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Type 1 diabetes (T1D) is considered an autoimmune disease, pre-
dominantly mediated by autoreactive T cell responses, which over time
leads to the destruction of pancreatic beta cells and insulin deficiency.
Symptoms often appear in childhood or adolescence, but the disease can
develop in adult patients as well (1). Both therapeutic management and
clinical outcomes have dramatically improved during the last few decades,
yet T1D remains a major cause of suffering, a burden to society, and
its incidence appears to be increasing, especially in younger children (2).
Although we can identify individuals at increased risk among patients’
relatives, the disease cannot be prevented and there is no definitive cure
(3). Pancreas and islet transplantation can restore insulin independence,
at least for a period of time, but are not universally available and require
chronic immunosuppression (4).

The partial success of human clinical trials aimed at ameliorating
islet autoimmunity likely reflects our incomplete knowledge of etiological
factors and the limited understanding of the key pathogenic mechanisms
that cause the disease (1, 3). Our ability to study the disease has been
hampered by scarce access to the pancreas and other disease-related
tissues. The limited data available from studies of human pancreata
from patients have been to a large extent, from pancreata obtained
several decades ago that were not studied with modern technologies.
Furthermore, they may no longer reflect current disease, particularly
as they relate to etiological factors if these vary over time. Our views
of the disecase pathogenesis have been largely shaped by studies in
experimental rodent models of the disease, especially the non-obese
diabetic (NOD) mouse (5). Yet critical questions regarding disease
pathogenesis are specific to humans and cannot be easily investigated in
experimental animals. Among these are: (i) the nature (phenotypically and
functionally) of autoreactive T and B cells, which may be therapeutically
targeted; (ii) the role of viral infections, which could perhaps be averted
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by vaccination if responsible viruses were definitively identified; (iii)
potential pathways of beta cell regeneration; and (iv) additional hitherto
undefined pathogenic mechanisms. Thus, there is a clear need to study
human pancreata and related tissues from T1D patients. Such efforts
could identify novel therapeutic targets and define possible strategies
for combinatorial therapies that target multiple disease pathways, both
immune and non-immune related.

In 2007, the JDRF recognized such a need and supported the creation of
the JDRF Network for the Pancreatic Organ Donors with Diabetes (JDRF
nPOD; www.JDRFnPOD.org). This article describes nPOD’s operational
model and some recent preliminary and novel findings that have emerged

Corresponding author:

Alberto Pugliese, MD

Diabetes Research Institute
University of Miami Miller School of
Medicine

1450 NW 10th Avenue

Miami, FL 33136

USA.

Tel: +1-305-243-5348;

fax: +1-305-243-4404;

e-mail: apuglies@med.miami.edu

Submitted 11 August 2013.

from research studies utilizing nPOD specimens.

The mission of the JDRF nPOD
and its operational model

The JDRF nPOD has three main strategic goals:

(i) Obtain specimens from organ donors with T1D
(diagnosed or subclinical), and establish a research
resource of pancreas and disease relevant tissues
(pancreatic lymph nodes, spleen, thymus, blood,
and other) from organ donors with T1D, obtained
at any point after clinical diagnosis, or during
the prediabetes phase, when islet autoimmunity
silently leads to beta cell destruction (donors
identified by screening for islet autoantibodies).

(i1) Distribute specimens to nPOD approved investi-
gators, anywhere in the world, for comprehensive
and diversified investigations of human T1D.

(iii) Promote collaboration, by using tissue- and
real-time data-sharing, and by developing and
managing synergistic project interactions as well
as focused working groups, all to facilitate a
comprehensive understanding of human T1D.

Table 1 lists the donors sought for collection by
nPOD and types of tissues recovered. Donors with
TID, of any age and disease duration, are first
priority, to investigate the human pathology of T1D.
nPOD has established autoantibody screening centers
to enable Organ Procurement Organizations (OPO)
to rapidly screen organ donors who do not have
diabetes for the presence of islet autoantibodies to
identify those who might have been developing T1D.
Currently, laboratories can simultaneously test for
three islet autoantibodies to the autoantigens GADG65,
TA-2, and ZnT8, using a modified and customized
assay kit based on commercial, standardized, enzyme-
linked immunosorbent assays (ELISAs) (Kronus,
Boise, ID, USA), and determine autoantibody status
in approximately 3h. Donors with type 2 diabetes
(T2D) are studied as controls for hyperglycemia, and
also for changes that affect beta cells and the pancreas
(which may be relevant to T1D). nPOD also accepts
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donors with gestational diabetes, cystic fibrosis, and
non-diabetic donors as controls.

