D subjects relative
to controls and in the effector population responsible for viral
clearance. This could have a twofold consequence. The decreased
number of NK effector cells would lead to persistent viral infec-
tions and improper innate response. Over time, we hypothesize
that the adaptive response is still activated through constant
cycling of viral activation and latency. Adaptive CD8* CTLs are
activated and respond to the sites of persistent infection. Given
the drop in bulk NKs, we theorize there is also a shortage of
the CD56"" regulatory cells that function to keep balance in
this adaptive response. This likely leads to the infiltration and
destruction of beta cells. The temporal progression to T1D onset
is highly variable likely due to age of exposure to or reactivation of
viruses, innate immune status at time of infection/reactivations,
and exposure to environmental factors, in this case our proposed,
folic acid. The folate pathway is instrumental in the production of
molecules that fuel the activation and suppression of the immune
response. Potential dysfunction in several segments of folic acid
metabolism, detailed in the next paragraphs, could have direct
impact on proper immune function and lead to T1D and T2D,
if uncorrected.

Dysfunction in DHFR (Figures 1A,B) could result in dysfunc-
tion in the purinosome enzymes, resulting in increased intracel-
lular adenosine and in turn an immunosupressive effect similar
to that imparted by Methotrexate. Furthermore, this would cause
a decreased level of THE, the substrate for both sides of the folate
cycle, through the formation of 5,10 methyltetrahydrofolate
(5,10-CH2 = THF); this would also result in defects in the homo-
cysteine to methionine reaction and the associated enzymes. In
critical support of this contention, metabolomic studies showed
that plasma methionine was significantly lower in children at-
risk for T1D compared to age-matched controls (84). A potential
defect in the folate pathway is one explanation for this. In similar
metabolomic studies examining differences between diabetic and
non-diabetic NOD mice, pathway analysis indicated a deficiency
of methionine in diseased animals, coupled with significant dif-
ferences in several NK cell pathways, apoptosis pathways, purine
and pyrimidine pathways and the DNA replication pathway, all
important components of the folate pathway. This lack of THF
would likely lead to increase in Betaine S-homocysteine methyl-
transferase (BHMT) activity, a redundant enzyme in the homo-
cysteine to methionine reaction and a concomitant decrease in
methionine synthase (MTR, MTRR) activity (Figure 1B, red box).
A study that examined hypomethylation in diabetic rats relative
to age/sex-matched controls reported significantly higher levels
of BHMT activity and significantly lower methionine synthase
activity, further suggesting folate pathway defects in diabetes (85).

When DHER activity is suboptimal, it is possible that THE,
normally utilized by the two major components (Figures 1A,B)
of the folate pathway, is not produced properly. This would result
in aberrant increased purinosome activity (PPAT, GART, and
ATIC) and dysfunction in ADA, as in immunosuppression with
Methotrexate, as shown in a 2006 paper (86). Increased activity
within this complex has several effects, including dyslipidemia,
internalization of the insulin receptor, and suppression of ADA
(6). In normal metabolism, these are necessary biofeedback
sensors. In a dysfunctional state, this results in an accumulation
of intracellular ATP and adenosine, both adverse to proper cell
function. Intriguingly, insulin receptor internalization is an
established characteristic of both Type 1 and Type 2 diabetes.
An excess of adenosine and a significantly lower level of ADA in
lymphocytes, present with Methotrexate use, is a potent immune-
suppressor of NK cell cytotoxicity and all immune cell function.

The production of inosine is stopped through the suppression
of ADA, which also decreases NK cytotoxicity and proliferation.
Intracellular ATP also increases. Studies have shown that high
levels of intracellular ATP are a biofeedback signal driving apop-
totic pathways (87, 88). This, would in turn, result in elevated
serum extracellular ATP (eATP) released from cells undergoing
apoptosis and through signaling pathways. eATP, at sufficiently
high concentrations is a well-established signaling molecule that
drives cascades of inflammation through cellular P2 receptors
and is indicated in both acute and chronic/autoimmune inflam-
matory pathologies (89). Preliminary data from our own group
show a significant increase in eATP at the onset of diabetes in
NOD females relative to earlier time points in disease progression
and to non-progressing NOD females. Increased intracellular
ATP in NK cells leading to increased eATP could be one pos-
sible explanation for the observed deficit in NK number in T1D
subjects relative to age- and sex-matched controls.

The upsurge in diabetes prevalence seen in Figure 2 includes
patients diagnosed with Type 2 DM. Although associative, this
increase could also be related to consumption of folic acid, given
the multiple cellular functions mediated by the folate cycle. This
is supported by a recent paper that demonstrated that excess B
vitamin intake, the family containing folate (B9), was correlated
with increased obesity and diabetes in the studied populations,
although not attributed to any particular B vitamin (6). As folic
acid is critical in development and its deficiency is correlated with
increased incidence of neural tube defects during fetal develop-
ment, it is one of the primary micronutrients in baby formula and
prenatal vitamins. Folic acid and its derivatives are co-factors for
the majority of cellular single-carbon reactions, including DNA
methylation. Disruption of the folate cycle could, therefore, result
in epigenetic changes from conception, onward.

Our preliminary data suggest that folic acid negatively affects
glucose metabolism and confers a phenotype of insulin resistance
both in vitro, in muscle cell lines and in animals supplemented
with increased doses of folic acid. L6 rat myoblasts were cultured
and differentiated into an insulin-responsive myotubular phe-
notype for 7 days (with and without increasing concentrations
of folic acid) and utilized for insulin-mediated glucose uptake
assays. The results are shown in Figure 4. With the exception
of cells exposed to 25 and 50 pm folic acid, the cells displayed
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FIGURE 4 | Insulin-stimulated glucose uptake of L6 myotubular cells
exposed to sequential dosing of folic acid (n = 4). Insulin-stimulated glucose
uptake was significantly different from basal uptake in all doses of folic acid
(lowest dose 2.2 uM present in media) except 25 and 50 uM. Differential
uptake decreased in a dose-dependent fashion.

significant differences (P < 0.05) between basal and stimulated
glucose uptake. Significance decreased in a dose-dependent
fashion at concentrations greater than 7.5 um FA (multiple paired
t-test, n = 4 per group). This suggests that prolonged exposure
of these muscle cells to elevated levels (>4x basal) of folic acid
results in metabolic dysfunction indicative of an insulin resistant
phenotype.

Female C57BL/6 mice (n = 10 per group) were randomly
assigned to two groups, control or HFA. HFA was solubilized
in drinking water with dosing based on the average daily water
consumption described in the literature (90). The RDA for mouse
intake of folic acid per the American Institute of Nutrition is 2 mg/
kg. The average water intake in C57BL/6 is 6.67 mL. The HFA
group received 20X the standard dose, or 40 mg/kg, per other
published studies (91). The supplementation with HFA began at
5-6 weeks of age and studies were performed at 20 weeks of age.
Over the first 20 min after administration of insulin (3 U/kg body
weight), the control group had a significantly faster decrease,
shown in Figure 5, in plasma glucose levels relative to the group
receiving the HFA treatment (5.23 + 1.72 versus 3.51 + 0.69 mg/
dL/min; P = 0.0125, two-tailed non-parametric Mann-Whitney
test). These data suggest an insulin-resistant phenotype related
to high folic acid (HFA) intake.

The cause of NK cell dysfunction and its increased prevalence
among the population not only of the United States but also
worldwide remains undiscovered. All of the findings detailed
above suggest an environmental factor that still eludes research-
ers despite many suggestions over the years ranging from heavy
metals to chemical toxins and including viruses, more recently.
These are likely secondary to a primary causal agent that
adversely affects cellular metabolic pathways, protein synthesis,
proliferation, and immune function. It is our hypothesis that
many of these pathologies can be tied to the synthetic form of
vitamin B9, folic acid, as all of the critical cellular functions listed
above are directly modulated by the cellular folate pathway.

The folate cycle is critical in the maintenance of numerous
cellular pathways and is an important site of cellular one-carbon
metabolism/methylation. Given the importance of methylation
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FIGURE 5 | Decrease in blood glucose (mg/dL/min) in C57BL/6 mice after IP
injection of insulin. Ten mice were supplemented with high-dose folic acid in
their drinking water for 12 weeks prior to the insulin tolerance test. Blood
glucose decrease was significantly slower in the group fed high-dose folic

acid (P = 0.0125, non-parametric Mann-Whitney test).

in phenotypic expression through mechanisms of epigenetic
modification, the folate cycle may have a role in the etiology of
multiple pathologies. As it broadly affects all cells in the body,
it can adversely impact multiple systems by slowing cellular
metabolism reactions, accumulating unwanted reaction byprod-
ucts and disrupting homeostasis. As our hypothesis suggests, this
could result in immune dysfunction leading to viral reactivation,
improper antigen presentation and cytokine production, and
unmodulated/unbalanced adaptive-heavy, CD8* CTL and B-cell
autoimmune responses in subjects with genetic predisposition.
Therefore, folic acid could have a role in the development of T1D,
along with many other autoimmune pathologies. The defects in
insulin-mediated glucose metabolism that we have observed in
our preliminary data suggest that folic acid could be a contributor
to the recent upsurge of dyslipidemia, insulin resistance, obesity,
and T2D. It is clear that there is strong need for further research
into the folate cycle, its metabolites and the role these cellular
pathways may have in the maintenance of immune function,
metabolism, and general health status. Importantly, research into
the innate system, critical in viral immune response, should be an
area of greater focus as the evidence for a viral etiology is growing.
The innate system evolutionarily precedes and is the upstream
initiator of most adaptive responses including those that result in
beta cell destruction in T1D. Improper innate function is likely
the cause of downstream adaptive abnormalities that are the
subject of the majority of immunological research in T1D.

If folic acid is indeed an environmental contributor to autoim-
mune and metabolic pathologies, as increasingly suggested, fur-
ther research could tie this important cellular pathway to multiple
disease etiologies and to conditions resulting from chronic innate
immune deficiency such as cancer. It is encouraging to think that
asimple dietary change may positively affect some of these condi-
tions but the caveat is that anything that simply restores the innate
effector function may result in strong NK-driven responses to
viruses that lead to cytokine storm and further autoimmunity,
if viruses are indeed a causal agent (81). This could be one pos-
sible explanation for the autoimmunity observed with cancer
immunotherapies as enhanced responses to cancer could awaken
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innate responses once the immunosuppressive strategies of
tumors are removed with cell destruction (92). Ideally, therapies
to treat autoimmune conditions, particularly T1D, should not
be immunosuppressive as this could lead to viral spread and the
development of long-term pathologies, such as cancer. Rather,
increased research into anti-viral strategies and gradual restora-
tion of the innate balance to prevent catastrophic inflammatory
responses (cytokine storm) might have better long-term outcome
than current clinical trials.
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The Four-Way Stop Sign: Viruses,
12-Lipoxygenase, Islets, and
Natural Killer Cells in Type 1
Diabetes Progression

Michele L. Semeraro, Lindsey M. Glenn and Margaret A. Morris*

Department of Internal Medicine, Strelitz Diabetes Center, Eastern Virginia Medical School, Norfolk, VA, United States

Natural killer (NK) cells represent an important effector arm against viral infection, and
mounting evidence suggests that viral infection plays a role in the development of type 1
diabetes (T1D) in at least a portion of patients. NK cells recognize their target cells through
a delicate balance of inhibitory and stimulatory receptors on their surface. If unbalanced,
NK cells have great potential to wreak havoc in the pancreas due to the beta cell expression
of the as-yet-defined NKp46 ligand through interactions with the activating NKp46 receptor
found on the surface of most NK cells. Blocking interactions between NKp46 and its ligand
protects mice from STZ-induced diabetes, but differential expression non-diabetic and dia-
betic donor samples have not been tested. Additional studies have shown that peripheral
blood NK cells from human T1D patients have altered phenotypes that reduce the Iytic
and functional ability of the NK cells. Investigations of humanT1D pancreas tissues have
indicated that the presence of NK cells may be beneficial despite their infrequent detection.
In non-obese diabetic (NOD) mice, we have noted that NK cells express high levels of
the proinflammatory mediator 12/15-lipoxygenase (12/15-LO), and decreased levels of
stimulatory receptors. Conversely, NK cells of 12/15-LO deficient NOD mice, which are
protected from diabetes development, express significantly higher levels of stimulatory
receptors. Furthermore, the human NK92 cell line expresses the ALOX12 protein [human
12-lipoxygenase (12-LO), related to mouse 12/15-L0O] via Western blotting. Human 12-LO
is upregulated in the pancreas of both T1D and T2D human donors with insulin-containing
islets, showing a link between 12-LO expression and diabetes progression. Therefore, our
hypothesis is that NK cells in those susceptible to developing T1D are unable to function
properly during viral infections of pancreatic beta cells due to increased 12-LO expression
and activation, which contributes to increased interferon-gamma production and an imbal-
ance in activating and inhibitory NK cell receptors, and may contribute to downstream
autoimmune T cell responses. The work presented here outlines evidence from our lab, as
well as published literature, supporting our hypothesis, including novel data.

