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rederick Banting declared that “insulinis notacure for diabetes;

itisatreatment”in his1923 Nobel lecture. The year 2021 marks

100 years since the discovery of insulin, which revolutionized

the management of patients with type 1 diabetes. The past

100 years have seen seismic shifts in our understanding of the
pathogenesis of the different types of diabetes, leading to advances
in patient care. In this Nature Milestones in Diabetes, we highlight
some of these key discoveries, which lay a path to the elusive goal of
finding a cure for diabetes.

Followingthe discovery and early use of insulinby Frederick Banting,
Charles Best,James Bertram Collip andJohn Macleod (Milestone 1), there
arenow arange of insulin analogues that canbe used to treat patients.
Technological advances havealso led to the use of closed-loop systems
forinsulin delivery (Milestone 21). Insulin has been at the forefront of
scientific discovery —it was thefirst proteinto be sequenced, thefirst
human proteinto be chemically synthesized and the first recombinant
proteinto be produced in bacteria, for example.

However, the high cost ofinsulin analogues and the scarcity of more
affordable human insulin, coupled with other barriers to access such
as storage issues, have serious ramifications for many patients. Such
inequities are non-trivialand urgently need tobe addressed, particularly
inlow-income and middle-income countries. Here, however, we focus on
the scientificachievements thathave drivenincreased understanding
of diabetes and have led to therapeutic advances.

Indeed, the past few years have seen an expansion of therapeutic
options for patients with type 2 diabetes, with the advent of SGLT2
inhibitors, GLP1receptoragonists and DPP4 inhibitors (Milestones 9,22
and24).Inimmunology, new discoveries are enabling the development
ofimmunotherapies for type 1 diabetes (Milestones 17 and 20).

EachMilestone and the papers that we have highlighted here repre-
sent the culmination of years of work from teams of researchers, each
building on the work of their predecessors and colleagues. Notably,
these Milestones are not an exhaustive list, and we acknowledge the
manyimportant contributionsto thefield that have notbeenincluded
in the Timeline. We thank the researchers and clinicians who have
advised us onthis project or agreed to be interviewed. We are pleased
to acknowledge financial support from AstraZeneca, Medtronic and
Novo Nordisk. As always, responsibility for the editorial content remains
with Springer Nature.

Claire Greenhill Chief Editor, Nature Reviews Endocrinology
Anna Kriebs Senior Editor, Nature Communications

Deepitha Maennich Associate Editor,

Nature Reviews Disease Primers

Kirsty Minton Senior Editor, Nature Reviews Immunology
Jennifer Sargent Senior Editor, Nature Medicine

Shimona Starling Senior Editor, Nature Reviews Endocrinology

S2 | Nature Milestones | Diabetes | June 2021

For more on Nature

% Milestones in Diabetes,
visit www.nature.com/
collections/diabetes-
milestones

Produced by
naturereviews
endocrinology

www.nature.com/nrendo

With support from
AstraZeneca
Medtronic

Novo Nordisk


https://www.nature.com/nrendo
https://www.nature.com/collections/diabetes-milestones
https://www.nature.com/collections/diabetes-milestones
https://www.nature.com/collections/diabetes-milestones

Ahistory of insulin: initial
discoverytofirstuseinthe
treatmentof T1ID

n1921, Frederick Banting and Charles Best
designed aseries of experimentstoidentify
how the pancreas wasinvolvedin carbohy-
drate metabolism. Their work, published
in1922, builton findings fromstudies over
the previous40-50years showingthat the pan-
creas,and more specifically theislets of Langer-
hans, was key for carbohydrate metabolismand
might be involved in the pathogenesis of the
disease we now know as type 1diabetes (T1D).
This work led to the identification of insulin.
Together with John Macleod, Banting and
Best hypothesized that carbohydrate metab-
olismwaseither controlled by the blood being
modified while passing through the pancreas,
or by the islets of Langerhans producing an
internal secretion. Banting and Best began by
removing the pancreases from several dogs,
whichthenwentontodisplay signs of diabetes,
including increased blood and urine levels
of glucose. The dogs were then injected with
different pancreaticextracts, after whichblood
andurinelevels of glucose felland their overall
healthimproved.Bantingand Best noted that
the degree of the effect varied depending on

how concentrated the extract was. They also
found that extracts containing pancreatic
juices (containing digestive enzymes) negated
the positive effects of the pancreatic extract
onglucose levels. These results demonstrate
that a pancreatic secretion was involved in
carbohydrate metabolism.

Following these findings, the researchers
started work to purify the extract. Early use of
this pancreatic extract in patients was unsuc-
cessful,owingtoitshigh protein content.James
Bertram Collip then joined the team in order
to help purify the pancreatic extract further,
to give insulin. The researchers went on to
devise amethod to produce larger quantities
of insulin, so that they could start toadminister
it to patients.

Work began at Toronto General Hospital,
Canada, toadministerinsulintoasmallnumber
of patients with T1D, under close supervision.
Leonard Thompson (14 yearsold) was, famously,
oneoftheseearly patients —and was potentially
the first patient to be administered with insu-
lin. Similarly to the earlier animal work, blood
andurinelevels of glucose dropped following
administration of insulinin these patients. The
patientsalso reported complete resolution of
thesubjective symptomsassociated with T1D.

Reportingonthe case of Leonard Thompson,
theresearchersnoted hislow weight, lethargy
and highblood and urinelevels of glucose. Fol-
lowing daily administration of insulin, Leon-
ard quickly began to feel better and was more
alert,and hisblood and urinelevels of glucose
reduced. Onwithdrawal of treatment for2 days,
his symptoms returned. In their 1922 paper
in the Canadian Medical Association Journal,
theresearchersnote that “These resultstaken
together have been such as to leave no doubt
that in these extracts we have a therapeutic
measure of unquestionable value in the treat-
ment of certain phases of the disease in man.”

Theresearchersnoted that their early find-
ings were positive enough to warrant further
work to refine the treatment regimen and
improve patient outcomes. The following dec-
ades saw rapid advances in the use of insulin
totreat T1D, suchasthediscoveryinthe1930s
thattheaction ofinsulincan be prolonged with
the addition of protamine.

Bantingand Macleod were awarded the Nobel
Prizein Physiology or Medicine for their workin
identifyinginsulin. Recognizing the key involve-
ment of Best and Collip, Banting and Macleod
decidedtosharethe prize moneywith their two
colleagues. As Banting noted in his Nobel Prize
lecture, insulinisnotacure for T1D; itisinstead
atreatment that enables people with T1D to
metabolize carbohydrates. T1D research has
advanced considerably in the 100 years since
Bantingand Best’s seminal paper, butacure has
remained elusive. It is to be hoped that a cure
will be found in the next few years.