The nPOD operational model is illustrated in Fig. 1.
In the USA, nPOD works with all OPO (currently 58),
tissue banks, and medical examiners to obtain referrals
of organ donors who meet its inclusion criteria. The
OPOs also play a vital role in the recovery process
through providing a description of the program’s
purpose to family members of potential donors
during the emotionally difficult process of obtaining
consent for research. A similar infrastructure is being
developed in some European countries as part of the
nPOD-Europe initiative (Italy, Sardinia, Finland, and
Sweden). Recognizing that T1D may not be diagnosed
until late [e.g., diabetic ketoacidosis (DKA) presenting
to Emergency Departments], nPOD also initiated a
strategic partnership with the Pediatric and Critical
Care sections of the American College of Emergency
Physicians (ACEP); this, to increase awareness of all
deaths involving a child with T1D. Pediatric physicians
can play a key role in the identification and subsequent
referral of these unfortunate cases to the local OPO or
directly to nPOD.

There are critical ethical considerations associated
with organ donation. The ability for nPOD to
obtain such tissues, in addition to their provision
to investigators, was made possible by the program
submitting to a thorough ethical evaluation of its
standard operating procedures, affirmation of its
ability to protect subject confidentiality and to meet
regulatory standards with respect to the ‘chain of
custody’ (i.e., in settings of a regulatory audit, to
be in a position to provide exact details regarding the
disposition of every tissue). Indeed, nPOD repeatedly
undergoes such evaluations at an administrative and
core laboratory level through evaluation by the
University of Florida Institutional Research Board
(IRB); moreover, institutional IRBs throughout the
world examine the research performed by their
investigators on specimens provided by nPOD. Each
and every process of review, be it by an OPO or IRB,
represents an event of high importance given the need
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Table 1. nPOD donor inclusion criteria and specimens
recoverable

Donor groups*
T1D (any age and disease duration)
AAD positive, non-diabetic (>1 AAb, <30years old)
Pancreas transplant recipients (with T1D)
T2D with/without incretin therapy
Normal pregnancy
Gestational diabetes
Cystic fibrosis-related diabetes, Turner syndrome,
Prader—Willi
Bariatric surgery
Controls
Specimens recoverable
Pancreas
Spleent
Pancreatic lymph nodest
Non-pancreatic lymph nodest
Whole bloodtand serum
Bone marrowt
Thymust
Duodenum
Ampulla Vater
Skin

AAb positive, autoantibody-positive; nPOD, Network for
Pancreatic Organ Donors with Diabetes; T1D, type 1
diabetes; T2D, type 2 diabetes.

*Criteria last updated on 30 April 2013. Revision history
available at http://jdrfnpod.org/sops/donor-criteria.pdf.
TCryopreserved cells available.

to meet ethical standards. As often noted, the process
of organ donation represents a ‘gift’ and as such,
both a strong rationale and demonstration of high-
performance standards by the organization are key to
address a variety of ethical issues (e.g., the use of tissues
for research vs. clinical transplantation, obtaining
prenatal or tissues from very young individuals, etc.).
nPOD usually accepts organs when processing is
possible within 24 h of cold ischemia time (since the
organ is cooled with a cold perfusion solution), and
in the absence of donor positive tests for serious
infectious diseases (HIV, HTLV, VDRL, HbSAg, and
anti-HCV). OPOs routinely test donors for multiple
infectious diseases as part of their evaluation for
potential transplant, and information about other
infections is disclosed prior to acceptance of an offer.
Upon acceptance of a donor offer, recovered
organs are sent from an OPO partner to the nPOD
Organ Procurement & Pathology Core (OPPC) in
Gainesville, Florida. Here, tissues are processed
according to nPOD’s standard operating procedures
(SOP) (6-8) (Note: all nPOD SOPs are available at
www.JDRFnPOD.org). Routine stains are performed
to assess pancreas pathology (insulin, glucagon, CD3,
hematoxylin, eosin, etc.). All stained sections can be
viewed by investigators using the internet-based Aperio
viewer, which effectively works like a microscope.