Keywords: coxsackievirus infections, islets, natural killer cells, 12-lipoxygenase, type 1 diabetes

INTRODUCTION

Autoimmune destruction of the pancreatic beta cells leads to the development of Type 1 diabetes
(T1D). The number of T1D cases is on the rise, with the relative risk for developing the disease
ranging from 0.1% [no family history, protective human leukocyte antigen (HLA)] to up to 70%
(monozygotic twin with susceptible HLA), and is dependent largely upon genetic susceptibility
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(1). Importantly, the strongest genetic link to the development
of TID is the expression of certain HLA haplotypes. Class II
HLA genes, especially DR3, DR4, and DQ8, are the strongest
links; however, HLA Class I molecules also play a role in dia-
betes development (2, 3). Expression of both Class I and Class
IT molecules is the largest contributing factor in determining
the immune response to a given pathogen, as peptides are
processed and presented to T and natural killer (NK) cells via
the proteins of the major histocompatibility complex (MHC)
locus (4). Therefore, these molecules play a key role in directing
immune responses, be they beneficial or detrimental. However,
the genetic contributions to T1D development are unable to
fully account for the increased rates, supporting the idea that
environmental factors play a role in the development of T1D.
Furthermore, susceptible siblings of T1D patients who are
closely monitored frequently show signs of autoimmunity in the
form of autoantibodies prior to metabolic dysfunction. Many
believe, based on this evidence, that development of full-blown
diabetes requires multiple insults to the system in order to
manifest itself.

Patients with T1D currently depend upon treatment options
that are limited to methods that replace the deficit in insulin pro-
duction, either via injection or transplantation [reviewed in Ref.
(5), in press]. While technological advances have helped improve
these methods, they still do not provide a cure for the disease.
Therefore, determining the mechanisms leading to immune dam-
age of pancreatic beta () cells, and treatments to maintain f cell
mass, are of the utmost importance.

Recently, perceptions of T1D development have evolved,
with a greater attention being paid to islet inflammation as an
important event propagating autoimmunity and further loss of
B cell mass (6-8). Debates persist as to whether islets are inde-
pendently inflamed prior to the autoimmune response or the
autoimmune response brings about the islet inflammation. One
of these recent studies described the incorrect processing of the
insulin protein that led to the generation of abnormal peptides
recognized by circulating CD8* T cells in T1D patients (8). This
line of evidence certainly points to p cell defects contributing
to diabetes pathogenesis; however, this study does not address
what might cause p cells to produce this incorrectly processed
protein. One study in non-obese diabetic (NOD) mice has sug-
gested that incorrect protein processing in these mice causes an
increase in endoplasmic reticulum (ER) stress, and results in the
development of autoimmunity (9). Given the lack of complete
concordance among monozygotic twins, many believe external
environmental factors, such as viruses, strongly influence the
development of islet inflammation leading to T1D. Trying to
understand all of these data in concert brings researchers in the
field to ponder the chicken and egg scenario. Are either islets or
immune cells in susceptible individuals causing the initial insults
that spark diabetes development, or does an environmental factor
trigger the disease? Do we see signs of virus infections in patients
with T1D because the infection is what precipitates diabetes
development, or are patients with diabetes more susceptible to
developing virus infections because of defects in their bodies’
defense systems? With the data that are currently available, the
order of events in the precipitation of T1D is unclear.

A NEW HYPOTHESIS

As we gather more evidence, it is becoming clear that we
must look at the integrated physiology to fully understand the
mechanism(s) of T1D development. Here, we outline an idea
that incorporates early antiviral immune effectors, NK cells,
with proinflammatory processes involving 12-lipoxygenase (12-
LO) occurring in the pancreatic beta cells. We hypothesize that
the activation of NK cell 12/15-LO (Alox15, in mice) or 12-LO
(ALOX12, in humans) through environmental triggers, such as
Coxsackievirus infection, contributes to T1D initiation by affect-
ing the normal innate immune interplay between NK cells and
islets, which primes downstream autoimmune responses leading
to islet destruction. This may occur, in part, due to the effects
of inflammation (including 12-LO) on the balance of NK cell
receptor expression (10). Below, we will describe the evidence
supporting this hypothesis, beginning with one of the suspected
environmental triggers, enteroviruses.

DIRECT EVIDENCE FOR VIRUS
INFECTIONS IN T1D

Over the past fifty years, there has been accumulating evidence
linking viruses, and the patients’ responses to these viruses, to
the initiation of T1D. This idea that viruses contribute to the
initiation and development of T1D was first introduced in the
1960s (11, 12). This is, of course, difficult to fully pinpoint, as
the infection may occur long before disease onset, and scientists
with access to human pancreas tissues are granted only a snap-
shot of the patient’s final day as their window into the disease
process. Additionally, as mentioned previously, it is unclear
whether or not patients susceptible to developing T1D are also
more susceptible to developing virus-mediated infections in the
pancreatic islets, which might increase the viral signature in
the islets of patients with T1D. Therefore, this might not be a
causal relationship, but merely coincidental. Since we cannot
directly test whether viruses initiate T1D in humans, research-
ers have used animal models to test this theory. NOD mouse
models have been used to show that Coxsackievirus Bl and B4
(CVBL1, CVB4) infection speeds diabetes pathogenesis (13), and
is dependent upon host sensors of virus (14-16). Others have
shown that these effects are highly age dependent, as infection
at before 10 weeks of age can prevent diabetes development (17,
18). Additionally, studies of immunodeficient mice engrafted
with human islets have shown that human islets can become
infected with CVB4, which causes direct damage to the f
cells, and results in diabetes. Gene expression profiles of these
infected islets indicated significant increases in genes related to
the Type 1 interferon (T1-IFN) pathway, as well as genes related
to ER stress (19). While these data support the idea of viruses
contributing to diabetes development, they do not answer the
question about which occurs first: islet dysfunction or immune
activation.

To address the role of virus infections in human T1D, groups
such as Persistent Virus Infection in Diabetes Network and the
Network for Pancreatic Organ Donors with Diabetes—Viral
Working Group (nPOD-V) have approached the question with
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great coordination across multiple platforms (20) assessing the
same donor samples (PCR, immunohistochemistry, proteomics,
and ISH). These team science efforts have yielded results estimat-
ing that Coxsackievirus infections might contribute to diabetes
development in over 50% of cases (21, 22). While certainly not
causal, pancreas tissues, and specifically f cells, from T1D donors
have been found to express viral VP1 proteins more frequently
than non-diabetic (ND) donors (23, 24). These studies continue
to progress, generating a wealth of information from human
donor samples.

Mechanistically, enteroviruses can infect via a fecal/oral
route, thereby implicating intestinal involvement during the
infection process. Mounting evidence has shown a role for
the gut microbiome as a contributing factor in autoimmune
diabetes development. Viruses and microbiota are known
to interact with one another, and shape the response of both
parties, which may influence the development of T1D (25).
Recent human studies of closely matched control and T1D
experimental groups demonstrate both increased inflammation
in the duodenum of T1D patients (26), and direct detection
of enteroviruses (27). In the first study, donors were tested
for markers of inflammation using histological techniques
and PCR array, indicating significant inflammatory processes
in T1D donors, including increased macrophage numbers in
the duodenum of T1D (26). In the second study, T1D donors
were much more likely to have markers of enterovirus infection
than control donors independent of HLA haplotypes, as tested
by in situ hybridization and histological techniques (27). This
work could not conclude whether T1D patients were more
susceptible to the virus infections, or the infections are per-
sistent. Coxsackievirus infection of p cells with strains B1 (28)
and B4 (13) may occur via p cell expression of the Coxsackie
Adenovirus Receptor (29, 30) following viral migration from
the duodenum to the pancreas through the common bile duct
or affiliated vessels (27). Pursuant to the role of islet inflamma-
tion following environmental insult, in vitro studies indicate
that infection could lead to ER stress in f cells, contributing
to islet dysfunction that activates the autoimmune response
(9, 31). Alternatively, the infection could also directly activate
immune responses that become uncontrolled due to inherent
immune defects. Until imaging of live T1D patients affords the
ability to detect virus infection in real-time, other experimental
avenues must be explored, including the use of cultured islets
and mouse models.

INDIRECT EVIDENCE FOR VIRUS
INFECTIONS IN T1D

While viruses themselves may be difficult to detect in our snapshot
views of human T1D, there is ample “circumstantial” evidence
that exists in the form of immune cells and mediators. Both
mouse models and organ donors with T1D have provided clear
evidence that islet inflammation is a key hallmark of this disease.
Immune cells infiltrate the islets, albeit at different intensities, in
both species. Many patients show signs of adaptive immunity
against the pancreatic islets in the form of autoantibodies and
islet-specific T cell clones.

Beyond cellular responses, cytokines and chemokines also
contribute to islet demise and can stem from both innate and
adaptive responses. T1-IFNs have recently gained more respect
as effectors in the development of T1D (see the review by Newby
and Mathews in this issue). Indeed, virus infections are strong
stimulators of T1-IFN production, which leads to a subsequent
upregulation of MHC Class I expression, another hallmark of
T1D (32).

Downstream of this response, numerous proinflammatory
cytokines and chemokines have been detected in patients with
diabetes (33, 34). One of these, IFN-gamma (IFN-vy), has been
shown to play an important, albeit controversial, role in T1D
pathogenesis (7, 35). While absence of the cytokine itself leads
to delayed disease development (36), absence of the receptor
protects against the development of insulitis (37). IFN-y has
many points at which it can act in the development of T1D,
from altering MHC/HLA expression on involved cells to altering
endothelial cell function and signaling to immune cells to activate
cytotoxic effectors (37). Diminished IFN-y responses can prevent
the recruitment of insulitic T cells, as well as their ability to
respond to antigens, which might prevent diabetes progression.
However, increased IFN-y production by CD4* T cells can actu-
ally contribute to the resolution of CD8" T cell responses (35).
While it is appreciated that CD4* T cells contribute to the IFN-y
production during T1D pathogenesis, this does not exclude the
idea that NK cells may be the first producers of IFN-y present in
the islets. Interestingly, IFN-y is also frequently detected follow-
ing virus infections, and is used by the immune system to combat
viral replication. Given these data, it is unclear whether IFN-y is
serving in a proinflammatory capacity or an unsuccessful attempt
at tolerance induction during the development of T1D (35).