Claire Greenhill Chief Editor,
Nature Reviews Endocrinology

Banting, F. G. & Best, C. H. The internal
secretion of the pancreas. J. Lab. Clin. Med. 7,
465-480 (1922)

Please visit the online article for a full list of
further reading.
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Islet pathology in diabetes

An adult human islet. Red colour shows insulin staining, green shows glucagon and blue

shows nuclei. Scale bar 50 um.

he discovery of insulin in 1921
(Milestonel) revolutionized the treat-
ment of people with diabetes. How-
ever, the pathophysiology of diabetes
remained uncertain for many decades.
In1965, important histological findings were
published thatrevealed the pathological anat-
omy of the pancreas in early-onset (prior to
age 31years) diabetes, which we now know as
type l1diabetes (T1D).
Theclassicviewwasthat TIDwascausedbyan
absolute deficiency of insulin secretion owing
to a severe inadequacy of insulin-secreting
tissue. The advent of histological techniques
that could identify insulin-secreting [3-cells,
as well as a-cells, within pancreatic islets ena-
bledthisearly hypothesistobetested.Ina1965
study, researchers examined pancreatictissue
samples obtained atautopsy from 56 patients
withearly-onsetdiabetes, aswellas26 samples
fromyoung people without diabetes. Notable
differences were seen between patients who
died within 6 months of diagnosis (acute dis-
ease) and those who had the disease for longer
thanlyear (chronicdisease).
Thefindings fromthisstudy informed anew
hypothesis that 3-cellsare under the influence
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ofan‘extrapancreatic diabetogenic factor’ that
causesaprogressive deteriorationin T1D. For
example, patients with acute disease showed
decreased numbers of -cells (<10% of nor-
mal values); however, the remaining 3-cells
showed signs of hyperactivity. Furthermore,
68% of patients with acute disease had peri-is-
letandintra-isletinflammatory infiltrates. By
contrast, these infiltrates were never seen in
patients with chronicearly-onset diabetes, and
the majority of these patients had acomplete
absence of B-cells. At disease onset, three types
ofisletwerefound —atrophic without 3-cells,
with 3-cellsand inflammatory infiltrates, and
normal looking without infiltrates — thereby
suggesting ongoing 3-cell destruction.

The findings of this study contrasted with
previous histological findings from patients
who had diabetes diagnosed at an older age.
These patients, whohad what we now calltype 2

diabetes (T2D), typically showed a moderate
decreaseinislettissue and B-cell mass that was
40-50% of normal values.

Furtherinsightsintothe pathogenesis of TID
weremadeinal984 autopsy study of pancreatic
tissue from11 childrenwith T1D,9 of whomhad
died within 24 h of their initial presentation
(recent-onset).Inthe childrenwithrecent-onset
TID, two populations of islets were present:
small insulin-deficient islets and large islets
containing 3-cells. Notably, eight of these chil-
drenhadinflammationoftheir pancreaticislets,
whichaffected 18% of insulin-containingislets
butonly1%ofinsulin-deficientislets. The find-
ingssupported the model ofimmune-mediated
B-cell destructionin T1D.

Acasereport publishedin1985ofal12-year-
oldgirlwhodiedasaresultofrecent-onset T1ID
showed that many of the cellsinfiltrating the
pancreas were cytotoxic or regulatory T cells,
some of which were activated. The affected
islets also showed upregulated expression
of HLA class I molecules, which present
peptides to T cells. Taken together, these
findings and others helped inform our under-
standing of the autoimmune mechanisms
of B-cellloss in T1D.

The pathogenesis of T2Dis different, being
characterized by tissue insulin resistance as
wellasimpairedinsulinsecretion. T2Dis asso-
ciated with obesity and older age, although a
large proportion of individuals with obesity
do not develop T2D. A comprehensive 2003
autopsy study of pancreatic tissue from 124
people with obesity and/or T2D or predia-
betes or of lean individuals with or without
T2D helpedinform our understanding of islet
pathology in T2D. The study confirmed that
levels of 3-cells were decreased in T2D and
the underlying mechanism was proposed to
beincreased 3-cell apoptosis.

These early studies of individuals who
died have helped inform us of the patholog-
ical processes occurring in pancreatic islets
during diabetes and ultimately have led to
the design of treatments that will improve
patient outcomes.

Shimona Starling Senior Editor,
Nature Reviews Endocrinology

Gepts, W. Pathologic anatomy of the pancreas
in juvenile diabetes mellitus. Diabetes 14,
619-633 (1965)

Please visit the online article for a full list of
further reading.
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Thegenetic

underpinnings of T1ID

y the 1970s, researchers recognized

thattypeldiabetes (T1D) wasstrongly

driven by geneticfactors. Their studies

suggested a polygenicpatternofinher-

itance; however, the genes associated
with disease development were not known.
Defining the underlying genetic factors wasnot
astraightforwardtaskinthe absence of amap
of the human genome and the technologies
available today.

Understanding that the development of
T1D had animmune component (Milestones 7
and 8) pointed the way to identifying the first
genes associated with the disease. The HLA
systemhadbeenshowntobegenetically linked
to antigen-specific, cell-mediated immunity.
HLA-mediated immunity was associated with
thesusceptibility toviralinfections, aswell as
autoimmune diseases.

In1974, Nerup et al., writing in The Lancet,
clarified previous contradictory reports by
demonstratingthat HL types A8 and W15 were
found more frequently on white blood cells
fromindividuals with TID and were associated
withanti-pancreatic, cell-mediated immunity.
AlthoughhowHLA variants controlled disease
development was notknown, the researchers
hypothesized that these flavours of the histo-
compatibility complex somehow triggered

the autoimmune reaction that destroyed
pancreatic cells.

Later, genome-wide studies shed light on
other genomicregionsassociatedwith T1D.In
2009, in an untargeted analysis, Barrett et al.
listed single-nucleotide polymorphisms in
the genomes of individuals from the UK with
and without T1D and combined these data
with other similar studies. The researchers
found additional genomic locations, many
linked toimmune functions, that had apossible
relevance to T1D.

Another notablediscovery followedin2015
when Onengut-Gumuscu et al. compared the
genetic profile of 15 autoimmune diseases
and demonstrated that T1D was genetically
similar to other diseases characterized by the
occurrence of autoantibodies.

Further studies untangled the relative
importance of genetic variantsto T1D risk and
pinpointed the exactlocations that constituted

important disease alleles. It became evident
that variants within the HLA locus represent
halfofthegeneticriskin T1D. In particular, posi-
tions coding foramino acidswithintheregion
ofthe HLA proteins where antigenic peptides
arebound and presented toimmunecells, the
so-called antigen-binding grooves, strongly
conferredrisk. Huetal. found that three amino
acid positionsinthe antigen-binding grooves
of HLAgenestogether showed anotable effect.
The demonstration that the critical locations
foraminoacid variationsin HLA proteins were
on the face of the protein that immune cells
interacted with helped explainthe occurrence
of autoimmunity.

While the HLA genes were strongly associ-
ated with the occurrence of autoimmunity, it
was less clear whether they were also driving
the progressiontoclinical T1D.Infact, the pro-
gression from producing autoantibodies to
insulininsufficiencyisvariable and the genetic
risks were unclear. Beyerleinetal. clarified that
genetic risk scores could indicate the rate of
progression to clinical T1D and that the most
prominent HLA genotypes were not the main
driversin this equation.

Based ontherecognitionthatanintegrated
geneticrisk score would capture thelikelihood
to develop the disease more accurately than
focusing on the main HLA genotypes alone,
Sharpetal.developed anupdated geneticrisk
score for T1D in 2019 to predict future T1ID
ininfants.

Although studies of T1D genetics over the
past50yearshaveadvanced ourunderstanding
of important genetic risk loci and informed
research on disease mechanisms, they are not
broadly useful. Previous studies have mainly
focused on individuals with European ances-
try, and thus genetic risk scores based on this
researchfailto accurately capture genetic sus-
ceptibility for the majority of the population.
Onengut-Gumuscu et al.(2019) demonstrated
the improved performance of an ancestry-
specific TIDriskscorethatincluded HLA alleles
fromindividuals with African ancestry. Inclu-
sion of ancestry-specific disease-associated
variants is needed to accurately calculate
geneticrisk.

