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Younger age at diagnosis often reflects a
greater influence of genetic factors in
disease. Type 1 diabetes, which develops
most frequently in childhood but can also
present in adult life, is a prime candidate
to explore the relationships among risk
loci, age at diagnosis, and genetic con-
tribution to disease. Type 1 diabetes
genetic risk scores (GRS) (calculated as
the weighted sum of alleles statistically
associated with type 1 diabetes present
in a given individual) are inversely cor-
related with age at diagnosis. Studies
have suggested age-related heterogene-
ity in the association of established risk
alleles with type 1 diabetes, although no
consistent pattern has developed. Fur-
ther investigations into the genetic fac-
tors that influence age of clinical onset
may refine our understanding of type 1
diabetes pathogenesis and provide op-
portunities for individualized preventive
therapies.
It has long been recognized that ge-

netics plays a role in determining age at
type 1 diabetes diagnosis. For monozy-
gotic twins, concordance for type 1 di-
abetes increases with younger age at
diagnosis in the index twin (1). HLA
genotypes that confer risk for type 1
diabetes are more prevalent among sub-
jects with younger age at clinical onset
(2). GRS combining information from
type 1 diabetes–associated HLA and
non-HLA loci predict progression from

single to multiple autoantibody positiv-
ity in individuals under age 35 years
but not in older participants (3). A
genome-wide analysis by Inshaw et
al. (4) showed that rs9273363 single-
nucleotide polymorphism (SNP) (tagging
the HLA DQB1*03:02 haplotype) and
the 6q22.33 region, which contains the
genes encoding protein tyrosine phospha-
tase receptor k (PTPRK) and thymocyte-
expressedmolecule involved in selection
(THEMIS), are associated with younger
age at diagnosis, although not with
type 1 diabetes overall. Additional chro-
mosomal regions reported to influence
age at type 1 diabetes diagnosis are
interleukin-2 (IL2) (4q27, rs2069763)
and renalase (RNLS) (10q23.31, rs10509540)
(5). On the other end of the spectrum,
adult-onset autoimmune diabetes dis-
plays weaker associations with HLA
and stronger associations with INS and
loci associated with type 2 diabetes (6).
A major concern with all of these studies
is whether the observed differences with
age reflect underlying differences in path-
ogenesis or lack of statistical power due
to limited samples sizes for older-onset
subjects.

In the current issue of Diabetes Care,
Inshaw et al. (7) describe the most com-
prehensive evaluation of the relationship
between type 1 diabetes risk loci and age
at diagnosis published to date. They used
extensive resources of genotyped case

and control subjects from prior studies,
affording sufficient statistical power to
evaluate individual risk loci even with
modest effect sizes. Their findings bring
together several disparate observations
regarding type 1 diabetes: 1) the afore-
mentioned skewed age distribution at
diagnosis; 2) distinct age-specific histo-
logic phenotypes related to islet auto-
immune infiltration (8), which they used
to partition their population (i.e.,,7, 7–
13, and$13 years); and 3) heterogeneity
in the autoimmune factors of type 1
diabetes, raising the possibility of addi-
tional diabetogenic mechanisms in some
individuals (9).