NK CELLS AND THEIR ROLE IN T1D

Natural killer cells are large granular lymphocytes that are
considered part of the innate immune system. While they do not
react as quickly as neutrophils and macrophages against invading
pathogens, they mount a response more quickly than do T cells
from the adaptive arm of the immune system. NK cells are known
as key players in fighting off both tumor cells and virus-infected
cells. Despite their small number (only 5-10% of leukocytes in the
spleen and 1-6% in peripheral blood) (38), NK cells are powerful
cytolytic effectors. Upon stimulation by a variety of cytokines,
including T1-IFNsand IL-12 (39), NK cells utilize several different
mechanisms to lyse their targets: the combination of perforin and
granzymes, signaling through death receptors (i.e., Fas/FasL), and
antibody-dependent cellular cytotoxicity leading to either apop-
tosis or necrosis (40). NK cells can also produce potent cytokines,
such as IFN-y and TNF-a (41). IFN-y production by NK cells
might also serve an antigen presenting capacity (42-44), which,
along with their potent cytokine production abilities, would give
them the power to stimulate immune responses downstream of
their own activation.

In order to recognize their targets, NK cells have developed an
intricate system of check and balances. As NK cells are expected
to determine aberrant “self” cells (tumors and virus-infected
cells), they must be able to distinguish which cells are healthy, and
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which are not. NK cells respond to virus infections in both mouse
and man (4) through signaling mechanisms involving a delicate
balance of inhibitory and stimulatory receptors expressed by
NK cells. Normal expression of MHC Class I molecules (HLA in
humans) send “self” signals to NK cells, inhibiting lytic responses
(45). Virusinfection can lead to the downregulation of MHC Class
I molecules on the surface of infected cells. While this prevents
CD8* T cells from responding to viral peptides, it also diminishes
the inhibitory signal transmitted to NK cells [reviewed in Ref.
(46)]. Subsequently, stimulatory signals to the NK cell are able
to override inhibitory signals, leading to lysis of affected cells. In
some instances, including during infection of pancreatic islets,
viruses push the cellular machinery into overdrive and promote
Type 1 IFN production (47), causing hyperexpression of the
MHC Class I molecules (32). To circumvent this tactic, NK cells
utilize receptors that recognize the upregulation of ligands for
the natural cytotoxicity receptors, like NKp46, on the surface of
infected cells (48, 49). Thus, NK cells can become “licensed to
kill” through several mechanisms that allow them to detect altera-
tions in MHC Class I molecules, as well as increased expression of
stimulatory ligands, making them versatile effectors during virus
infections (50).

Typically, T1D is thought to be dominated by autoimmune
T cell responses; however, growing evidence suggests that NK cells
are also involved (51). NK cells take up residence throughout the
body (52), providing immune surveillance and protection against
viruses wherever they enter the body. NK cells are plentiful in the
intestines as compared to other organs (53), comprising 20-40%
of Intestinal Epithelial Lymphocytes in healthy children (54), as
compared to about 10% of the blood and spleen. This provides
NK cells ample opportunity to respond to Coxsackievirus infec-
tions, as well as others (Salmonella, Toxoplasma gondii, other
parasites, viruses, and bacteria) (55), transmitted via the fecal/
oral route. Paired with the evidence of increased inflammation in
duodenum of T1D patients, these data support our hypothesis.
Furthermore, NK cells have been detected in the pancreas of
both diabetic mice and humans. In mice, the cells appear shortly
after macrophages (56). In human pancreatic samples, although
NK cells are not frequently detected (57), they have been found
in insulitic lesions, and show indications of having a protective
effect (58). When one considers the frequency of NK cells in
lymphocyte-rich organs (5-10% of leukocytes in the spleen), and
also accounts for the number of cells required to define insulitis
in humans [six or more CD3" cells in at least three islets (59)],
then perhaps it is not surprising that NK cells are rarely detected
in donor samples. Alternatively, it is possible that NK cells may
prime the pancreatic environment for the entry of diabetogenic
T cells, and subsequently depart. As we only have access to one
time point for each human donor, we cannot currently distinguish
these hypotheses. However, the use of mouse models made aid in
this differentiation.

Natural killer cells themselves have recently been directly
implicated in the development of T1D through additional expres-
sion quantitative trait loci analysis following genome-wide asso-
ciation studies, which further suggests that NK cells play a key
role in T1D pathogenesis (60). Interestingly, this study indicates
that NK cells may impact T1D development more than CD8*

T cells. The carefully designed and executed study is limited to
only 105 Japanese subjects, which might not apply to other ethnic
backgrounds. However, it is comprehensive, and provides a solid
approach for other ethnic backgrounds to be tested. Another data
set investigating NK cell phenotypes from patients with T1D
showed that NK cells from these patients express significantly
reduced levels of activating receptors on their surface as compared
to healthy controls (10).

It is unlikely that NK cells act independently in T1D develop-
ment. Macrophages recognize environmental signals, and have
been shown to enter pancreatic islets at 3-4 weeks of age in NOD
mice (61, 62). Macrophage production of IL-12 and IL-18 can
strongly activate NK cells, which are found in the pancreas of
diabetes-prone NOD mice as early as 4 weeks of age (56, 63), to
produce high levels of IFN-y (64). Indeed, serum levels of both
IL-12 and IL-18 are higher patients with T1D (65, 66), and IL-18
has been shown to participate in T1D pathogenesis of NOD mice
(67). Despite a defect in IL-15 signaling in NOD mice (68), which
affects NK cell development and function, others have shown in
IL-15-deficient mice that increased IL-12 signaling may allow
NK cells to overcome this deficit when faced with pathogenic
stimuli (69, 70). The early appearance of NK cells in the pancreas
may enable them to activate diabetogenic T cell responses.

Perhaps most importantly, NK cells can directly interact
with pancreatic islets through expression of ligands for the NK
activating receptors NKG2D and NKp46. Both of these receptors
have been implicated in NK-mediated self-aggression in human
NK cells that can be triggered by signaling through NKG2D
and NKp46 (71). The NKG2D ligand, RAE-1 (72), is one of
these ligands. Some speculate that NKG2D ligands cause down-
modulation of the receptors, thereby making the NK cells less
active (73); however, others have failed to validate this hypothesis
(74). They instead showed that differential expression of NKG2D
ligands did not hinder NK cytotoxicity through methodical
assessment of receptor and ligand levels using genetic tools to
dictate the alteration of expression.

Pancreatic islets also broadly express ligands for the NKp46
natural cytotoxicity receptor. NKp46 is a Type I transmembrane
protein with two extracellular Ig-like domains followed by a short
stalk region, a transmembrane domain containing a positively
charged amino acid residue, and a short cytoplasmic tail (75, 76).
However, the cellular ligands for NKp46 have not been identified
or characterized. The only NKp46 ligands identified so far are
the hemagglutinin of influenza virus and the hemagglutinin-
neuraminidase of parainfluenza virus (48), suggesting a role for
sugars in NKp46 ligand recognition. Studies of NKp46 ligands
have utilized the NKp46 Fc chimeric protein in flow cytometry
and histological techniques to examine expression over time in
the islets of mice and humans (63). Functional studies from the
same group showed that blockade of NKp46 receptor/ligand
interactions protects against streptozotocin-induced diabetes
(63). Although these studies have assessed expression over time,
differential expression of the NKp46 ligands in human ND con-
trols versus T1D donor samples has not been tested.

We recently studied ND, autoantibody positive (AAb+),
and T1D donor samples from nPOD in order to determine
whether there were expression differences in NKp46 ligands
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using the NKp46 Fc chimeric protein. Figure 1A highlights
representative images from donors with different health statuses.
Islet images from two ND, three AAb+, and three T1D donors
were analyzed by NIH Image ] to quantify the density of NKp46
Fc staining (red) within the islet area as determined by glucagon
staining (Figure 1B). Islets from T1D donors frequently retain
alpha cell mass longer than insulin-positive beta cell mass
(77, 78). Therefore, we used glucagon staining to more accurately
determine the islet area for each donor in order to calculate the
intensity of NKp46 Fc staining in islets. Interestingly, NKp46 Fc
levels were significantly higher in the AAb+ donors as compared
to ND donors. Although the difference was not statistically sig-
nificant when comparing T1D and AAb+ donors, there was a

trend toward higher expression in the AAb+ donors. These data
suggest that NKp46 ligands are upregulated during the develop-
ment of T1D, and diminish as the islet health and mass decrease
over the course of the disease. While this may be the result of
ongoing immune responses in these tissues, insulitis has only
been detected in one each of the AAb+ and T1D donors. General
characteristics of donors tested are listed in Table 1.
Mechanisms of NK cell action in diabetes are not well
understood, and phenotypic differences in NK cells residing in
different tissues may confound the results reported to date (40).
Increased expression of stimulatory receptors on NK cells has
been reported in both diabetic mice (79) and humans (80), while
others maintain that a lack of NK cell activation contributes to

A Glucagon

ND
6073
AAb+
6181
T1D
6077
B 35
©
g 30
L w 25
© 3 20
2515
Z 210
o
g 5
0

NKp46 Fc

Merge

ND

FIGURE 1 | Human islets express NKp46 ligands. (A) Representative images comparing donor pancreas tissues from Network for Pancreatic Organ Donors with
Diabetes (nPOD) biorepository samples. Sections were stained with antibodies against glucagon (green) and the NKp46 Fc chimeric receptor (red). (B) Quantification
of NKp46 Fc staining per islet area. Density of NKp46 Fc staining was determined for each islet area. Islets for each donor were assessed, and donors of the same
group were averaged. N = 2 for non-diabetic (ND); N = 3 for both autoantibody positive (AAb+) and T1D. “p < 0.05 by one-way ANOVA.
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TABLE 1 | Donor profiles for NKp46 ligand staining.

nPOD Donor Age AAb+ Diabetes Insulitis
case # type duration (years)

6048 ND 30 — — N
6073 ND 19.2 — — N
6151 AAb+ 30 GADA - N
6181 AAb+ 31.9 GADA - N
6197 AAb+ 22 GADA, I1A2A — Y
6077 T1D 32.9 mIAA 18 N
6083 T1D 156.2 mIAA 11 N
6088 T1D 31.2 mIAA, GADA, 5 Y

IA2A, ZnT8

diabetes development (10, 68, 73, 81). This could be due in part to
the type of analysis, as genomic studies do not always translate to
protein expression. Several groups have studied NK cells in NOD
mice. Both found that murine pancreatic NK cells exhibit a differ-
ent phenotype from those found in the spleen and lymph nodes
and have increased proliferative capacity (56, 82); however, there
is not a consensus on levels of IFN-y production, as one indicates
lower levels ex vivo, but normal levels in vivo (82). Depletion of
NKI1.1* cells in NOD.NK1.1 congenic mice did not significantly
affect disease onset, but the depletion protocol also removed
NK/T cells (82). These tissue-specific phenotypic differences
may also alter the detectability of the NK cells residing within
the human pancreas using standard methodologies, but this has
not yet been studied in humans. NOD mice have been shown to
have a defect in IL-15 production, which contributes to NK cell
dysfunction (68). IL-15 is required for NK cell maturation, and
although NOD mice are not completely IL-15 deficient, they do
show impaired NK cell development. Taken in concert with other
systemic alterations in the NOD strain, the impact of this IL-15
defect has not been fully explored. As mentioned previously,
NK cells functionally adjust to the absence of IL-15 by respond-
ing to IL-12 and IL-18 in order to produce IFN-y (83), and by
responding to pathogenic stimuli in the presence of IL-12 (69).