Anna Kriebs Senior Editor,
Nature Communications

Nerup, J. et al. HL-A antigens and diabetes
mellitus. Lancet 304, 864-866 (1974)

Please visit the online article for a full list of
further reading.
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Animal models of T1D

nimalmodels of type 1diabetes (T1D)

enable the study of mechanisms

underlying its pathogenesis and the

developmentoftherapeuticinterven-

tions. One of the most widely used
models of the disease is the spontaneous dia-
betic Wistar rat, commonly referred to as the
BB rat, which was first described in 1974 and
then more extensively reported onin 1978 by
Nakhooda and colleagues.

Thisgroup performedalongitudinal study
of 51 weanlings from insulin-treated diabetic
male and non-diabetic female parents with
the specificaim of tracking the evolution from
normoglycaemia to overt diabetes. In order
to characterize the disease onset and early
development, they monitored daily food and
water intake, as well as body weight, and col-
lected urineandblood samples. These samples
were collected biweekly as diabetes was left
untreated until the animals’ condition man-
dated sacrifice, at which point the pancreas
was removed for histological staining.

Changesinanalysed parameters wererefer-
enced to the onset of overt diabetes, defined
as the first day of detected glycosuria. They
found that9 of 51animals became overtly dia-
betic, but the time of onset varied considerably
(40-87days), asdidincidence betweenlitters
(9-50%). They also noticed that the onset of
glycosuria was accompanied by rapid weight
loss. Concurrently, theresearchers measured
asharpincrease in plasma levels of glucose
and glucagon, as well as a decrease in insu-
lin levels, for all 9 overtly diabetic animals.
This dysregulation of glucose homeostasis
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was also detected via significant increases in
plasma free fatty acid and total blood ketone
concentrations.

Furthermore, oral glucose tolerance tests
showed abnormal glycaemicresponsesin 6 of
9ratscompared with age-matched non-litter-
mate controls. Finally, histological staining
revealed thatislets of select diabeticrats were
smaller, lessnumerous and composed mostly of
non B-cells; however, end-stage morphologies
differed considerably.

One of the main take-home messages of this
study was the recognition that disease onset
and progression are rapid, occurring on the
timescale of hours to days, but also hetero-
geneous. Many other groups would use the
BB rat model in the coming decades to study
TID, including in the context of genetics,
environmental factors and autoimmunity.

Thisarticle would certainly not be complete
without mentioning the non-obese diabetic
(NOD) mouse model, whichwasfirstdescribed
by Makino and colleaguesin1980. Along with
the BB rat, this mouse model has proven use-
ful for preclinical T1D research and is asso-
ciated with several advantages linked to its

better-defined genome, greater availability
of lab reagents and imaging tools, and lower
maintenance costs.

The first NOD mouse was generated during
routine breeding of CTS mice, and discovered
owingtoitsabnormal polyuriaandglycosuria,
accompanied by rapid weight loss. Although
this first mouse died within 1 month, the
researchers were able to establish the NOD
strain via selective breeding, specifically by
using its offspring to generate eight mating
pairs tested for spontaneous diabetes and
reproductive ability — a huge effort that
involved more than 1,500 mice in total.

It isimportant to point out that, although
othergroups had previously generated hered-
itary diabetic mouse strains suitable for the
study of maturity-onset diabetes or juvenile-
onset diabetes induced by a virus or chemi-
cal,the NOD mouse was the first spontaneous
non-obese diabetic strain.

Researchers tracked body weightand water
intake, aswell asurine volume, food consump-
tion, plasma and urine glucose levels, and
plasma cholesterol over time, defining the
onsetof diabetes based onacommercial urine
glucose test. Interestingly, they found much
higher incidence rates in females (80%) than
in males (10%), the latter also featuring later
disease onset. Histological analyses revealed
lymphocyteinfiltrationinto pancreaticislets,
aswellasareductionin the number of 3-cells
andsize of islets.

These two animal models of T1D have
advanced our understanding of disease patho-
physiology. Still, clinical translation of thera-
peutics hasremained challenging, as curative
successisdependentontreatmentdose, timing
and other parameters. Researchersinthefield
now agree that, although useful, these remain
mere models and insights gained cannot be
directly applied to humans. In fact, clinical
trials have shown that numerous therapeutic
interventions that were effective in animals
later proved ineffective for patients with dia-
betes. Muchwork hasfocused on thisissueand
more remains tobe done for the development
of bona fide models to guide translation and
moreaccurately predict therapeuticoutcomes
inhumans.

Aline Lueckgen Associate Editor,
Nature Communications

Nakhooda, A. F. et al. The spontaneously
diabetic Wistar rat (the “BB"” rat). Diabetologia
14, 199-207 (1978) | Makino, S. et al. Breeding
of a non-obese, diabetic strain of mice. Exp.
Anim. 29, 1-13 (1980)
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A pioneering study of
diabetes complications

y the middle of the twentieth cen-
tury, the link between diabetes and
degenerative conditions suchasneu-
ropathy, retinopathy and nephrop-
athy was already well established.
However, the precise relationship between
these complicationsandglycaemic controlwas
not fully appreciated until the publication of a
ground-breakinglongitudinal study, whichwas
initiated by the Belgian physician Jean Pirart
in1947 and continued for over three decades.
“In 1947, 1 had the good fortune to take up
practiceatthe Cesar de Paepe Clinicin Brussels,
whichtreated hundreds of diabetic patients,”
explained Pirartinakey paper charting thefirst
25yearsofthe study, whichwas first published
inFrenchin1977 and was translated into Eng-
lishin1978. “The faithful attendance of these
patients and the quality of their files over the
preceding years gave me the idea to attempt
alongitudinal study, whichlhave beenableto
follow for more than 30 years because of my
long association with the clinic.”
The 1977 paper included data from 4,398
patients with diabetes, each of whom under-
wentaseries of examinations, includingblood

tests and neurovascular evaluations, at least
once a year for a period of up to 25 years. In
total,around 21,000 such examinations were
conducted over thefirst 25 years of the study.
At each assessment, the patients were rated
according to their level of glycaemic control
(good, fair or poor).

Inlight of the frequent co-occurrence of neu-
ropathy, retinopathy and nephropathy, Pirart
adopted the practice of referring to these man-
ifestations asa‘diabetic triopathy’, as originally
proposed by Root and colleaguesin1954. The
risk of developing one or more components

ofthistriopathy correlated robustly with long
duration of diabetes and poor glycaemic con-
trol, particularly in the year leading up to the
examination. By contrast, the degree of glycae-
mic control seemed to havelittle influence on
othervascular manifestations, suchas coronary
and peripheral atherosclerosis.

Owingtoameticulousapproachandahigh
level of patient engagement, Pirart’s study was
unprecedented in terms of size and duration.
Earlier studies oftenrelied onsingle measure-
ments taken atbaseline to determine diabetes
severity, but the longitudinal assessments per-
formed by Pirart and his colleagues reflected
the true dynamic nature of glycaemic control
status and raised the prospect of modifying
this status to reduce the risk of degenerative
complications.

Pirartacknowledged that his data could not
prove the existence of a causal link between
long-term hyperglycaemia and the diabetic
triopathy. However, his work laid the founda-
tions for further investigations, such as the
UK Prospective Diabetes Study, which set out
to determine whether improved glycaemic
control could prevent the development of com-
plications from type 2 diabetes. Researchers
arealso exploringthe mechanisms underlying
glucose-mediated vascular damage, includ-
ing defects in the mitochondrial electron
transport chain.