Pediatric Diabetes 2014: 15: 1-9
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Tissues are recorded and archived before distribution
to investigators worldwide.

Like all tissue banks supporting a multitude of
studies, nPOD faces the challenge that a variety of
donor-specific factors need to be documented and
recognized by investigators as potential source of
bias in study design and interpretation. Such donor
factors include cause of death, concomitant acute or
chronicillnesses, including infections, and medications.
These apply to the nPOD collection as a whole, but
possibly in different ways or variable extent, to the
cases that are utilized in any specific investigator-
initiated study. As an organ donor tissue bank, nPOD
continuously addresses these issues at both levels: (i) by
conducting periodic analyses to identify donor factors
that may emerge, in general, as potential confounding
factors; (ii) by collecting clinical donor information
and making it available to investigators in DataShare,
de-identified and in full respect of privacy laws, so
that investigators can select cases and controls taking
into account multiple donor factors. Table 2 shows
nPOD recoveries, by donor category, as of 31 July
2013. The nPOD resource includes tissues from 70
donors with TID and from 20 non-diabetic donors
with islet autoantibodies. There are now 15 nPOD
T1D cases with demonstrated insulitis (Table 3), the
inflammatory lymphocytic infiltrate of the pancreatic
islets that is considered T1D’s pathologic hallmark,
including donors of pediatric age. This resource has
enabled nPOD to develop a statement on insulitis in
humans (see Emerging data from nPOD supported
studies section, below). nPOD has also recovered
organs from rare donors, such as donors who pass away
near the time of T1D diagnosis, an occurrence that is
thankfully quite rare with improved treatment of DKA
and its complications (9, 10), and a T1D donor who
carried a strongly diabetes-protective human leukocyte
antigen (HLA) haplotype typically found in less than
1% of T1D patients.

Starting in 2012, nPOD initiated a programmatic
expansion, called nPOD-transplantation (nPOD-T), to
allow patients with T1D who are recipients of pancreas
transplants to consent for directed, postmortem
donation to the nPOD program (Fig. 1). The rationale
for this expansion stems from studies demonstrating
that islet autoimmunity can be reactivated in
pancreas transplants, despite HLA mismatch and
chronic immunosuppression that prevent rejection
(11). Moreover, chronic immunosuppression could
allow for some beta cell replication to occur in the
native pancreas, but this possibility cannot be easily
proved or disproved by clinical studies (12); access
to native pancreas from immunosuppressed transplant
recipients could help address this question. Since its
inception, the nPOD-T program has also implemented
strategies for recovering both native and transplanted
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Fig. 1. The Network for Pancreatic Organ Donors with Diabetes (nPOD) operational model. The diagram illustrates the current strategy used

to obtain organ donors for diabetes research described in the main text.

Table 2. nPOD recoveries (as of 31 July 2013)

Mean age

Donor group Number  (years)
No diabetes 89 21.9
Autoab Pos 20 34.2
T1D 70 28.2
T1D medalist 12 76.3
T2D 17 44.5
T2D with incretin therapy 9 58.4
Gestational diabetes 3 32.6
Pregnancy 1 38.0
Cystic fibrosis 2 31.1
Other 7 28.8
Pending classification 12 31.1
Pancreas transplant with recurrent T1D 3 43.0
Total 245

nPOD, Network for Pancreatic Organ Donors with Diabetes;
T1D, type 1 diabetes; T2D, type 2 diabetes.

pancreas from transplant recipients, not only after
postmortem donation, but also through biopsy of
living patients. In doing so, nPOD-T has obtained
specimens from pancreas transplant recipients with
well-documented diabetes recurrence, and showed that
insulitis was also present.