THE PROINFLAMMATORY MEDIATOR,
12-LO, IN T1D

12-Lipoxygenase [(12-LO) gene name ALOXI2S in humans;
12/15-lipoxygenase  (12/15-LO), gene name Aloxl5 in
mice] converts arachidonic acid to the proinflammatory
12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE) through a
12-S-hydroperoxy-eicosatetraenoic acid (12-HPETE) inter-
mediate (84, 85). IL-12 signaling downstream of 12(S)-HETE
production (86, 87) activates STAT4 [reviewed in Ref. (88)],
contributing to additional inflammation. IL-12 signaling through
STAT4 strongly activates NK cells and T cells and is also known
to be a strong contributor to autoimmune conditions in general
[reviewed in Refs. (89, 90)]. In addition to T1D, 12/15-LO has
been implicated in many inflammatory processes, including
cancers (91, 92), asthma (93), and Type 2 diabetes (94).

Several lines of evidence indicate a critical role for 12/15-LO
in the pathogenesis of T1D. It has been shown that deletion of
STAT4 signaling molecules, which are downstream of 12/15-
LO activation, in NOD mice protects the NOD strain from
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FIGURE 2 | Natural killer (NK) cells express 12/15-lipoxygenase (12/15-LO).
(A) Murine non-obese diabetic (NOD) natural killer cells express Alox15.
mRNA levels of the Alox15 gene were tested in NK cells from NOD mice.
These levels were compared to thioglycollate-induced peritoneal
macrophages from 10-week-old NOD mice using the relative ratio of Alox15/
Actb. *p < 0.05 using a two-tailed Student’s t-test to compare NK vs.
macrophages in age-matched NOD mice, n = 6 mice per group. (B)
12-Lipoxygenase (12-LO) protein expression in human NK92 cells. The
human NK92 cell line was tested for protein expression of 12-LO by western
blotting. ALOX12S expression was most abundant in the cell line, which is
the most abundant form found in human islets. Lanes 1 and 4 are nuclear
proteins from the two pooled NK92 samples; lanes 2 and 5 are cytoplasmic
proteins from one NK92 sample; lanes 3 and 6 are cytoplasmic proteins from
different NK92 samples.
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FIGURE 3 | Pancreatic lymph node natural killer (NK) cell expression of

NK cell markers. Ly49 receptors determine which targets NK cells recognize
and respond to during interactions with potential targets. Several of the
expression patterns are altered in the absence of Alox15, with Alox15™" cells
expressing higher proportions of the activating Ly49 receptors [*p < 0.05
using a two-tailed Student’s t-test to compare receptor expression in
non-obese diabetic (NOD) vs. NOD-Alox15™" NK cells for each receptor or
receptor pair]. n = 4 mice/group.

developing T1D (95). Subsequently, we published that the NOD
mouse line congenic for the global Alox15 (NOD-Alox15™")
deletion is >98% protected from developing spontaneous

Frontiers in Endocrinology | www.frontiersin.org

September 2017 | Volume 8 | Article 246


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Semeraro et al.

Four-Way Stop Sign in T1D

T1D (61). This line boasts a narrow congenic region deline-
ated through extensive microsatellite mapping, and shows
significantly reduced disease incidence (~2%). To understand
the origin of the protection seen in these mice, wild-type NOD
mice were tested for their expression 12/15-LO in islets, mac-
rophages, and lymphocytes. Islets and macrophages expressed
the enzyme in appreciable amounts, while lymphocytes had
either low or undetectable amounts (96). Additionally, Alox15™"
mice have been shown to express decreased levels of IL-12 (96)
and IL-18 (97), which are cytokines that contribute to NK cell
IEN-y production (83). Since publication, this strain has been
shipped to additional vivaria and maintained this phenotype.
Subsequent studies of human islets have also indicated 12-LO

expression under inflamed conditions (98, 99), which feeds into
the detrimental cycle of inflammation.

Natural killer cell expression of 12/15-LO has not been
extensively studied, although historical data suggest that NK cells
expressed a member of the lipoxygenase family (100). Using
more modern information and methods, we discovered that
both mouse and the human NK92 cell line express 12/15-LO and
12-LO, respectively (Figure 2). Surprisingly, this expression of
12/15-LO in freshly isolated NOD mouse NK cells is significantly
higher (3.3-fold more) than that seen in thioglycollate-induced
NOD macrophages (61, 96). Since NK cells are closely related
to T cells, we expected that expression levels would be similar to
those seen in T cells, which is almost undetectable (96). While
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investigating the downstream effects of 12/15-LO expression in
our NOD-Alox15™" mice, we found that the pancreatic lymph
node NK cells of the NOD-Alox15™" mice had an increased
percentage of NK cells expressing activating markers (Figure 3),
which are similar phenotypically to peripheral blood NK cells
from ND human controls (10). Taken together, it appears that
activation of 12/15-LO, which leads to increased IL-12 levels (96),
increases the inflammatory nature of the NK cells, presumably
through the 12/15-LO pathway. We are currently testing whether
NK cells are better able to resolve infections without contributing
to the chronic inflammatory milieu in the absence of 12/15-LO.

Several additional lines of evidence suggest that NK cells are
strongly influenced by 12/15-LO activity and that they have the
capacity to play an important role in the development of diabe-
tes. As mentioned above, activation of 12/15-LO leads to IL-12
production [reviewed in Ref. (94)], which activates the STAT4
signaling cascade that is required for NK cells to respond func-
tionally (101-103), including production of IFN-y (104, 105). This
combination can exacerbate T1D, although IL-12 can also trigger
the activation of different cytokine pathways in the absence of
IEN-y (106). The involvement of IL-12 in T1D pathogenesis is
not without controversy. Deletion of the IL-12p40 subunit, which
can heterodimerize with either IL-12p35 to form IL-12 or the p19
subunit to form IL-23, did not protect against T1D development
(107). This may be due to the effect of inhibiting both IL-12 and
IL-23 generation simultaneously, although IL-23 had not been
discovered at the time these results were published. Subsequently,
the same group published work indicating that administration
of exogenous IL-12 exacerbated diabetes development (106).
Importantly, when key molecules in the 12/15-LO pathway (i.e.,
12/15-LO or STAT4), upstream of IL-12, are disrupted in NOD
mice, diabetes is prevented (61, 95).

A NEW MODEL OF T1D DEVELOPMENT

By bringing NK cell expression of 12/15-LO into the equation of
diabetes initiation following virus infection, one can envision a
model in which duodenal NK cells encounter some sort of patho-
gen- or virus-infected cells, such as Coxsackievirus-infected cells.
As the pathogen is transmitted through the bile duct or related
vasculature on the way to the pancreas, NK cells and macrophages
are alerted. Under normal conditions, NK cells and macrophages
quickly dispense of the virus, removing only the infected cells.
In a patient susceptible to developing diabetes, the interactions
are altered, perhaps due to activation of 12/15-LO either by the
virus directly or due to increased stress placed upon the beta cells
upon infection (19). This leads to abnormal interactions between
the innate immune cells with islets expressing NK cell ligands
and prevents the resolution of the infection. 12/15-LO activation
is known to feed into a vicious cycle of chronic inflammation,
which in this instance, may be perpetuated by macrophages and
NK cells (shown graphically in Figure 4). As mentioned earlier, in
individuals with susceptible HLA haplotypes, or in mice (in was
left out inadvertently) with susceptible MHC haplotypes, chronic
inflammation signals the diabetogenic T cells to join the fight.
This leads to significant islet destruction. Both HLA Class I and
II molecules strongly influence the T cell responses in humans,

as they dictate the ability of the T cells to recognize and react to
autoantigens during the T cell development process, as well as
in the periphery (108). This autoreactivity can be precipitated by
stress placed on the islets, perhaps due to inflammatory processes.
Such stress may lead to HLA Class II-mediated recognition of
hybrid insulin (109) or posttranslationally modified (110) pep-
tides by CD4* T cells, thereby breaking peripheral tolerance to
neoantigens and furthering the disease progression.

CONCLUSION

We have hypothesized that activation of NK cell 12/15-LO (or
12-LO, ALOX12, in humans) contributes to T1D initiation by
affecting the normal innate immune interplay between NK cells
and islets, which primes downstream autoimmune responses
leading to islet destruction.

Atbest, our current understanding of T1D initiation is murky.
It is appreciated that there is a role for cells of the mucosal-
associated lymphoid tissues, including NK cells, and it is quite
likely that infectious initiation of T1D would occur through
fecal-oral routes. However, T1D progression also requires the
presence of macrophages, which produce 12/15-LO. Following
the appearance of the macrophages in the pancreas of NOD
mice, NK cells, which also produce 12/15-LO, are found. This
process in humans has not yet been delineated, and, therefore, it
is unclear if NK cells are migrating from the gut to the pancreas
following an infection, or if they are recruited by other means.
Macrophages have both the ability to respond to virus infections
through TLR signaling, as well as activate NK cells through IL-12
and Type 1 IFN production. It is known that IL-12 production
in macrophages is increased following 12/15-LO activation and
that IL-12 signaling can feedback into the 12/15-LO signaling
cascade (84). NK cell 12/15-LO is then a target for activation
following IL-12 stimulation. IL-12, in concert with IL-18, is also
known to drive IFN-y production by NK cells (83). Both IL-12
and IL-18 are increased in mouse models of T1D (67, 96), as well
as in patients with T1D (65, 66), and both are increased in the
presence of 12/15-LO (96, 97). NK cell-derived IFN-y could aid
in expanding the effector T cell population (111). Conversely,
in the absence of 12/15-LO, normal IL-12 levels [as generated
through TLR signaling (112)] and Type 1 IFNs from activated
macrophages might play a stronger role in influencing pancreatic
NK cell function, leading to upregulation of activating receptors,
optimal cytotoxic activation, and clearance of viral pathogens
with minimal residual inflammation.

Moving forward, it is important to understand mechanisms by
which environmental factors might spark the activation of 12-LO
in NK cells, macrophages, and islets, leading to the development
of T1D. While some pieces of this puzzle remain to be placed,
there is striking evidence that our hypothesis and model is pos-
sible. Many of the remaining questions can be answered in part by
the use of novel global and conditional knock-outs of 12/15-LO
on the NOD background in experiments with Coxsackievirus
infections. By understanding the order in which these events
occur, we will be better able to design selective therapies that
might prevent the disease development and progression without
resorting to global immunosuppression.
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METHODS

Mice

Female NOD/ShiLt] (NOD) mice were ordered from Jackson
Laboratory (Bar Harbor, ME, USA); global NOD-Alox15""
mice (bred on-site at EVMS) were housed in SPF conditions and
treated in accordance with the AAALAC and JACUC guidelines
at the Eastern Virginia Medical Center. Mice were euthanized by
asphyxiation with CO,. Blood glucose levels were assessed follow-
ing euthanasia at 4 and 10 weeks of age. Spleens, lymph nodes,
and islets were removed.

Cell Isolations

Natural killer cells were isolated from spleen using cell isolation
kits from Stem Cell Technologies (Vancouver, BC, Canada) per
the manufacturer’s instructions. Purity of the isolated popula-
tions was assessed by flow cytometry (see below) after staining
with antibodies against cell surface markers including anti-CD3,
anti-CD19, anti-NKp46, and anti-CD11b. Cells were generally
85-90% pure.