“Our study ... conclusively proves that dia-
betic triopathy and not atherosclerosis is a
functionof the durationandintensity of diabe-
tesand more precisely of hyperglycaemia,” con-
cludedPirartinhispaper.“Of course, thiscanbe
lessened by treatment. Thisfact should encour-
age physicianstostrive toward normoglycae-
miaindiabetes therapy, while atthesametime
recommending various methods of hygiene
which could slow down the development
of atheromatosis and of hypertension.”

Heather Wood Chief Editor,
Nature Reviews Neurology

Pirart, J. Diabetes mellitus and its
degenerative complications: a prospective
study of 4,400 patients observed between
1947 and 1973. Part 1. Diabetes Care 1,
168-188 (1978) | Pirart, J. Diabetes mellitus and
its degenerative complications: a prospective
study of 4,400 patients observed between
1947 and 1973. Part 2. Diabetes Care 1,
252-263 (1978)
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Insulingets anupgrade

fter the discovery of insulin in 1921

(Milestone 1), the use of porcine or

bovine insulin to control blood glu-

coselevelsinindividuals with diabetes

became widespread and saved many
lives. However, insulin derived from animal
pancreases had several limitations, including
erratic effects on glucose levels and allergic
reactions, bothresulting fromthe production
ofinsulinantibodies by the patient’simmune
system. This immunogenicity was thought
to be the result of contamination of insulin
with other pancreatic substances and small
differencesinaminoacid compositionbetween
human and animal insulin. Purified animal
insulins were developed and reduced the
occurrence of allergic reactions, but further
improvement was needed.

Inthe1970s, advancesin DNA synthesis and
recombinant DNA technology raised the possi-
bility that bacteriacould be genetically altered
toproduce humaninsulin. Amajor step towards
this goal was made in 1977 when, for the first
time, a functional polypeptide was generated
from a chemically synthesized gene. Itakura
et al. synthesized the gene for the hormone
somatostatinandincorporateditintoaplasmid.
The plasmid was inserted into Escherichia coli
and the resulting strain produced a polypep-
tide containing the somatostatin amino acid
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sequence.Cyanogenbromidewasusedtocleave
somatostatin from this larger protein in vitro.
Somatostatinisjust14 aminoacidslongandwas
choseninpartbecause ofits size — the time-con-
suming nature of chemical gene synthesis was
considered a barrier to the synthesis of longer
polypeptidessuchasthe 51-amino-acidinsulin.

Nevertheless, just2 years later, Goeddel et al.
reportedthefirst successfulgeneration of fully
synthetic humaninsulin. Native humaninsulin
consists of twoaminoacid chains —the A chain
and the B chain — that are linked by two disul-
phidebonds. Theteam chemically synthesized
the DNA fragments encoding the two chains
and used plasmids toexpressthe A-chaingene
in one strain of £. coli and the B-chain gene in
another.

Similar to the somatostatin experiment,
the team designed the plasmids so that the
insulin chains would be produced as part of
alarge, relatively inactive protein. After puri-
fying the E. coli products, they cleaved the A
and B chains fromthis precursor proteinusing

cyanogen bromide treatment and joined the
two chainstogether using an existing method.
Theresulting product was tested using several
approaches, including therelatively new tech-
nique of reversed-phase high-performance
liquid chromatography, and behaved in the
same way as human insulin.

Thenextbigstep wasto establishthe safety
and efficacy of this new insulin product in
humans. In 1980, Keen et al. published the
results of a study investigating the effect of
syntheticinsulinin17 healthy men.Noadverse
reactionsto cutaneous, subcutaneousorintra-
venous administration of the syntheticinsulin
were identified. Furthermore, the synthetic
insulin depressed blood glucose levels to a
similar degree and with asimilar trajectory to
highly purified porcineinsulin. These positive
results indicated that synthetic insulin could
provide a viable alternative to animal insulin
and in 1982 synthetic insulin became the first
genetically engineered product tobe approved
bythe FDA. Despite the novelty of the product,
review and approval took just 5 months, at a
time when the average approval time for new
drugs was more than 2 years. From 1986, the
original method was replaced with one that
used aplasmid containing the gene for human
proinsulin.

Evidence soon indicated that the new syn-
thetic human insulin was indeed less immu-
nogenic than animal-derived insulin. In 1983,
Finebergetal. published theresults of astudy
in221individuals with diabetes who had under-
gone 12 months of insulin treatment. Partici-
pants treated with synthetic human insulin
hadlower levels ofinsulin antibodies in blood
than participantstreated with porcineinsulin.

The generation of fully synthetic human
insulin was a major step forwards in the dia-
betes field and an important breakthrough
inmedical biotechnology, paving the way for
the FDA approval of many more therapeutic
recombinant proteins —morethan100todate.

Sarah Lempriére Associate Editor,
Nature Reviews Neurology
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produced by recombinant DNA technology:
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Autoantibodies emerge

onthescene

y the 1960s, various lines of evidence

were converging on the idea that

type 1 diabetes (T1D, better known

at the time as juvenile diabetes) is an
autoimmune-mediated condition.

Some patients with T1D showed signs of insu-
litis, an immune-mediated lesion that could
also be induced experimentally in animals
(Milestones 8 and 19), new animal models
of spontaneous autoimmune diabetes were
emerging (Milestone 4) and there was a grow-
ing recognition that specific HLA alleles were
associated with this condition (Milestone 3).
However, an important step forwards came
withthediscovery ofislet cellantibodies (ICAs).
Thisdiscovery had previously been fraught
with difficulties owing to technological limita-
tions of thetime and the fact that, littleknown
toresearchers, suchautoantibodies typically
peak duringthe early stage of disease but sub-
sequently disappear from the circulation as
thedisease progresses. Nevertheless, in1974,
within the space of 2months, twoindependent
groups of researchers in the UK reported the
presence of ICAsin patients withmultiple endo-
crineorautoimmunedisorders, including juve-
nile diabetes. Notably, other research found
thatthese antibodies were presentbefore the
onsetof disease. Before longit was well recog-
nized that ICAs were a characteristic feature of

juvenile diabetes, providing the finalimpetus
needed for shifting the field towards accepting
T1D as an autoimmune condition.

The finding that ICAs were present during
aso-called prodrome period raised hope of a
window of opportunity for therapeuticinterven-
tions. Thatis, that disease could be prevented or
delayedinsome patients. This conceptspurred
onresearchinT1D preventionandusheredinan
eraofautoantibodytestingthat continuestothis
day. Indeed, the ICA immunofluorescence test
remained a cornerstone of diabetes research
forthenext30years. Although testing for ICAs
proved useful in identifying those individuals
likely to progress to diabetes, assays for ICAs
lacked sensitivity and were difficult tostandard-
ize owing to the heterogeneity of the samples
used as substrate. Thus prompting the search
for autoantibody targets: the autoantigens.

Animportant breakthrough came in 1982,
withtheidentificationof thefirstautoantigen:a
~64-kDaisoformofglutamicacid decarboxylase
(GAD®65). Usingimmunoprecipitation experi-
ments, Baekkeskov and colleagues identified

autoantibodies to thisislet proteinin the sera
of 8 of 10 children with newly diagnosed T1D
thatwerenot presentinseraofhealthy children.
As with ICAs, these islet autoantibodies were
predictive of TID. Although the role of GAD65in
pancreaticislet3-cellsand in T1D pathogenesis
remains elusive, these findings provided the
basis for testing autoantigen-specific thera-
pies, stillunder investigation, and the develop-
mentofstandardizedisletautoantibody assays
currently in use.