Investigators interested in accessing nPOD tissues
submit a request online, with a description of the
scientific project focused on the study of donor
specimens. The project is reviewed by one of two
nPOD Tissue Prioritization Committees (TPC); the

4

academic TPC or the industry TPC. The interaction
with either TPC is the first and a most critical
interaction for prospective nPOD investigators. They
receive constructive feedback, in terms of scientific
merit and feasibility. Once approved, investigators
join nPOD and receive tissues. nPOD has provided
and/or currently provides specimens in support
of more than 100 research studies worldwide.
Projects have a broad scope including, but not
limited to the immunopathology of T1D, beta cell
physiology and dysfunction, pancreas development,
beta cell regeneration, trans-differentiation and
dedifferentiation, environmental factors, and imaging.
Investigators study nPOD samples with a variety of
state of the art methods, such as high-throughput
methods, sequencing, genotyping, gene expression,
multiparameter flow cytometry, fluorescence and
electron microscopy, proteomics, and more.

The nPOD research model for open
collaboration and data sharing

A critical aspect of the nPOD program is the
emphasis on identifying synergies among projects
and on actively promoting collaboration. Upon
approval of their project, investigators effectively join
nPOD and are made aware of possible collaborative
opportunities within the network; nPOD staff also
facilitates interactions among investigators by helping,

Pediatric Diabetes 2014: 15: 1-9



Table 3. nPOD donors with insulitis

The JDRF nPOD: focus on human T1D

Donor Autoantibodies Age T1D
Case ID group detected (years) duration Gender Race
6197 AAb+ GAD, IA-2 22 n/a M AA
6209 T1D IA-2, ZnT8, IAA 5 0.25 F C
6052 T1D IA-2, IAAT 12 1 M AA
6113 T1D IAAT 13.1 1 F C
6063 T1D IAAT 4.4 3 M C
6198 T1D GAD, IA-2, ZnT8, IAA 22 3 F H
6088 T1D GAD, IA-2, ZnT8, IAA 31.2 5 M C
6195 T1D GAD, IA-2, ZnT8, IAA 19.2 5 M C
6212 T1D IAA 20 5 M C
6062 T1D No serum available 10.7 6 M AA
6070 T1D IA-2, IAA 22.6 7 F C
6046 T1D IA-2, ZnT8 18.8 8 F C
6039 T1D GAD, IA-2, ZnT8, IAA 28.7 12 F C
6076 T1D GAD, IAA 25.8 14 M C
6228 T1D GAD, IA-2, ZnT8 13 0 (onset) M C

AA, African American; AAb+, autoantibody-positive; C, Caucasian; H, Hispanic; nPOD, Network for Pancreatic Organ Donors

with Diabetes; T1D, type 1 diabetes.

*Insulitis was defined as >6 CD3-positive T cells adjacent or within islets (n > 3 islets/section) with insulin deficient islets within

the pancreas.

TIAA, or insulin autoantibodies, if measured after the institution of insulin therapy are likely induced by insulin injections.

establishing, and maintaining contact. There are
periodic web-based meetings (webinars), and an nPOD
annual meeting, where data are presented.

Recognizing that several investigators are operating
with synergistic goals in many key research areas,
and that there are critical questions that are not
likely to be addressed by a single investigator,
nPOD has developed working groups. Interested
investigators coalesce around a major topic, and
one or more fundamental questions, with multiple
studies and approaches. For example, the role of
viruses, i.e., enteroviruses in T1D etiology remains
controversial (13—22). Through nPOD promoted web-
based discussions, nPOD investigators assembled a
group with the unified goal of defining a strategy to
address the critical role of viruses via multidisciplinary
approaches and the joint study of nPOD specimens.
The group, known as the nPOD-virus group, also
aims at cross-validating reagents and standardizing
readouts, which are critically needed. Data exchange
is fully supported by nPOD’s sample/data sharing
framework. The nPOD-virus group is pioneering
group interactions and dynamics, and developing an
effective model for collaboration. Additional groups
are being organized in the key areas of T cell receptor
sequences and antigens, beta cell regeneration, trans-
differentiation and dedifferentiation, and the study of
the extracellular matrix; moreover, coordinated studies
of pancreas transplant biopsies identified through the
nPOD-T program are ongoing.

nPOD is implementing ‘real-time’ data sharing;
that is, as investigators produce results from their
analyses of nPOD cases, those results are shared,