Flow Cytometry

Cells isolated from the pancreatic draining lymph nodes of
NOD and NOD-Alox15™" mice at 10 weeks of age were stained
with antibodies against cell surface markers for T (CD3),
B (CD19), and NK cells (NKp46, Ly49A, Ly49G2, Ly49D,
Ly49H). Gates were determined by using fluorescence minus
one controls. All antibodies were purchased from Biolegend
(San Diego, CA, USA).

qRT-PCR

mRNA was isolated from indicated cells and tissues using the
RNeasy Kit from QIAgen (Germantown, MD, USA), and used
to generate cDNA for use in qQRT-PCR assays as described (96).
12/15-LO expression in mouse cells was assessed by a SYBR green
protocol, and compared to a newly available AloxI5 Tagman
probe (Thermofisher Scientific, Waltham, MA, USA). Expression
was tested in two independent experiments using five mice per
group for each experiment.

Western Blotting

Cell lysates from the NK92 human NK cell line was used as a
source of proteins to measure level human 12-LO levels using
the Odyssey LI-COR system (Lincoln, NE, USA) as previ-
ously described (61). Nuclear and cytosolic proteins were
fractionated and tested separately. Duplicate samples were
stained with antibodies recognizing tubulin, ALOX12S, and
ALOX15-1.
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Type 1 diabetes (T1D) is an autoimmune disease in which immune-mediated targeting and
destruction of insulin-producing pancreatic islet p cells leads to chronic hyperglycemia.
There are many p cell proteins that are targeted by autoreactive T cells in their native state.
However, recent studies have demonstrated that many p cell proteins are recognized
as neo-antigens following posttranslational modification (PTM). Although modified neo-
antigens are well-established targets of pathology in other autoimmune diseases, the
effects of neo-antigens in T1D progression and the mechanisms by which they are gen-
erated are not well understood. We have demonstrated that PTM occurs during endo-
plasmic reticulum (ER) stress, a process to which B cells are uniquely susceptible due to
the high rate of insulin production in response to dynamic glucose sensing. In the context
of genetic susceptibility to autoimmunity, presentation of these modified neo-antigens
may activate autoreactive T cells and cause pathology. However, inherent p cell ER stress
and protein PTM do not cause T1D in every genetically susceptible individual, suggesting
the contribution of additional factors. Indeed, many environmental factors, such as viral
infection, chemicals, or inflammatory cytokines, are associated with T1D onset, but the
mechanisms by which these factors lead to disease onset remain unknown. Since these
environmental factors also cause ER stress, exposure to these factors may enhance
production of neo-antigens, therefore boosting p cell recognition by autoreactive T cells
and exacerbating T1D pathogenesis. Therefore, the combined effects of physiological
ER stress and the stress that is induced by environmental factors may lead to breaks
in peripheral tolerance, contribute to antigen spread, and hasten disease onset. This
Hypothesis and Theory article summarizes what is currently known about ER stress and
protein PTM in autoimmune diseases including T1D and proposes a role for environmental
factors in breaking immune tolerance to p cell antigens through neo-antigen formation.

Keywords: type 1 diabetes, § cell, environmental factors, endoplasmic reticulum stress, posttranslation
modification, neo-antigen, autoimmunity

INTRODUCTION

Type 1 diabetes (T1D) is a chronic autoimmune disease in which insulin-producing pancreatic
islet f cells are targeted and destroyed by autoreactive immune cells. Autoimmune recognition of
p cell antigens leads to decreased P cell mass and to the subsequent decline of insulin-mediated
regulation of glucose levels in the blood. Eventually, too few f cells remain to meet the demand for
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insulin to maintain normal blood glucose levels. This insufficient
insulin secretion leads to chronic hyperglycemia and T1D.

Type 1 diabetes is strongly associated with a genetic predis-
position to autoimmunity that is conferred by single-nucleotide
polymorphisms (SNPs) and gene variants found at many genetic
loci. In particular, SNPs and variants in genes associated with
both the innate and adaptive branches of the immune system
cause failures of central and peripheral tolerance that eventu-
ally lead to autoimmune targeting of B cells. Of these loci,
polymorphisms in the major histocompatibility complex (MHC)
locus are most strongly associated with T1D onset (1-3). MHC
proteins are crucial to central tolerance, because the antigens
they present during T cell development in the thymus determine
which T cells survive selection. This process directly shapes the
mature adaptive immune repertoire. Strongly autoreactive T cells
should be deleted upon encountering self-antigen presented by
MHC during selection (4), but in individuals expressing MHC
polymorphisms associated with autoimmunity, autoreactive
T cells successfully mature and exit the thymus (5, 6). If peripheral
tolerance mechanisms also fail, these autoreactive T cells become
activated when they encounter P cell antigens in pancreatic
lymph nodes. This autoimmune response destroys pancreatic
B cells and ultimately causes T1D.

To better understand the processes by which the autoimmune
response leads to T1D, and to identify the P cell proteins that
are targeted by autoreactive T cells, researchers have studied the
non-obese diabetic (NOD) mouse. These mice develop a spon-
taneous autoimmune diabetes that is similar in many ways to the
human disease. These similarities include genetic susceptibility
at the MHC locus and other immune-related loci, intra-islet
infiltration of autoreactive immune cells as disease progresses,
and ultimate B cell destruction (7-9). The B cell autoantigens
identified using this murine model include preproinsulin (10),
glutamic acid decarboxylase 65 (GAD65) (11), islet-specific
glucose-6-phosphatase catalytic subunit-related protein (IGRP)
(12), chromogranin A (CHgA) (13), islet amyloid polypeptide
(14), zinc transporter 8 (15), and 78 kDa glucose-regulated
protein (GRP78) (16) (Table 1). Subsequent studies confirmed

Abbreviations: Aire, autoimmune regulator; APC, antigen-presenting cell; ATF6,
activating transcription factor 6; ATP, adenosine triphosphate; Ca®*, calcium;
CHgA, chromogranin A; DRiP, defective ribosomal product; EAE, experimental
autoimmune encephalomyelitis; ER, endoplasmic reticulum; GAD65, glutamic
acid decarboxylase 65; GFP, green fluorescent protein; GRP78, 78 kDa glucose-
regulated protein; IA-2, tyrosine phosphatase-like insulinoma antigen 2; IAPP, islet
amyloid polypeptide; ICA69, islet cell autoantigen 69; IGF-2, insulin-like growth
factor 2; IGRP, islet-specific glucose-6-phosphatase catalytic subunit-related
protein; IFNy, interferon gamma; IP;R, inositol 1,4,5-trisphosphate receptor;
IRE], inositol-requiring protein 1; JNK, c-jun N-terminal kinase; MAP, mitogen-
activated protein kinase; MHC, major histocompatibility complex; mTEC, medul-
lary thymic epithelial cell; NET, neutrophil extracellular traps; NF-kB, nuclear
factor kappa-light-chain-enhancer of activated B cells; NOD, non-obese diabetic
mouse; PAD2, peptidylarginine deiminase 2; PDI, protein disulfide isomerases;
PERK, protein kinase RNA (PKR)-like ER kinase; Phogrin, phosphatase homolog
of granules from rat insulinomas; PTM, posttranslational modification; ROS,
reactive oxygen species; RyR, ryanodine receptor; SERCA, sarco/endoplasmic
reticulum Ca** ATPases; SNP, single-nucleotide polymorphisms; T1D, type 1
diabetes; Tgase2, tissue transglutaminase 2; UPR, unfolded protein response;
ZnTS8, zinc transporter 8.

the relevance of these autoantigens to human T1D (17-23)
(Table 1). In addition, several additional autoantigens have
been identified in humans but not yet confirmed in NOD mice,
including tyrosine phosphatase-like insulinoma antigen 2 and
IA-2P (also known as phosphatase homolog of granules from
rat insulinomas) (24, 25), and islet cell autoantigen 69 (26)
(Table 1).

The immunogenicity of these p cell autoantigens has long been
attributed to failures in the mechanisms that govern immune
tolerance to self-peptides. While this likely remains true, seminal
studies conducted by several laboratories demonstrated that
many of these p cell peptides undergo posttranslational modifica-
tion (PTM). These studies propose that aberrant PTM of these
P cell proteins generates so called “neo-antigens” that are then
recognized as non-self by immune cells (16, 19, 23, 27-32),
hastening the break in tolerance and exacerbating immune tar-
geting and destruction of B cells. However, most of these studies
did not explore the cellular processes that lead to PTM of these
proteins in the context of f cell function and biology.

To address this question, our laboratory demonstrated that
endoplasmic reticulum (ER) stress in the f cell leads to the acti-
vation of PTM enzymes and the modification of B cell proteins,
which in turn leads to increased recognition of these p cells by
diabetogenic T cells (32). ER stress in the f cell originates from
various sources. For instance, the normal function of B cells
(to produce and secrete insulin) causes ER stress (32-42).
We demonstrated that this inherent physiological ER stress is suf-
ficient to activate PTM enzymes and to generate f cell immuno-
genicity (32) (Figure 1). In addition, many of the environmental
factors associated with T1D onset such as viral infection (43-48),
chemicals (32, 49-51), reactive oxygen species (ROS) (52-55),
dysglycemia (56), and inflammation (57-59) may cause f cell ER
stress (Figure 1). Therefore, any of these environmental factors has
the potential to enhance autoimmune targeting of p cells through
the generation of ER stress- and PTM-dependent neo-antigens
(32, 60, 61). However, the mechanisms by which these factors

TABLE 1 | § Cell autoantigens identified in murine and human T1D.

Autoantigen Species Reference
Preproinsulin Mouse (10)
Human (20)
Glutamic acid decarboxylase 65 Mouse (11)
Human (17
IGRP Mouse (12)
Human (22)
Chromogranin A Mouse (13)
Human (19)
Islet amyloid polypeptide Mouse (14)
Human (18)
Zinc transporter 8 Mouse (15)
Human (21)
78 kDa glucose-regulated protein Mouse (16)
Human (23)
IA-2, IA-2p Human (24, 25)
Islet cell autoantigen 69 Human (26)
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FIGURE 1 | The roles of f cell physiology and environmental favors in the autoimmune targeting of p cells in type 1 diabetes (T1D). (A) Normal f cell secretory
physiology causes inherent endoplasmic reticulum (ER) stress, which in turn results in a release of Ca?+ from the ER into the cytosol. We have previously
demonstrated that ER stress and its Ca?* efflux lead to increased activity of Ca?*-dependent posttranslational modification enzymes, formation of neo-antigens, and
B cell immunogenicity (32). (B) In addition, many environmental factors are associated with T1D onset, such as viral infection, exposure to chemicals and reactive
oxygen species, dysglycemia, and pancreatic inflammation. Although the mechanisms by which these factors lead to autoimmune targeting of § cells remain
unknown, these environmental factors all cause p cell ER stress and Ca®* efflux. Whether the ER stress and Ca?* efflux caused by these environmental factors
contributes to T1D onset, and whether this ER stress cooperates with physiological ER stress to generate neo-antigens, remain unknown.
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hasten T1D onset, and whether the ER stress they cause cooperates
with that caused by B cell physiology, remain unknown (Figure 1).