The search for autoantigens continued and
aplethoraofautoantibody targets have been
identified. Subsequent studies found that the
use of islet autoantibody combinations could
improve diabetes prediction. Today, assays
that measure various islet autoantibodies,
including autoantibodies to GAD65, insulino-
ma-associated protein 2, zinc transporter 8 and
insulin,areincommonuse forbothpredicting
and confirming a diagnosis of T1D. Indeed, in
2015, the American Diabetes Association, the
Juvenile Diabetes Research Foundationandthe
EndocrineSociety introduced anew system for
staging T1D that begins with individuals with
no symptoms but who are positive for two or
moreislet autoantibodies (thatis, individuals
inthe preclinical stages of disease).

Itisnow known that monitoringat-riskindi-
viduals can reduce the incidence of diabetic
ketoacidosis and the mortality and morbid-
ity associated with the clinical onset of T1D.
Hence, early diagnosisis critical, particularly
given theincreasingincidence of the disease
over the past decade. However, the majority
of individuals who are diagnosed with T1D
have no family history of the disease. The use
of autoantibody screening holds promise not
onlyforrecruitingislet autoantibody-positive
first-degreerelativesinto prevention trials, but
also for population-based screening. Current
efforts aimed atimproving the performance,
cost and availability of islet autoantibody
assays are ongoing in the hope that routine
measurements of islet autoantibodies in
children and young adults will soon become
areality.

Jessica McHugh Senior Editor,
Nature Reviews Rheumatology

Baekkeskov, S. et al. Autoantibodies

in newly diagnosed diabetic children
immunoprecipitate human pancreatic islet
cell proteins. Nature 298, 167-169 (1982)
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Cytokines directly
implicatedinT1D

he discovery of islet cell-specific anti-
bodies in patients with type 1 diabetes
(T1D) (Milestone 7) and the subsequent
revelation that these antibodies could
be present years before disease onset
turned the prevalent theory thataninitial viral
insult precipitated T1D on its head. Histologi-
cal analysis of pancreatic tissue from patients
withacute T1D in the 1960s (Milestone 2) had
revealed immune cell infiltrates in affected
pancreaticislets, but whether theimmunecells
represented a primary immune response to
aninfection or a response secondary to islet
cell damage or death was unknown. A more
detailed immunohistochemical analysis of
islets published in 1985 (Bottazzo et al.) pin-
pointed T cells asthe most abundantinfiltrating
cell type, as well as showing the deposition of
islet cell-specificantibodies and high levels of
expression of MHC classland classllmolecules
onsurviving -cells. When coupled with results
fromtransplantationstudiesinidentical twins,
inwhich insulitis and -cell death occurred in
theaffected twin within weeks of partial pancre-
atic transplantation from an unaffected twin,
these findings were strongly suggestive of an
autoimmune pathology for T1D.
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Several theories abounded as to how the
immunesystem had turned onitselfto destroy
B-cells. One idea was that an environmental
insult of some sort (possibly avirus) damaged
B-cells, causing them to release proteins that
couldbe picked up by antigen-presenting cells
such as macrophages and used to stimulate
self-reactive T helper cellsthat, inturn, stimu-
lated B cells to produce antibodies and activate
cytotoxic T cells. Analternative theory was that
an environmental factor (possibly a cytokine
such as IFNy) caused B-cells to overexpress
MHC class Il molecules on their cell surface
andactasantigen-presenting cellsthemselves.
Both of these theories centred on MHC class
Ilmolecule expression and antigen presenta-
tion, firmly implicating the adaptiveimmune
systemin T1D but relegating innate immunity
tothesidelines.

Theideathatinnateimmunity had, atbest,
asupportingrole in the pathogenesis of T1ID
came to an abrupt end in 1986 with the pub-
lication of a study in Science that showed a
direct role for the cytokine IL-1in mediating
B-celldeath.IL-1is predominantly produced by
innateimmune cells suchas macrophagesand
monocytes and canactivate awhole range of

cells,including T cellsand B cells. The study by
Bendtzenetal.showed that supernatant from
polyclonally activated blood mononuclear
cells could inhibit the production of insulin
byisolated pancreaticisletsinvitro, and that
thiseffect could be reversed by the addition of
IL-1-specific antibodies and restored again by
removal ofthe antibodies using anacid wash.
Thesefindings suggested that, inthe absence
of self-antigenrecognition, acytokine was able
toproduceacytotoxiceffect onanon-immune
cell — something that had been only rarely
reported at the time.

Bendtzenetal.wentontoevaluate the effects
of other cytokines on insulin production by
islet cells, concluding that IFNy was unlikely
tobetoxicandthat,although tumour necrosis
factor (TNF) reducedinsulinrelease,itdid not
alter the amount of insulin within the -cells
andtherefore had limited effects. By contrast,
both naturally occurring and laboratory-pro-
ducedIL-1(specifically the pl 7 type of IL-1that
isnowknownasIL-1B) were able toreduce both
released and intracellular insulin, indicating
that this cytokine was toxic to [3-cells. These
results suggested a new theory in which cir-
culatingIL-1(and potentially other cytokines)
causes damage to -cells, thereby triggering
an autoimmune response that perpetuates
damage.

Initial attempts to stop the autoimmune
response using the immunosuppressant
cyclosporine (Feutren et al., 1986) showed
some promise, but any beneficial effects soon
wore off when treatment was stopped, and
cyclosporine could not prevent insulitis from
developingin patients with T1D following pan-
creas transplantation. Targeting individual
cytokines offered a more selective approach
but would take several decades to develop
and test. Unfortunately, IL-1 inhibition has
not shown efficacy in clinical trials for T1D,
but targeting TNF has proved more success-
ful and is still being explored as a potential
therapy, alongside other immunotherapies
(Milestones17 and 20).

Joanna Clarke Senior Editor,
Nature Reviews Rheumatology

Bendtzen, K. et al. Cytotoxicity of human
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Diabetes

milestones

Milestone 9

[lluminating the
incretin effect

he idea that the intestine produces
factors following nutrient ingestion
thatstimulate therelease of substances
from the pancreas to modulate blood
glucoselevelsfirstemergedintheearly
1900s, and, in 1932, Jean La Barre coined the
name ‘incretin’. The 1960s witnessed formal
proofoftheexistence ofaguthormonalmecha-
nismthatstimulatedinsulinsecretion—plasma
insulin levels following oral intake of glucose
wereshowntobegreater thanthose observed
whenglucosewasgivenintravenously, referred
to as the ‘incretin effect’ — and the search for
incretins began.
Thefirstsignificantincretintobeidentified
was the duodenal glucose-dependent insu-
linotropic polypeptide, GIP. In 1973, Dupre
etal. demonstrated thatinfusion of GIPincom-
bination with glucose into healthy humans
led to potentiation of insulin secretion and
improvement of glucose tolerance. However,
10yearslater, Ebertetal.reported thatincretin
activity was preserved after removal of GIP
from rat gut extracts, indicating that GIP was
probably not the exclusive incretin.
Attentionthenturnedto glucagon.Inaddi-
tion to the pancreas, the glucagon gene is
expressedintheintestine. Although the gluca-
gon gene encodes a proglucagon that exhib-
its tissue-selective processing, glucagon-like

“In1987, key papers from
thelaboratories of Habener
and Holst implicated GLP1
asaregulator ofinsulin
secretion”

peptides (GLPs) were found to be liberated
in both tissues. Furthermore, the intestine
contained GLP1in at least two forms, 31 and
37residueslong (GLP1(1-37) and GLP1(7-37)).