The authors compared age subgroups
for the strength of the associations
between type 1 diabetes and HLA (8 class
II, 9 class I) and 55 non-HLA loci, selected
based on their prior data (4). In the
youngest category, the highest risk HLA
DR3-DQ2/DR4-DQ8 diplotype, as well as
A*2402 alleles and B39*06, were more
common, while the protective DR15-
DQ6 (DRB1*15:01-DQB1*06:02) and
DR7-DQ3 (DRB1*07:01-DQB1*03:03)
were least common. While the results
for HLA were not unexpected, the nov-
elty of the study lies in several non-HLA
regions that were differentially associ-
ated between the youngest and the
oldest categories. Existing fine map-
ping data and colocalization with whole-
blood expression quantitative trait loci
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studies revealed likely causal variants in
these regions. Most of the credible can-
didate causal genes are involved in T and/
or B cell biology: interleukin-2 receptor a
(IL2RA), interleukin-10 (IL10), THEMIS,
Ikaros family zincfinger 3 (IKZF3)/ORMDL
sphingolipid biosynthesis regulator 3
(ORMDL3)/gasdermin B (GSDMB), and
cathepsin H (CTSH). However, a few of
the candidate causal genes identifiedmay
have effects on the target organ. Most
notable among these is Gli-similar protein
3 (GLIS3), a transcription factor that reg-
ulates insulin gene expression as well as
b-cell development, survival, and prolif-
eration. GLIS3 variants have been in-
volved in neonatal diabetes, type 1
diabetes, and type 2diabetes (10). Unlike
most candidate risk loci for type 1 di-
abetes,GLIS3has not been linked toother
autoimmune disorders, suggesting tar-
get organ–specific effects. However,
since GLIS3 variants increase b-cell sus-
ceptibility to apoptosis and cytokine-
induced b-cell death, contributing to
b-cell fragility (11), an intriguing possi-
bility is thatGLIS3 variants could magnify
the aggressive autoimmune attack on
b-cells characteristic of younger children.
Themechanisms underlying the involve-
mentof theCTSHand IKZF3 loci aremore
ambiguous. CTSH is ubiquitously ex-
pressed, including in b-cells. Allelic
variation at the index SNP in the region,
rs3825932, confers differential suscepti-
bility to b-cell apoptosis, hinting at mul-
tipleunderlyingpathogenicmechanisms.
For IKZF3, which is clearly immune-re-
lated in function, the direction of the risk
in the current study is opposite of that
reported for other autoimmune disor-
ders such as asthma. Overall, one should
keep in mind that, while fine mapping
and colocalization can hint at plausible
candidate genes, additional work is re-
quired to definitely determine the causal
gene or genes in a given disease-associ-
ated region.
Genetics may provide a useful window into

the puzzling age differences in the epidemi-
ology, clinical characteristics, immunology,
and histopathology of type 1 diabetes
(12). Most of the genes that Inshaw et al.
(7) found preferentially associated with early-
childhood type 1 diabetes work in the
immune system (13) (Fig. 1). Accordingly,
islet autoimmunity most often appears
early in life (14), and itsprogression toclinical
type 1 diabetes is faster and more likely in
the youngest children (15). T-cell responses

to islet antigens differ by age; for instance, the
secretion of regulatory cytokine interleukin-
10 by CD41 T-cells increases with age at
type 1 diabetes presentation (16).
Aggressive autoimmunity in younger
children could lead to faster and more
profound loss of b-cells, explaining more
rapid progression through preclinical
type 1 diabetes stages (17), higher in-
cidence of type 1 diabetes diagnosis (18),
and poorer b-cell function (and conse-
quently more frequent diabetic ketoaci-
dosis) at diagnosis in children than in
adults (19). After type 1 diabetes onset,
b-cell function falls faster in younger
individuals (20), and the partial remis-
sion period is shorter in young children.
On the other extreme of the spectrum,
adult-onset autoimmune diabetes has a
lower burden of type 1 diabetes–
associated genes, milder autoimmunity
(as reflected by single autoantibody pos-
itivity), and a characteristic slow decline
in b-cell function. Histopathology indi-
cates that individuals who develop
type 1 diabetes later in life maintain
higher numbers of insulin-containing is-
lets and their insulitis is less aggressive and
different from that in younger people (8).
Inshaw et al. (7) leveraged histopatholog-
ical differences by age to define age
categories.