Here, we review what is known about § cell ER stress, neo-
antigen formation, and the progression to pathology in TID.
We also review the role that the environmental factors associ-
ated with T1D may play in exacerbating f cell ER stress. Finally,
we discuss the evidence supporting our novel hypothesis that
environmental factors converge with B cell physiology to increase
ER stress above a putative threshold. According to our “threshold
hypothesis,” ER stress must be sufficiently severe or prolonged
to allow for the generation of PTM-dependent neo-antigens.
We hypothesize that the convergence between f cell physiology
and exposure to environmental factors increases ER stress above
this threshold, leading to neo-antigen formation, f§ cellimmuno-
genicity, and ultimately to the onset of T1D.

ER STRESS AND THE UNFOLDED
PROTEIN RESPONSE (UPR)

The ER is primarily responsible for the proper folding and
modification of proteins that are membrane bound or destined
for secretion. Therefore, the ER lumen contains the molecular
chaperones and the environment necessary for protein folding
and PTM, including sufficient levels of adenosine triphosphate,
an oxidizing environment to support disulfide bond forma-
tion, and millimolar concentrations of calcium (Ca**) (62).
Proteins that are folded and modified properly exit the ER and
are shuttled to their intended intra- or extracellular locations.
However, proteins that become misfolded cannot exit the ER

lumen. The accumulation of misfolded or aberrantly modified
proteins causes ER stress.

Endoplasmic reticulum stress induces the UPR, which func-
tions in two main modes: the adaptive UPR and the terminal
UPR (63, 64). The adaptive UPR occurs early in ER stress and
functions largely to alleviate ER stress and restore normal cel-
lular homeostasis through three signaling cascades, each of
which begins with the activation of protein sensors of stress in
the ER membrane (65). First, protein kinase RNA (PKR)-like ER
kinase (PERK) activates a signaling cascade that inhibits mRNA
translation and reduces the protein burden in the lumen of the ER
(66, 67). Second, activating transcription factor 6 signaling
leads to increased production of new molecular chaperones to
aid with the folding of accumulated misfolded proteins (68).
And third, the signaling pathway initiated by inositol-requiring
protein 1 increases expression of chaperones for protein folding
and of proteins involved in lipid synthesis to increase ER volume
(69, 70). Together, these branches of the UPR work to facilitate
the proper folding of proteins that have accumulated, and also
reduce the entrance of additional non-chaperone proteins into
the ER lumen. In these ways, the adaptive UPR acts to allow the
ER to return to normal homeostasis.

Although the adaptive UPR aims to protect the cell from the
negative effects of ER stress, ER dysfunction that is excessive
or extended may overcome these cytoprotective mechanisms.
Under these conditions, the terminal UPR activates proapoptotic
processes (71-73) leading to death of the affected cell. However,
long before apoptosis pathways are activated, even temporary ER
stress and the adaptive UPR may have important consequences
for cellular function and physiology.
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All cells undergo periods of increased protein production,
which increases the ER burden, leading to misfolding or aberrant
modification of nascent proteins, and ultimately to ER stress and
UPR activation. However, secretory cells, due to their normal
physiology, are uniquely susceptible to ER stress. These cells
must produce not only the proteins necessary for normal cellular
maintenance, but also the proteins to be secreted and the proteins
that comprise the secretory pathway itself. Even with a larger ER
volume and greater numbers of chaperones to account for this
increased demand (74), the secretory function of these cells leads
to significantly increased ER burden and stress.

Like other secretory cells, B cells undergo naturally high
levels of ER stress due to their normal physiological role of
insulin production and secretion (32-42). Indeed, increased
ER stress, and its consequences for protein folding, occurs as a
direct consequence of glucose sensing (37, 38). In response to
increased glucose concentrations, p cells upregulate the transla-
tion of preproinsulin by 50-fold, reaching a production rate of one
million molecules of preproinsulin per minute (75). These one
million molecules of preproinsulin inundate the ER lumen for
folding and the formation of three disulfide bonds per molecule,
causing tremendous ER stress. Under these conditions, many of
the insulin molecules produced by f cells become misfolded or
incorrectly modified (75) (Figure 2). In addition to this inherent
ER stress due to normal physiology, p cell ER stress may rise due
to exposure to the environmental factors that are associated with
T1D onset (32, 43-61) (Figure 1). Under these circumstances,
B cell ER stress may rise above physiological levels.

Heightened f cell ER stress does not necessarily activate the
terminal UPR or suggest p cell exhaustion or impending death
as observed in some models (63, 76-80). Rather, p cells exhibit
naturally high ER stress very early and activate the adaptive UPR
long before P cell death. In a study using a reporter mouse in
which green fluorescent protein is expressed with the activation
of the UPR, the pancreas exhibited the highest ER stress of all
tissues examined, and did so as early as day 16 of life (81). In spite
of the observed ER stress and UPR activation, these mice (on the
C57Bl/6 background) never succumbed to loss of p cell mass and
diabetes (81). These data confirm that high levels of p cell ER
stress does not necessarily activate the terminal UPR and lead
to P cell failure and death. Indeed, the p cells in most individuals
resolve ER stress through the proper function of the adaptive
UPR and therefore maintain healthy and functional p cell mass
throughout their lifetimes. Therefore, p cell death is not the only
consequence of ER stress. We hypothesize that lower and more
transient ER stress, and the activation of the adaptive UPR, may
have consequences for f cell function and for the autoimmune
targeting of f cells much earlier.

ER STRESS AFFECTS Ca?*-DEPENDENT
CELLULAR FUNCTIONS

In addition to its role in the folding and modification of new
proteins, the ER contains the largest store of intracellular Ca**
and is an important organelle for regulating Ca** concentrations,

LOW GLUCOSE
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Glutz GolgiApparatus

Endoplasmic
Reticulum

V Preproinsulin translation

Q Proinsulin folding
0 Mature insulin

FIGURE 2 | Rising blood glucose increases misfolding of proinsulin and endoplasmic reticulum (ER) stress levels. When blood glucose levels are low, preproinsulin
is translated, properly folded and modified in the ER, and secreted as mature insulin into the extracellular space. When blood glucose levels rise, p cells increase
production of preproinsulin, flooding the ER lumen with one million molecules per minute that require folding and disulfide bond formation. This increased protein
burden in the ER leads to misfolding of proteins and aberrant posttranslational modification, which further exacerbates ER dysfunction and activates the unfolded

protein response (UPR).
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and therefore Ca?*-dependent processes, throughout the cell
(82). One consequence of ER stress is the release of Ca** from
the ER lumen into the cytosol. This Ca** efflux has important
consequences for cellular physiology.

In the ER, millimolar concentrations of Ca** are necessary for
proper protein folding and modification (62). Indeed, molecular
chaperones that assist in protein folding and protein disulfide
isomerases that facilitate the formation of disulfide bonds depend
on these high Ca** concentrations (83, 84). These high concen-
trations of Ca’* are maintained by sarco/endoplasmic reticulum
Ca?" ATPases (SERCA) pumps in the ER membrane that actively
transport Ca** from the cytosol into the ER. When Ca?* leaves
the ER lumen during ER stress, the function of these proteins also
decreases, further inhibiting protein folding and modification
and contributing to greater ER dysfunction (85).

In the cytosol, Ca** is required for the regulation of normal cel-
lular processes such as metabolism, vesicular trafficking, protein
secretion, mRNA transcription, and apoptosis (86). To achieve
the necessary cytosolic concentrations, Ca** is released from the
ER by the ryanodine receptor and inositol 1,4,5-trisphosphate
receptor channels. Under conditions of ER stress, the efflux of
Ca?* from the ER lumen increases cytosolic concentrations above
normal physiological levels. This increased cytosolic Ca** can
be deleterious for cellular function. For example, increased
cytosolic Ca** can initiate apoptosis through activation of
caspase-dependent cell death pathways (87, 88) or mitochondria-
dependent pathways (89-92).

It is clear, then, that ER stress greatly affects Ca**-dependent
cellular functions. While the adaptive UPR works to relieve ER
stress, cytosolic Ca®* still increases before ER homeostasis is
regained. f cells, which are particularly susceptible to ER stress,
are therefore also prone to the dysregulation of cellular processes
following even a temporary efflux of Ca’* from the ER. In addi-
tion, the environmental factors associated with T1D onset also
lead to increased cytosolic Ca** (32, 43-61) (Figure 1). Therefore,
we propose that the combination of physiological ER stress and
that derived from environmental factors, even if transient, may
have consequences for p cell health and function.

ER STRESS ACTIVATES CYTOSOLIC
PTM ENZYMES

Transient ER stress and increased cytosolic Ca** concentrations
can activate cytosolic Ca**-dependent enzymes, including those
that mediate PTM. Activation of these PTM enzymes can have
significant implications for proteins being folded in the ER.
In particular, two such PTM enzymes reside in the cytosol and
are activated during the ER stress Ca** flux: tissue transglutami-
nase 2 (Tgase2) and peptidylarginine deiminase 2 (PAD2).
Tissue transglutaminase 2 is ubiquitously expressed and
resides in the cytosol (93). When activated, Tgase2 translocates
to several intracellular compartments (94), including the ER
(95-97) and secretory granules (98) to modify proteins through
two mechanisms (99): first, Tgase2 crosslinks proteins through
the formation of e(y-glutamyl) isopeptide bonds between
glutamine and lysine residues, and second, Tgase2 mediates

the deamidation of glutamine residues. Tgase2 plays important
roles in the regulation of apoptosis (100, 101), gene expression
(93,102, 103), and cellular adhesion and wound healing (104-107).
Of relevance to T1D, Tgase2 is expressed in and functions in
B cells (32, 60).

Of the five mammalian PAD isoforms, PAD2 is the most widely
expressed and is the isoform expressed in the pancreas (108).
PAD?2 also resides in the cytosol (109), and, similar to Tgase2,
activated PAD?2 is recruited to various subcellular compartments
for the modification of proteins (110). PAD2 mediates the conver-
sion of arginine to citrulline. This amino acid conversion alters the
overall charge and hydrophobicity of the protein (111), causing
changes in protein folding and conformation (112). PAD2 plays
roles in many cellular functions, including the negative regula-
tion of nuclear factor kappa-light-chain-enhancer of activated
B cells activation (113), cytoskeleton disassembly (114), and in
the formation of neutrophil extracellular traps (115).

While Ca**-dependent activation of these enzymes is neces-
sary for normal cellular function, these enzymes also contribute
to pathology in many diseases.

PTM GENERATES NEO-ANTIGENS
IN AUTOIMMUNE DISEASES

Protein PTM is necessary for cellular viability and function.
However, autoantigens in many different autoimmune diseases
such as celiac disease (116), collagen-induced arthritis (117),
multiple sclerosis/experimental autoimmune encephalomyelitis
(118-121), rheumatoid arthritis (122-127), and systemic lupus
erythematosus (128-131) contain PTM, suggesting that these
modifications may contribute to breaks in tolerance that exac-
erbate disease.

Central tolerance is established during T cell development
in the thymus. In the thymus, medullary thymic epithelial cells
(mTECs) express peptides normally found in peripheral tissues
through the function of autoimmune regulator (132-134). When
these peptides are presented to developing T cells in the context
of MHC molecules, T cells that respond too strongly to these
self-peptides are deleted and are thus absent from the mature
T cell population (4, 135-137). However, if self-proteins undergo
PTM in peripheral tissues, as in the autoimmune diseases listed
above, these proteins may be processed and presented differ-
ently by peripheral antigen-presenting cells (APCs) than by
the mTECs (138). If such modified epitopes were not expressed
and presented by mTECs, T cells that recognize these modified
epitopes escape negative selection and are present in circulation
as mature T cells. When these T cells encounter these neo-
antigens in peripheral tissues, they become activated and lead
the autoimmune targeting of peripheral tissues.