In 1987, key papers from the laboratories
of Habener and Holst implicated GLP1as a
regulator of insulin secretion. Drucker et al.
synthesized GLP1(1-37) and GLP1(7-37) and
examined their effects on cAMP formation
(which promotes insulin secretion), insulin
mRNA levels and insulin release in a rat islet
insulinoma cell line. GLP1(7-37) was found
to be a more potent insulinotropic peptide
than GLP1(1-37), exerting a greater increase
in cAMP levels, insulin mRNA transcripts and
insulin release. Further, Mojsov et al. studied
the effects of synthetic GLP1oninsulin secre-
tion in the isolated perfused rat pancreas.
Low concentrations of GLP1(7-37) potently
stimulated insulin secretion, while even high
concentrations of GLP1(1-37) had no effect.

Providingyet further evidence of the insulino-
tropicactivity of GLP1, Holst et al.isolated nat-
urally occurring GLP1from pig smallintestinal
mucosa, which corresponded to proglucagon
78-107. This isolated natural peptide, as well
asasynthetic proglucagon 78-107 fragment,
dose-dependently and potently increased
insulinsecretioninthe perfused pig pancreas.

Together, these studieslaid the foundations
for further exploration of therole of intestinal
GLP1in glucose homeostasis. In addition to
augmentation of glucose-stimulated insulin
secretion, GLP1is now known to exert multi-
ple effects, includinginhibition of pancreatic
glucagonsecretion, gastricemptying and food
intake, while stimulating B-cell proliferation.

In type 2 diabetes, which is characterized
by hyperglycaemia resulting from defects in
insulinsecretionand action, the incretin effect
istypically diminished. Althoughthe secretion
of GLP1 may be reduced and GIP secretion is
largely normal, the effect of GLP1is preserved
whereasthe effect of GIP is severely impaired.
Thispreserved effect of GLP1inspired attempts
to treat type 2 diabetes with GLP1.

However, the clinical utility of the GLP1
peptideitselfis limited by an extremely short
half-life, due to rapid degradation by dipep-
tidyl peptidase 4 (DPP4) in human serum, as
noted by Mentlein et al. and Kieffer et al. in
1993 and 1995, respectively. To address this,
two solutions emerged that have given rise
to two major classes of antidiabetic drugs:
inhibitors of DPP4 and analogues of GLP1 pro-
tected against DPP4-mediated degradation
(Milestone 22). Today, incretin hormone-based
treatmentsrepresent widely and successfully
used therapeuticagentsinthe management of
type 2 diabetes.

Sarah Crunkhorn Senior Editor,
Nature Reviews Drug Discovery
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GLUT4 traffic control

nsulinis essential for glucose homeostasis

and one of its key functionsis to drive glu-

cose uptakeinto adipocytesand myocytes.

Insulin’srolein this processbecame appar-

entin1921and the conceptwasrefined well
into the 1950s, with several studies demon-
stratingaccelerated transport of glucose into
these tissues in response to insulin. Yet, the
underlying mechanisms remained elusive for
nearly three decades.

The way towards understanding insu-
lin-stimulated glucose uptake hasbeen paved
by studies between the late 1970s and 1980.
Thesestudiesdemonstrated thatinadipocytes,
insulin increases the number of functional
glucose transporters in the plasma mem-
brane. Furthermore, this activity was shown
tobemediated by the translocationofthe yet
unknown ‘transport system’ from the intra-
cellular stores associated with the membrane
fraction, known as low-density microsomes.

By theend of the1980s, several glucose trans-
portershadbeenidentifiedin different tissues
and cell types, including erythrocytes, liver,
kidney, intestine and brain. However, it was
unclear whether insulin-stimulated glucose
transport specific for adipocytes and myo-
cyteswas mediated by one of these known sys-
tems that is differently regulated, or whether
itreliedonauniquetypeoftransporter thatwas
selectively expressedin these tissues. The key
answer to this question was publishedin Nature
in 1988 by James and colleagues. In this work,
theauthorsisolated the microsomal membrane
fractionfromratadipocytesand raisedamon-
oclonalantibody that would specifically recog-
nize the putative insulin-stimulated glucose
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transporter. Thisantibody selectively labelled
muscle and adipose tissues and did not react
with cells that did not show insulin-stimulated
glucose transport. This study provided clear
evidence that the insulin-stimulated glucose
transporter in muscle and adipose tissue is
molecularly distinct from the previously
reported glucose transport systems. The fol-
lowing year, the gene encoding this unique
transporter was cloned and its chromosomal
location mapped by several different labora-
tories. Inreflection ofits similarity to GLUT1-3
glucosetransporters, which had already been
cloned, the protein was termed GLUT4.

Identification of GLUT4 asaunique glucose
transporter whose subcellular localization is
regulated by insulin raised questions about
the physiological implications of these traf-
ficking events. Decreased responsiveness of
cells to insulin will inevitably lead to dimin-
ished glucose uptake from the bloodstream
and hyperglycaemia, which are hallmarks of
type 2 diabetes. Various mechanisms contrib-
utetothisglucose uptake defect,and aberrant
trafficking of GLUT4 in skeletal muscle is one
ofthem.Hence, modulation of GLUT4 subcel-
lular localization has emerged as a potential
therapeuticstrategy againstinsulinresistance
intype 2 diabetes.

Exploringthe therapeutic potential of mod-
ulating GLUT4 trafficking requires athorough
understanding of the molecular machineries
andsignalling networksimplicated intranslo-
cating GLUT4 fromtheintracellular pooltothe
plasmamembrane upon cell stimulation with
insulin. Work across the years from multiple
groups has revealed that GLUT4 undergoes
endosomalrecycling, with fastendocyticrates
that favour the retention of the majority of
GLUT4 molecules in intracellular membra-
nous compartments. Wheninsulinis present,
itbindstoitsreceptoronthesurface,inducing
PI3K-AKT signalling. One of the substrates of
AKT in adipocytes and myocytes is a GTPase-
activating protein termed TBC1D4 (also known
asAS160), whichregulates the activity of RAB
GTPases —key mediators of membrane dynam-
ics — thereby linking insulin signal reception
to GLUT4 trafficking.

Despite this progress, many gaps still remain
inour understanding of the molecular under-
pinnings ofinsulin-stimulated glucose uptake.
Further dissection of the molecular machin-
eries governing GLUT4 intracellular traffick-
ing, their regulation and their links to insulin
signalling will be required to translate these
findings into practical interventions.

Paulina Strzyz Senior Editor,
Nature Reviews Molecular Cell Biology

James, D. E. et al. Insulin-regulatable tissues
express a unigue insulin-sensitive glucose
transport protein. Nature 333, 183-185 (1988)
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Thediscovery of
monogenic diabetes

he genetics of diabetes was a highly
debatedtopicinthe1970s (Milestone 3)
and studies proposed many possible
modesofinheritance. Early reportsfrom
Tattersall provided evidence for the
geneticheterogeneity of diabetes. Hedescribed
thepresenceofaformofnon-insulin-dependent
diabetes, known as maturity-onset diabetes
of the young (MODY), characterized by early
onset (<25 years of age) and an autosomal-
dominantmode of inheritance. The molecular
basis underlying glucoseintolerance in MODY
remained unknown for many years.