Pediatric Diabetes 2014: 15: 1-9

prior to publication, among members of the nPOD
network. Information is available in a more expedited
fashion and strategic changes, or reconciliation of
discordant data, may be implemented during the
course of the studies. This philosophy stems also from
recognition of the unique circumstances of nPOD,
where many investigators are studying samples from
the same patients. Real-time data sharing is proving
of critical importance, especially for the coordinated
working groups. To facilitate data sharing, nPOD
has deployed and continues to develop DataShare, a
collaborative web-based tool for data communication
organized around the nPOD specimen repository.
Investigators use DataShare to deposit data and
share their findings with other investigators looking
at related or unrelated parameters, even matching by
donors. DataShare also provides access to detailed
donor information, including demographics, lifestyle
and medical history, diabetes related information, labs,
medications, serologies, transfusions and infections,
HLA, and histopathological data. It is hoped that
this approach will accelerate the rate of discovery and
promote more robust advances.

Emerging data from nPOD supported studies

Several manuscripts reporting novel observations
made on nPOD specimens have now been published
(23-44). Due to space limitations, we highlight a few
below:

(1) Insulitis (24) has not been found to date
in nPOD non-diabetic donors who express a
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[
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Fig. 2. Pancreas pathology from Network for Pancreatic Organ Donors with Diabetes (nPOD) T1D donor 6195. Pancreas serial sections were
stained with double immunohistochemistry (IHC) stains (CD3 and glucagon, Ki67 and insulin, brown and red, respectively). Pseudoatrophic
islets (glucagon-positive cells only) are located adjacent to an insulin-positive islet in this section. Insulitis is detected by numerous CD3+ T
cells adjacent to and infiltrating two islets (arrows). The donor was a 19-year-old Caucasian male with 5years T1D duration.

G

Fig. 3. Pancreas pathology from T1D donor nPOD 6046. Pancreas
section stained for insulin (dark) by immunohistochemistry and
counterstained with hematoxylin. The donor was an 18-year-
old Caucasian female, who had developed TI1D 8years prior. A
significant numbers of islets stain well for insulin, indicating the
presence of beta cells, at least in some lobules, despite 8 years of
disease duration.

(ii)

(iif)

single autoantibody. This is consistent with
investigations of pancreas organ donors from
Europe (based on examination of small tissue
fragments) (45) and with the low risk of disease
progression observed in prospective studies of
relatives with a single islet autoantibody (46).
Insulitis is usually not as severe and frequent
in human as it is in NOD mice, the closest
mouse model of autoimmune diabetes (5), even
in patients with recent onset diabetes. However,
it is evident that insulitis may be present in some
cases years after diagnosis (29) (Fig. 2).
Insulin-positive beta cells and the expression of
glucose transporters (27) may also persist for
many years after diagnosis (Figs 2 and 3) (29).
The expression of the survivin molecule was
linked to the persistence of beta cells in the

(iv)

v)

(vi)

pancreas of patients with long disease duration
(25). This is direct pathological evidence of the
chronicity of the disease process, which challenges
the classical concept that beta cells destruction is
almost complete by the time of diagnosis and is
aligned with recent clinical studies demonstrating
long-term C-peptide persistence in some patients
with T1D (26, 47). These findings suggest that
patients might benefit from effective therapies for
a longer period of time than previously thought.
The demonstration, in the insulitis, of islet
antigen-specific CD8 T cells in the pancreas
of nPOD donors directly links those T cells
with the disease and validates those T cells
and antigen specificities as bona fide therapeutic
targets (29). Early after diagnosis, no islets
were observed that contained more than a
single specificity of islet-autoreactive CD8 T
cells. In long-standing disease, inflamed islets
usually contain multiple islet reactive specificities.
Epitope spreading may explain the evolution from
T cell monospecificity to multispecificity within
islets, as disease progresses. This might involve
the progressive release of novel antigens as a
consequence of ongoing apoptosis caused by a
primary population of diabetogenic T cells. The
ensuing secondary generation and influx of a new
wave of islet-specific T cells could contribute to
disease progression.