Themajority of the age-related type 1
diabetes risk loci identified by Inshaw
et al. (7) act on the immune system.
This observation reinforces the concept
of a stronger autoimmune component

of type 1 diabetes in younger children.
In individuals with milder islet autoim-
munity, the development of clinical
type 1 diabetes may depend upon ad-
ditional influences. The “threshold hy-
pothesis” proposed that clinical diabetes
develops when the combination of di-
abetogenic genetic and environmental
factors exceeds a threshold (21). There
is evidence that environmental factors
cooperating with genes not directly asso-
ciated with autoimmunity may help to
initiate islet autoimmunity (22). The re-
lationship of obesity with type 1 diabetes
has been demonstrated (23). Type 2
diabetes–associated transcription factor
7-like 2 (TCF7L2) genetic variants are
more frequent in type 1 diabetes with
single autoantibody positivity (24) or
lacking high-risk HLA alleles (25), imply-
ing that type 2 diabetes risk factors may
contribute to type 1 diabetes patho-
genesis in a subset of cases with fewer
markers of islet autoimmunity (9).
Therefore, the relative influence of im-
mune and nonimmune genetic and en-
vironmental factors, and thepathways to
diabetes, can be expected to vary by
onset age. While most of the variants
tested by Inshaw et al. (7) are in
regions involved in the immune function,
studies on genes implicated in glucose
metabolism may uncover additional
age-driven differences.

The physiopathologic differences un-
derlying age-related heterogeneity could
be leveraged therapeutically. Some of

Figure 1—Genetic and environmental influences combine and interact to cause type 1 diabetes.
Their strength and relative contribution determine rate of progression through preclinical stages
and, thus, the age at clinical onset of type 1 diabetes. The burden of type 1 diabetes–associated
genes (asmeasuredby type1diabetesGRS) is highest in young childrenwhodevelop clinical type1
diabetes. In particular, genes related to the immune function (e.g., IL2RA, THEMIS, etc.) are
associated with very early-onset type 1 diabetes and characteristically aggressive histopathology.
GLIS3 variants, which have been associated with very early-onset type 1 diabetes in the study by
Inshaw et al. (7), is also involved in type 2 and monogenic diabetes. Studies in adult-onset type 1
diabetes have found a higher burden of type 2 diabetes genes. Twin studies support that
environmental factors are less important at younger ages of onset. Interactions at various levels
(gene-gene, gene-environment) have been described and couldmodify the relative importance of
factors. T1D, type 1 diabetes; T2D, type 2 diabetes; y/o, years old.
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the immunomodulatory agents aremore
effective at preventing type 1 diabetes or
its progression in children than in adults
(17,26,27). The current report raises the
possibility of a “precision medicine” ap-
proach to type 1 diabetes interventions,
using either individual SNP genotypes or
a GRS to identify subjects whose disease
might have a stronger autoimmune na-
ture, warranting more aggressive immu-
nomodulatory therapies.
The studyby Inshawet al. (7) is encouraging

butalsohighlightsareasforfurtherwork.The
current study uses a targeted genotyping
approachwith the ImmunoChip platform
and could be productively expanded
via genome-wide genotyping; the prior
article by Inshaw et al. (4) identified loci
that are associated with age at diag-
nosis but not disease overall, and thus
targeted genotyping focusing on disease-
associated SNPs may be insufficient.
Replication studies are needed in pop-
ulations of non-European origin (28,29),
since the authors used a rather homo-
geneous population from the U.K. The
older age category had the smallest
sample size (and most likely the great-
est heterogeneity), and thus the results
from this study need to be replicated in
cohorts well powered for older partic-
ipants. Only a minority of cases were
adult-onset type 1 diabetes, which lim-
ited the ability to analyze this distinct
subset separately. Finally, the mecha-
nistic implications could be further ex-
plored in existing longitudinal cohorts to
understand the influence of individual
variants on specific preclinical stages of
type 1 diabetes, e.g., appearance of
islet autoimmunity, progression to mul-
tiple autoantibody positivity, and de-
velopment of clinical disease. Better
understanding of the age effect in
type 1 diabetes, its underlying mecha-
nisms, and whether it is a continuum
or there are discrete categories could
reveal opportunities for prediction and
prevention.
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