In 1992, laying the groundwork for future
studies, Froguel and colleagues performed
genetic linkage analysis in 16 French families
whodisplayed clinical characteristics of MODY
to map and identify the genes causing their
diabetes. The researchers investigated can-
didate genes involved in glucose transport,
suchasSLC2A2 (encoding GLUT2), GCK (encod-
ing glucokinase, the key enzyme in glucose
metabolism) and a candidate region (adeno-
sinedeaminase, ADA) onthelongarmof chro-
mosome 20 that co-segregated with MODY.

In this first study, 14 of the families showed
significant genetic linkage between the GCK
locus on chromosome 7p and diabetes. Dif-
ferent families also showed varying linkage to
ADA, highlighting the heterogeneity of MODY.
Subsequently, twoindependentteamsinFrance
(Frogueland colleagues) andinthe UK (Hatter-
sley, Turner et al.) reported that mutations in
GCKwerethe cause of hyperglycaemiainalarge
proportion of French and UK MODY families.

In1996, intwo seminal studies, Yamagataand
colleagues used linkage analysis and identified
thatmutationsin HNFIA and HNF4A (encoding
transcription factors originally described in
theliver) resultedin severe progressive insulin
secretory defectsand hyperglycaemiaassoci-
ated with microvascular complications. These
studiesrepresentalandmarkinthefield, asthey
shed light on the importance of transcription
factors for pancreas development and func-
tion. Furthermore, patients with this genetic
aetiology were showntorespond optimally to
oralsulfonylureas, providing an early example
of precision medicine.

Adding to the repertoire of monogenic
diabetes, in the mid-2000s, different groups

investigated the cause of another form of
monogenic diabetes, which presents in the
first 6 months ofllife, called neonatal diabetes.
Gloyn and colleagues discovered that hete-
rozygous activating mutations in KCNJ11
(encoding ATP-sensitive potassium channel
subunit Kir6.2) were the major cause. Certain
KCNJII mutations may also be associated with
developmental delay, muscle weakness and
epilepsy. Furthermore, moderately activating
mutationsin KCNJ/11 caused transient neonatal
diabetes, highlighting the multiple phenotypes
associated with thisgene.Subsequent studies
identified ABCC8 (encodingsulfonylurearecep-
tor) and INS (encoding insulin) as additional
genetic causes. With theadvancesinmolecular
genetics, MODY-related mutations have been
identified in different genes, including GCK,
HNFI1A, HNF4A, HNF1B, INS, NEURODI, PDX1,
ABCC8,KCNJ11, CEL and RFX6.

A correct diagnosis of MODY or neonatal
diabetes can have profound implications for

treatmentand prognosis. Importantly, studies
focusing on the clinical care of patients with
MODY reported that the aetiology of hypergly-
caemiaaffected the treatment outcomes. For
instance, sulfonylureatherapy was foundtobe
safe and more effective than insulin therapy
in patients with KCNJ11 mutations and future
studies also confirmed its long-term efficacy
and safety.

Since the 1970s, the knowledge of mono-
genic diabetes has evolved from simple clini-
cal characteristics to well-defined molecular
genetics. Despite such advances, >80% of
patientsare not diagnosed via genetic testing,
probably owing to costs and unavailability of
tests in certain settings. The field has moved
towards next-generation sequencing, which
providesahighly sensitive method for simulta-
neousanalysis of allmonogenic diabetes genes.
Precision medicine has taken momentum; a
systematic approachintegrating advancesin
biology and technology and implementing
universal screening programmes in a cost-
effective manner isimperative to achieve the
best possible outcomes for all patients.

Deepitha Maennich Associate Editor,
Nature Reviews Disease Primers
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TNF short-circuits the
insulin receptor

y the 1990s, it was well established

that the immune system’s destruc-

tion of pancreatic 3-cells that pro-

duce insulin results in type 1 diabetes

(Milestones 7 and 8). However, the
mechanismsresponsible for the development
of type 2 diabetes, which was linked to insulin
resistance, werestillunclear. Whatwasknownat
thetimewas thatinsulinresistance wasseenin
numerousdisease conditions,includingchronic
infections and cancer, and was ubiquitously
linked with obesity.

A major breakthrough in understanding
the mechanistic basis of insulin resistance
—and why this is observed in such a diverse
range of conditions — came with the publi-
cation of several key studies in the 1990s by
Gokhan Hotamisligil and co-workers in the
laboratory of Bruce Spiegelman. Intwo papers
published in 1993 and 1995, these scientists
found that the pro-inflammatory cytokine
tumour necrosis factor (TNF) is upregulated
in the adipose tissues of obese animals and
humans with obesity and that blocking TNF
improvesinsulin sensitivity inanimalmodels of
obesity. These observations were followed by a
1996 study thatidentified the molecular basis
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of TNF-driven insulin resistance. Productive
signalling through theinsulin receptorinvolves
itsautophosphorylationinresponsetoinsulin
bindingand the subsequenttyrosine phospho-
rylation of insulin receptor substrate 1 (IRS1).
Hotamisligil etal. found that TNF disrupts this
processbyinducingserine phosphorylation of
IRS1, which converts IRS1into an inhibitor of
theinsulin receptor and prevents productive
signalling followinginsulinbinding. They fur-
ther showed that this inhibitory form of IRS1
was presentintheadipose tissue and muscle of
obese animalsandwas responsible forinsulin
resistance in these tissues.

These findings helped to explain why
numerous chronic diseases were associated
with insulin resistance. Moreover, the work
of Hotamisligil, Spiegelman and others con-
tributed to the eventual appreciation that
type2diabetes and obesity itselfare chronic
inflammatory diseases in their ownright, and
notsimply metabolic disorders. Subsequent
research, including two key studies published
in 2003 from the laboratories of Hong Chen
and Anthony Ferrante, showed that obesity
inducesimmune cell changesinadipose tissue
that affect insulin sensitivity. These authors
found that macrophages are increased in
adipose tissue during obesity and produce
TNF and other inflammatory mediators that
promote insulin resistance. Shortly after
this, it was shown that specifically disrupt-
ing NF-kB signalling in myeloid cells could
alleviate obesity-induced insulin resistance.
Many otherimmune cell types have since been
studied in obesity and, in general, obesity is
linked with activation of pro-inflammatory
immune cell responses and the suppression
of anti-inflammatory ones.

A key question that has still not been fully
resolvedis how obesity initiates inflammation
inthefirst place. Current thinkinginthe field
isthatchronic nutrientoverload canresultin
endoplasmicreticulum (ER) stress, which may
fuel tissue inflammation by promoting cell
death orthe production of pro-inflammatory
mediators that are linked with the ER stress
response.

Yvonne Bordon Senior Editor,
Nature Reviews Immunology

Hotamisligil, G. S., Shargill, N. S. &
Spiegelman, B. M. Adipose expression of
tumor necrosis factor-alpha: direct role in
obesity-linked insulin resistance. Science
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Increased adipose tissue expression of tumor
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IRS-1-mediated inhibition of insulin receptor
tyrosine kinase activity in TNF-a- and obesity-
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Milestone 13

Findings from DCCT — glycaemic control
prevents diabetes complications

he complications fromtypel, ‘insulin-

dependent’, diabetes include micro-

vascular, neurological and macrovas-

cular sequelae that cause substantial

morbidity and mortality (Milestone 5).
In 1983, the Diabetes Control and Complica-
tions Trial (DCCT) started recruiting patients
to examine whether intensive treatment — in
which insulin is administered with an exter-
nal pump or by three or more daily injections
of insulin with the goal of achieving glucose
control as close to the non-diabetic range as
safely possible — couldimprove outcomes for
patients with type 1diabetes. Compared with
standard treatmentat the time (one or twodaily
injections), intensive treatment reduced the
occurrence of retinopathy, neuropathy and
nephropathy by a range of 35% to >70%. The
publication of these results in 1993 marked a
new erain diabetes management.