A role for complement is also suggested
from the observation that C4d deposition was
elevated in pancreata of patients with T1D
(43). C4d deposition was observed in the blood
vessel endothelium and extracellular matrix
surrounding blood vessels and exocrine ducts.
Several investigators are addressing mechanisms
by which immunological self-tolerance to islet
cell autoantigens may be lost in T1D patients.
Earlier studies had reported that insulin and other

Pediatric Diabetes 2014: 15: 1-9



self-molecules are expressed in the thymus, by
thymic epithelial cells and bone marrow-derived
antigen presenting cells (48—50). The expression
of multiple self-molecules, including those with
tissue-restricted expression, was largely ascribed
to the function of the Aire transcription factor,
or autoimmune regulator (51). Cells capable of
expressing self-molecules and promoting immune
self-tolerance were also reported in peripheral
lymphoid tissues (49). Studies by Yip et al.
using nPOD samples showed that the expression
of self-molecule genes in the pancreatic lymph
node is depressed in T1D patients (23); this
reduced expression results from the alternative
splicing of the Deafl transcription factor, which
could be driven by inflammation, via impaired
expression of the eukaryotic translation initiation
factor 4 gamma 3 (Eif4g3) (41); these findings
provide clues about mechanisms that suppress
the tolerogenic expression of self-molecules (e.g.,
insulin itself, which is an autoantigen in T1D)
and impair peripheral immune tolerance in the
pancreatic lymph node, a site that plays a
critical role in the regulation and activation of
islet autoimmune responses. Moreover, nPOD
tissues have been used to better characterize the
phenotype of cells that express self-molecules
in peripheral lymphoid tissues, specifically the
extrathymic Aire-expressing cells (52), which have
now been shown to be a distinct phenotype of
bone marrow origin (44). Accompanying studies
in mice showed that these cells inactivate CD4 T
cells independently from regulatory T cells.

(vil) The pathology of the diabetic pancreas is
heterogeneous, exhibiting distinct patterns of
beta cell loss, implicating heterogeneity in
the disease pathogenesis and multiple factors
(25). A series of studies have identified novel
molecules associated with disease pathogenesis,
including selected chemokines (36), mediators
of endoplasmic reticulum stress (34), certain
components of the extracellular matrix (30), and
cathepsins as mediators of peri-islet basement
membrane degradation and loss of integrity,
which in turn facilitates T cell infiltration of the
islets (40). New evidence links the expression of
IL-15 and IL-15Ra in the pancreatic islets and
serum of patients with T1D, and manipulation
of this pathway with tofacitinib reversed diabetes
in mice, pointing at a new therapeutic option to
explore in clinical trials (42).

(viii) Studies are obtaining additional evidence for
an association of enteroviruses with TI1D
pathogenesis using nPOD samples (37), including
in cases with longer disease duration, which might
suggests viral persistence, or multiple infections;

Pediatric Diabetes 2014: 15: 1-9
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as mentioned, these studies are now developing
as part of the nPOD-virus group activities.

(ix) Investigations are exploring mechanisms of beta
cell replication, showing that beta cell replication
is more evident in early life and yet replication
is possible but rare even in adult patients with
T1D; in patients with T2D, incretin therapy was
linked to the appearance of double hormone
positive cells (i.e., insulin-glucagon), which may
represent a transitional state perhaps related to
regeneration or remodeling (39).

(x) The analysis of pancreas weight suggests that not
only the pancreas of T1D patients is smaller than
those on non-diabetic donors, but that a weight
reduction was also noted in donors with islet-
associated autoantibodies (32). This suggests that
exocrine abnormalities might exist in TID and
could precede its development, as opposed to
being a simple consequence of pancreatic atrophy
due to insulin deficiency.

Summary

nPOD actively promotes a multidisciplinary and
unbiased approach toward a better understanding of
T1D and identify novel therapeutic targets, through its
focus on the study of human samples. Unique to this
effort is the coordination of collaborative efforts and
real-time data sharing. Studies supported by nPOD
are providing direct evidence that human TID is
a complex and heterogeneous disease, in which a
multitude of pathogenic factors may be operational
and may contribute to the onset of the disease.
Importantly, the concept that beta cell destruction
is almost completed and that the autoimmune process
is almost extinguished soon after diagnosis is being
challenged. nPOD investigators are exploring the
hypothesis that beta cell dysfunction may also be a
significant cause of hyperglycemia, at least around the
time of diagnosis, and are uncovering novel molecules
and pathways that are linked to the pathogenesis and
etiology of human T1D. The validation of therapeutic
targets is also a key component of this effort, with
recent and future findings providing new strategic
direction for clinical trials.
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