As with all peripheral tissues, peptides from f cell proteins,
including insulin and insulin-like growth factor 2, are presented
by mTECs to developing T cells in the thymus (5, 6, 139-142).
However, the presence of T cells in the periphery that recognize
islet proteins and target p cells suggests the failure of crucial
tolerance mechanisms. This failure in central tolerance mecha-
nisms may be explained by the growing body of literature that
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abnormal PTM increases the immunogenicity of f cell peptides
in both murine and human models of T1D (Table 2). These
studies have demonstrated that some B cell proteins undergo
various modifications including oxidation (28, 143), Tgase2-
mediated crosslinking by isopeptide bond (19, 29), Tgase2-
mediated deamidation (30-32), PAD2-mediated citrullination
(16, 23, 31), the formation of hybrid peptides (144, 145), and the
formation of a defective ribosomal insulin gene product (146).
Furthermore, the neo-antigens formed by these PTM elicit
stronger immune responses than the native proteins (16, 19,
23, 28-31, 143, 145), suggesting an important role for these
neo-antigens in precipitating disease onset. These findings have
been of great importance to the understanding of T1D patho-
genesis, because these studies identified novel autoantigens that
are targeted in T1D. However, the mechanisms by which these
neo-antigens arise in f cells was not examined.

f CELL NEO-ANTIGENS ARISE DURING
ER STRESS

To begin to elucidate how PTM neo-antigens might arise in § cells,
our laboratory examined the consequences of 3 cell ER stress for
f cell immunogenicity, since p cells inherently undergo high lev-
els of ER stress (32-42, 60, 81). To do so, we used a model system
of B cell recognition by diabetogenic BDC2.5 CD4* T cells. These
particular T cells were chosen because they recognize a Tgase2-
modified peptide of CHgA (29) and secrete interferon gamma
(IFNY) when they encounter their PTM-dependent antigen.
Our studies demonstrated that, in primary murine islets, ER
stress induced by thapsigargin [a widely accepted chemical inducer
of ER stress (96, 147, 148)] contributed to heightened cytosolic
Ca** concentrations, increased Tgase2 activity, and increased 3
cell immunogenicity (32). In fact, murine islets undergoing ER
stress elicited greater IFNy secretion from BDC2.5 T cells (32)
and by all other f cell antigen-specific T cells examined (Figure 3),
suggesting a role for Ca**-dependent PTM in immunogenicity of
many other p cell antigens. This increased immunogenicity was
dependent upon both Ca** and Tgase2-mediated PTM, since

TABLE 2 | Posttranslational modification (PTM)-mediated neo-antigen formation
in type 1 diabetes.

Autoantigen PTM Reference
Proinsulin Oxidation (28, 143)
Formation of hybrid insulin (23, 144, 145)
peptides
Chromogranin A (WE14) Crosslinking/isopeptide bond (19, 29)
Preproinsulin Deamidation (80)
Islet cell autoantigen 69 Deamidation (30)
Zinc transporter 8 Deamidation (30)
Phosphatase homolog of Deamidation (30)
granules from rat insulinomas
I1A-2 Deamidation (30)
IGRP Deamidation (80)
Glutamic acid decarboxylase 65  Citrullination (81)
Deamidation (80, 31)
78 kDa glucose-regulated Citrullination (16, 23)
protein
Insulin Defective ribosomal product (146)

chelation of cytosolic Ca** or decreased expression of Tgase2
reduced this consequence of ER stress (32). These data show that
P cell ER stress leads to f cell immunogenicity through Ca?*-
dependent PTM of endogenous proteins.

Since ER stress is inherent to B cell physiology and function
(32-42, 60), we hypothesized that ER stress induced by normal
physiology [e.g., dynamic glucose sensing and secretory function
(33-42, 60)] may be sufficient to cause Ca**- and PTM-dependent
B cell immunogenicity. Indeed, a murine insulinoma (NIT-1)
that exhibited low ER stress and immunogenicity was exposed
to physiological milieu by transplantation into NOD.scid mice.
After transplant, these cells exhibited insulin secretion, ER stress,
Tgase2 activity, and immunogenicity (32). These data confirm
that P cell physiology and insulin secretion contributes to the
autoimmune targeting of f cells (60).

Many groups have demonstrated an increase in p cell ER stress
long before f cell death and T1D onset (79, 81, 149, 150). In fact,
relief of ER stress has been proposed as therapeutic opportunity
for preventing f cell death and maintaining euglycemia (63, 80,
151, 152). However, most researchers conclude that ER stress
leads to P cell death through the terminal UPR and activation
of apoptosis pathways (76, 77, 80). Ours was the first study to
demonstrate that normal, physiological B cell ER stress and
the adaptive UPR contribute to T1D through the formation of
B cell neo-antigens. In doing so, we became the first to propose
a mechanism by which f cell neo-antigens (Table 2) may occur
(Figure 4).

3000~
I Media

2000+ . C=NIT-1

400+
350+
300+
250+
200+
150+
1004
50 I
0' L
T cell clone: BDC2.5 BDC5.2.9 PD12.4.4 BDC6.9
Antigen: CHgA  IAPP

E=ZINIT-1 + 5 uM Thaps

IFNy [ ng/ml ]

L]
oT-Il

Insulin  Unknown Ova

FIGURE 3 | Endoplasmic reticulum (ER) stress increases the immunogenicity
of several p cell autoantigens. The immunogenicity of NIT-1 insulinoma cells
treated with 5 pM thapsigargin or control for 1 h was assessed by T cell
assay. Briefly, T cells (2 x 10%), NOD.scid splenocytes as antigen-presenting
cells (4 x 10%, and NIT-1 cells as antigen (1 x 10°% were combined in 200 p
in triplicate in 96-well flat-bottom tissue culture plates and incubated at 37°C
for 72 h. Tu1 effector function was determined by measuring interferon
gamma (IFNy) secretion by enzyme-linked immunosorbent assay. Data are
mean IFNy secretion + SD and are from one representative experiment of
three independent experiments. For all specificities examined, NIT-1 cells
undergoing ER stress elicited higher effector responses from the T cells,
suggesting that ER stress contributes to the modification and greater
immunogenicity of each of these proteins.
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PTM enzyme activity remain low. (2) During p cell ER stress, Ca2* stores are released from the ER, increasing cytosolic Ca?*. (3) Increased Ca?* concentrations
activated Ca**-dependent enzymes tissue transglutaminase 2 (Tgase2) and peptidylarginine deiminase 2 (PAD2). (4) Active PTM enzymes modify nascent proteins.
If presented to autoreactive T cells by antigen-presenting cell, modified p cell proteins break tolerance and facilitate immune recognition of p cells.

f CELL IMMUNOGENICITY REQUIRES
A THRESHOLD OF ER STRESS

Endoplasmic reticulum stress occurs along a gradient. The bur-
den of unfolded proteins in the ER lumen can vary from mild
to severe, resulting in varying degrees of ER dysfunction and
stress. This variance in levels of ER stress has important implica-
tions for the cellular consequences of ER stress. As discussed
earlier, the strength and duration of ER stress-induced UPR
signaling is a major factor in determining whether the adaptive
UPR or terminal UPR is initiated (63, 64). One explanation
may be that the severity and duration of ER stress affects the
strength of the Ca?* efflux from the ER lumen and determines
whether cytosolic Ca** concentrations cross a putative threshold.
Differences in cytosolic Ca** concentrations may significantly
alter PTM enzyme activity, neo-antigen generation, and f cell
immunogenicity.

This “threshold hypothesis” is further supported by literature
that demonstrates that Tgase2 and PAD2 remain largely inactive
in the cytosol, and activation requires significantly increased
concentrations of cytosolic Ca**. In fact, the activation of both
enzymes requires Ca’* concentrations up to 100-fold higher than
what is necessary for normal cellular physiology and function.
Therefore, these enzymes generally become activated only under
conditions of cellular distress or dysfunction, such as ER stress
(96, 97, 108, 109, 147, 153, 154). Since these PTM enzymes
require particular levels of cytosolic Ca** to become activated,

it follows that a particular level of ER stress must be achieved
before PTM-dependent neo-antigen formation can occur.

Previous work in our laboratory examined whether varying
levels of ER stress lead to different degrees of § cell PTM-dependent
immunogenicity. NIT-1 cells were incubated with increasing
doses of thapsigargin, which increases ER stress and cytosolic
Ca?* by inhibiting the SERCA pumps that transport Ca** from the
cytosol into the ER. As expected, thapsigargin induced ER stress
and UPR activity in a dose-dependent manner (Figure 5A). The
immunogenicity of these cells was examined by the BDC2.5
T cell clone, and T cell effector function was measured by IFNy as
previously described (32). Only the highest dose of thapsigargin
elicited detectable IFNYy secretion from the T cells (Figure 5B).
Therefore, although lower doses of thapsigargin induced ER
stress, the stress (and consequences thereof) at these lower doses
was not sufficient to result in p cell immunogenicity.

Tunicamycin is another chemical inducer of ER stress that
blocks the initial steps of glycoprotein synthesis in the ER and thus
increases the burden of unfolded proteins in the ER lumen (148).
Increasing doses of tunicamycin increased ER stress in NIT-1
cells (Figure 6A), but to lesser degrees compared with thapsigar-
gin (Figure 5A). Also, as with lower doses of thapsigargin, the
lower ER stress induced by tunicamycin was not sufficient to elicit
effector responses from BDC2.5 T cells (Figure 6B). Together,
these data serve as further evidence that a particular threshold
of ER stress must be reached to achieve PTM-dependent f cell
immunogenicity.
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ENVIRONMENTAL FACTORS ASSOCIATED
WITH T1D INDUCE HEIGHTENED g CELL
ER STRESS

Every pancreas undergoes ER stress (32, 81), but this stress does
not lead to T1D in every individual. In fact, even in those with
a genetic predisposition to autoimmunity, T1D may never occur

(155) or may occur much later than expected (156, 157). These
observations suggest that environmental factors may precipitate
disease onset. Indeed, T1D onset is associated with several
environmental factors such as viral infection (43-48), chemicals
(49-51), ROS (52-55), dysglycemia (56), and inflammation
(57-59). Although these environmental factors are thought
to exacerbate the autoimmune targeting of p cells and hasten
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disease onset, the mechanisms by which these environmental
factors advance pathology, and whether these factors contribute
to PTM-mediated neo-antigen formation, remain unknown
(Figure 1).

As discussed earlier, B cell ER stress and Ca** flux into the
cytosol must cross a threshold before Tgase2 and PAD2 can
modify  cell proteins to generate neo-antigens and elicit effec-
tor responses from diabetogenic T cells. While f cell physiology
causes ER stress (32-42) and this ER stress can, under some cir-
cumstances generate neo-antigens and immunogenicity (32, 60)
(Figure 1), the discrepancy in disease onset in those geneti-
cally predisposed to autoimmunity (155-157) suggests that
this physiological stress alone may not be sufficient to generate
neo-antigens. Interestingly, each of the environmental factors
associated with T1D also lead to an increase in P cell ER stress
and cytosolic Ca**.

Coxsackie Virus

Coxsackie virus infection is associated with T1D onset. Recent
onset T1D patients have viral RNA in their pancreas and higher
titers of antibodies against Coxsackie virus (158, 159). Also,
Coxsackie virus infection accelerates disease onset in NOD
mice with established insulitis (46, 160-162), suggesting a role
for Coxsackie virus in breaking immune tolerance. Studies with
BDC2.5 TCR transgenic NOD mice attributed this acceleration
to activation of bystander immune cells (46). These data provide
a strong link between pancreatic viral infection and broken
tolerance. Since BDC2.5 T cells do not recognize a viral protein
(29) but rather modified CHgA, activation of BDC2.5 T cells in
these mice suggests that Coxsackie virus infection may lead to
PTM of endogenous f cell proteins and neo-antigen formation.
Indeed, viruses cause neo-antigen generation and exacerbate
pathology in other models of autoimmunity (163).

Moreover, Coxsackie virus protein 2B disrupts the ER mem-
brane (164-166), releasing Ca?* from the ER into the cytosol
and causing ER stress. We have shown that f cell ER stress
contributes to neo-antigen formation and immunogenicity (32).
Therefore, it is plausible that Coxsackie virus may raise 3 cell ER
stress and cytosolic Ca** concentrations above the levels attrib-
uted to normal physiology, increasing neo-antigen production
through Ca**-dependent PTM.

Exposure to Chemicals

Exposure of B cells to chemicals such as alloxan and streptozo-
tocin cause the loss of insulin secretion and p cell death (167).
For each of these chemicals, f} cells experience DNA damage,
protein ADP ribosylation (168), and ROS generation (169-171),
all of which ultimately lead to apoptosis and significant loss of
B cell death. However, before apoptosis pathways are activated,
ADP ribosylation and ROS cause misfolding and accumulation
of nascent proteins in the ER lumen. As discussed earlier, the
accumulation of misfolded and abnormally modified proteins
leads to ER stress and release of Ca?* into the cytosol (172, 173).

Reactive Oxygen Species

Reactive oxygen species, which have the potential to cause irre-
versible damage to cellular proteins and organelles (174-176), are
generated both during normal p cell function (52) and when  cells
are exposed to other insults such as Coxsackie virus (177-179).
Although antioxidant defenses work to prevent ROS-mediated
damage, f cell mitochondria express very low levels of antioxidant
enzymes (180-182), making these cells particularly susceptible
to ROS-mediated damage. When ROS exceeds the capacity of
the cell to scavenge these species, oxidative stress leads to f cell
death (183, 184) and ultimately to T1D (52, 54, 180, 185-190).
However, before the loss of p cell mass, ROS leads to oxidative
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modification of proteins and lipids (191), and to the release of
Ca®* from the ER into the cytosol (192-194). Therefore, ER stress
and Ca?* efflux caused by ROS may lead to protein PTM and the
formation for neo-antigens in 3 cells.

Dysglycemia

As discussed earlier, increased glucose sensing by p cells during
times of dysglycemia increases insulin production and secretion
(75). Normal insulin secretion raises p cell ER stress (32-42),
but when blood glucose rises too high, or the hyperglycemia is
too prolonged, so called “glucotoxicity” further enhances f cell
ER stress. At later stages of T1D, ER stress induced by glucotox-
icity is thought to be a major contributor to p cell death through
the terminal UPR. However, fluctuation in blood glucose levels
as P cell mass is gradually lost may also induce the adaptive
UPR. In this way, glucotoxicity may, long before p cell death,
contribute to Ca**- and PTM-dependent neo-antigen forma-
tion and therefore to autoimmune targeting of p cells.

Inflammation

As autoreactive immune cells infiltrate the islets to target their
antigens, these activated immune cells secrete pro-inflammatory
cytokines. In addition, f cells themselves release additional pro-
inflammatory cytokines during viral infection (195), and cellular
stress (196). These inflammatory mediators initiate signaling
cascades in the B cells. For example, pro-inflammatory cytokines
activate NF-kB in B cells, which inhibits the expression of
other transcription factors necessary for normal § cell function
(197). Also, inflammatory cytokines activate c-jun N-terminal
mitogen-activated protein kinase signaling, which is associated
with ER stress and Ca®* release (198, 199). Finally, inflammatory
cytokines reduce SERCA expression, effectively preventing the
return of Ca’* from the cytosol to the ER and further exacer-
bating ER stress (197, 200). Therefore, pancreatic inflammation
may lead to P cell neo-antigen formation and exacerbate auto-
immune targeting of p cells.

Therefore, we hypothesize that the ER stress generated by these
environmental factors may converge with the stress caused by
normal physiology to allow cytosolic Ca** to cross the necessary
threshold to activate PTM enzymes and generate neo-antigens
long before the terminal UPR initiates apoptosis pathways. In this
way, ER stress-mediated neo-antigen formation may be a com-
mon mechanism by which these environmental factors augment
autoimmune targeting of p cells and hasten T1D onset.

CONCLUSION

Type 1 diabetes is caused by the autoimmune targeting and
destruction of pancreatic p cells. The autoreactive immune cells
target many f cell proteins (Table 1) when central and peripheral
tolerance fail. The mechanisms by which tolerance fails are still
being elucidated, but a growing body of literature demonstrates
that B cell peptides modified by Ca?"-dependent PTM elicit
stronger responses from autoreactive T cells than their native
counterparts (16, 19, 23, 28-31, 143, 145). However, the mecha-
nisms by which these p cell peptides become modified during
B cell physiology is only beginning to be explored (32, 60).

We have previously demonstrated that p cell ER stress leads
to PTM-dependent immunogenicity (32). Although this ER
stress may be derived from the natural secretory physiology of
the P cell (32-42), inherent, physiological ER stress alone may
not sufficient to precipitate T1D onset even in those individuals
harboring a genetic predisposition to autoimmunity (155-157).
We therefore propose a model in which p cell ER stress leads to
neo-antigen formation and immunogenicity of f§ cells when this
ER stress reaches a critical threshold. The ER stress induced by
the environmental factors associated with T1D may combine
with physiological ER stress to raise cytosolic Ca’* above this
putative threshold, allowing for the activation of PTM enzymes
and the generation of PTM-dependent neo-antigens (Figure 7).
This convergence of with physiological stress may explain how
environmental factors hasten T1D onset.

It is important to note that, although physiological and
environmental factor-derived ER stress likely occurs in the
B cells of all individuals, autoimmunity predominantly occurs
in the context of genetic predisposition to autoimmunity. For
patients who express the MHC molecules that predispose them
to autoimmunity, B cell neo-antigens generated during ER
stress are presented by these MHC molecules and activate the
T cells that escaped negative selection during development. The
activation of these T cells ultimately leads to the autoimmune
destruction of the B cells and to T1D onset. However, in those
without this MHC predisposition, 3 cell ER stress may still result
in the modification of p cell proteins without leading to disease.
In these patients, these neo-antigens may not be presented by
APC or may not be recognized if autoreactive T cells are cor-
rectly deleted from the repertoire during negative selection
in the thymus. Therefore, p cell ER stress and the subsequent
neo-antigen formation likely still require genetic predisposition
to autoimmunity to lead to T1D.

Our model proposes a “threshold hypothesis” according to
which cytosolic Ca** must cross a particular threshold to allow
for the generation of PTM-dependent [ cell neo-antigens.
Additional studies are necessary to confirm the cooperation
between physiological ER stress and that derived from exposure
to environmental factors to reach this threshold. These studies
will further advance our understanding both of how neo-antigens
are formed in the f cell and the mechanisms by which environ-
mental factors hasten disease onset. Such studies may reveal novel
opportunities for therapeutic intervention to prevent or delay
T1D onset in at-risk patients.

MATERIALS AND METHODS

Mice

Mice were bred and housed under specific pathogen-free con-
ditions at Rangos Research Center of Children’s Hospital of
Pittsburgh of University of Pittsburgh Medical Center. All experi-
ments were approved by Institutional Animal Care and Use Com-
mittee of the University of Pittsburgh.

Cell Culture

The NIT-1 insulinoma cell line was a gift from Clayton Mathews
(University of Florida) and were maintained at 37°C in a 5% CO,
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humid air incubator, in DMEM (Invitrogen) supplemented with
10% heat-inactivated fetal bovine serum (Mediatech), 10 mM
HEPES buffer (Gibco), 4 mM r-glutamine (Gibco), 200 tM non-
essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco),
61.5 pM P-mercaptoethanol (Sigma-Aldrich), and 100 pg/ml
gentamicin (Gibco).

CD4*, MHC class II-restricted BDC2.5, BDC5.2.9, PD12.4.4,
and BDC6.9 T cells were a gift from Kathryn Haskins (University
of Colorado). T cell clones were maintained in supplemented
DMEM as described previously (32, 201-203).

OT-II splenocytes were harvested and prepared in supple-
mented DMEM as described previously (204-208).

Induction of ER Stress

NIT-1 cells were cultured in 25 cm? tissue culture flasks (Greiner
Bio-One) with various concentrations of thapsigargin or control
for 1 h at 37°C or with various concentrations of tunicamycin
or control for 4 h at 37°C. Before downstream analysis, the cells
were washed extensively (50,000 original volume) to remove
residual thapsigargin or tunicamycin, and removed from the
flask with 0.05% trypsin-EDTA (Gibco).

T Cell Assays

T cells (2 x 10*), NOD.scid splenocytes as APC (4 X 10°), and
antigen (1 X 10° dispersed NIT-1 cells) were combined in 200 pl
supplemented DMEM in triplicate in 96-well flat-bottom tissue
culture plates (Greiner Bio-One) and incubated at 37°C for 72 h.
Tyl effector function was determined by measuring IFNYy secre-
tion by enzyme-linked immunosorbent assay (ELISA).

Splenocyte Assay

OT-II splenocytes (1 X 10°) were combined with antigen
(1 x 10° dispersed NIT-1 cells) in 200 ul supplemented DMEM
in triplicate in 96-well flat-bottom tissue culture plates (Greiner
Bio-One) and incubated at 37°C for 72 h as described previously
(204-208). Tul effector function was determined by measuring
IFNY secretion by ELISA.

Enzyme-Linked Immunosorbent Assay
Interferon gamma from T cell assays was measured with murine
IENy ELISA antibody pairs (BD Biosciences) as described previ-
ously (32, 202-204, 208). Absorbance was measured at 450 nm
with a SpectraMax M2 microplate reader (Molecular Devices).
Data were analyzed with SoftMax Pro (Molecular Devices).

Preparation of Cell Lysates

Cells were lysed by sonication in 50 mM Tris pH 8.0, 137 mM
NaCl, 10% glycerol, 1% NP-40, 1 mM NaF, 10 pg/ml leupeptin,
10 pg/ml aprotinin, 2 mM Na;VO,, and 1 mM PMSE. Protein
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concentration was determined by bicinchoninic acid protein
assay (Thermo Fisher Scientific).

Western Blotting

Lysates were separated by SDS-PAGE with 10% polyacrylamide
gels and transferred to PVDF membranes. Membranes were
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to phosphorylated PERK (Cell Signaling Technology; 1:200),
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Signaling Technology; 1:1,000) overnight at 4°C. Membranes
were washed and incubated with HRP-conjugated goat anti-rabbit
(Cell Signaling Technology; 1:2,000) for 1 h. Chemiluminescence
was detected with Luminata Crescendo Western HRP Substrate
(Millipore) and analyzed with Fujifilm LAS-4000 imager and
Multi Gage Software (Fujifilm Life Science).

Statistical Analysis

For ELISA, data are mean IFNy secretion + SD or SEM
(as indicated). For Western blotting, data are representative of
two experiments. Densitometry data are phosphorylation levels
normalized by total and relative to that in control-treated cells.
Statistical significance was determined by Student’s ¢-test, and

statistically significant differences are shown for *p < 0.05.
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