The DCCT was a multicentre, randomized
trial that examined patients with type 1diabe-
tes from two categories: those with no clini-
cal evidence of retinopathy (the 726-patient
primary prevention cohort) and those with
early retinopathy (the 715-patient secondary
intervention cohort). Patientsaged 13-39 years
wererandomly assigned toreceive either inten-
sive or standard therapy. The choice of insulin
dosesintheintensive therapy armwas guided
by frequent self-monitoring of blood glucose
levels. Patients were followed up for amedian
of 6.5 years, and the primary outcome was
retinopathy.

Inthe primary prevention cohort, the cumu-
lative incidence of retinopathy was approx-
imately 50% lower in the intensive therapy
group thanin the standard therapy group. In
thesecondaryintervention cohort, there was
anincrease in retinopathy in the first year in
patientswhoreceived intensive therapy. How-
ever, from 36 months onwards, patients who
received intensive therapy had a 54% lower
risk of progression of existing retinopathy
than those who received standard therapy.
Other end points, including nephropathy and
neuropathy, were substantially lower in the
intensive therapy group than in the standard
therapy group in both cohorts.

The mostcommon adverse event wassevere
hypoglycaemia, includinginstances of coma

“intensive treatment
reduced the occurrence of
retinopathy, neuropathy
and nephropathy by arange
of 35%to>70%"

or seizure, which was approximately three
times higher in the intensive therapy group
thaninthe standard therapy group. The ben-
efits, however, substantially outweighed the
risks, and the study authors recommended
intensive therapy for most patients with
type 1diabetes.

At the conclusion of the DCCT, patients
in the standard therapy group were offered
intensive therapy and most were enrolled in
the Epidemiology of Diabetes Interventions
and Complications (EDIC) study, a long-term
observational study.

Duringthe EDICstudy, the original intensive
therapy group continued to have decreased
incidence and slower progression of existing
retinopathy, nephropathy and neuropathy.
More severe microvascular outcomes, cardio-
vascular disease and mortality were also less
common in this group than in the original
standard therapy group, which switched
to intensive therapy in the EDIC study. The

continued separation in outcomes occurred
despite the convergence of glycaemic levels
between the two original treatment groups.
These results suggest that intensive therapy
is most effective when started early and that
benefits persist throughout therapy. The like-
lihood of worsening complications, including
developing the first signs of complications,
strongly correlated with levels of HbA,, a
marker of chronic blood glucose levels.

This seminal work, begun in the DCCT
and continued in the EDIC study, estab-
lished that maintaining blood glucose levels
at near-normal values is key to avoiding the
complications of diabetes.

Megan Cully Senior Editor,
Nature Reviews Drug Discovery

Milestone study

The Diabetes Control and Complications
Trial Research Group. The effect of intensive
treatment of diabetes on the development
and progression of long-term complications
in insulin-dependent diabetes mellitus.

N. Engl. J. Med. 329, 977-986 (1993)
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Role of bariatric surgery

inT2D

landmarkstudypublishedin1995intro-

ducedtheworldtotheideathatbariat-

ricsurgery could ‘cure’ type 2diabetes

(T2D). In 91% of patients with obesity

andeither non-insulin-dependent dia-
betes (now known more commonly as T2D) or
impaired glucose tolerance, a gastric bypass
operation normalized levels of glucose, insu-
lin and HbA,. for decades. This breakthrough
study was important given that then, as now,
alternative approachesto T2D therapy (includ-
ing diet, exercise, insulin and oral agents) had
proved inadequate in maintaining long-term
euglycaemia.

Inthe study by Pories et al., 608 patients with
aBMI>35 kg/m*with complications of obesity
or a BMI =40 kg/m? without complications
underwent a gastric bypass. The operation
was found to produce significant and dura-
ble weight loss. However, more striking was
the control of T2D that surgery afforded. Of
the 608 patients at baseline, 330 had either
non-insulin-dependent diabetes or impaired
glucose tolerance. Of 298 of these patients
withadequate follow-up, 271 (91%) maintained
normal values of fasting blood glucose and
HbA, for the 14 years of follow-up. Ten patients
did not return to euglycaemia because of
technical failures of the surgery (staple line
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breakdowns). Interestingly, patients whose
surgery was intact but who did not return to
euglycaemia (17 patients) were generally older
(48.0 versus 40.7 years) and had diabetes of
longer duration (4.6 versus 1.6 years).
Althoughthe study by Pories etal.is now con-
sidered pivotalinthe discovery of anoperation
asameansoftreatmentfor T2D, it took several
years for randomized studies to confirm the
efficacy of bariatric surgery in the long-term
control of T2D. The New England Journal of
Medicine published two such studies in 2012.
Schauer et al. compared intensive medical
therapy alone versus medical therapy plus
Roux-en-Y gastric bypass (RYGB) or sleeve gas-
trectomyin150 patientswithuncontrolled T2D.
After12 months, bariatric surgery achieved gly-
caemic control in significantly more patients
than medical therapy alone. Meanwhile, Min-
groneetal. randomly assigned 60 patients to
receive medical therapy or to undergo either
gastric bypass or biliopancreatic diversion.
At 2 years, remission of T2D occurred in no

patients in the medical therapy group, 75%
of patients in the gastric bypass group and
95% in the biliopancreatic diversion group.
In2021, the 10-year follow-up datashowed that
25%and 50% of patients remainedin remission
inthe gastricbypass group and biliopancreatic
diversion group, respectively. These studies
have paved the way for further acceptance of
bariatric surgery as a treatment for T2D.

Buthowand why does bariatric surgery work
totreat T2D? Backin1995, Pories etal.described
the normalization of glucose metabolism as
occurring “withsurprising speed, evenbefore
therewassignificant weightloss” and before a
reduction in the mass of adipocytes. Instead,
they speculated thatreduction of caloricintake
had animportant role. They also tentatively
suggested that changes in incretin stimula-
tion might also contribute (such as increases
in the levels of glucagon-like peptide 1; GLP1
(Milestone 9)).

Sincethen, variousstudies have furtherinves-
tigated the mechanisms of action of bariatric
surgery forremission of T2D.In2006, patients
who had undergone RYGB were found to have
increased postprandial levels of insulin and
GLP1, possibly contributing toimprovements
inglycaemic control. This finding was further
confirmed in 2010. A study in 2013 demon-
strated that the Roux limb in RYGB-treated
rats undergoes reprogramming of intestinal
glucose metabolism, contributing toglycaemic
control.In2014, vertical sleeve gastrectomy (an
alternative bariatric surgical procedure that
also results in remission of T2D) was found to
exertits positive effects on glycaemic control
viaincreased levels of circulating bile acidsand
changes to gut microbial communities.

More information is clearly needed on the
mechanisms behind the positive effects of
bariatric surgery on T2D remission. In turn,
this knowledge might help in the develop-
ment of further agents to treat T2D. Mean-
while, bariatricsurgery for T2D (now known as
metabolic surgery) continues to gain further
acceptance as an effective treatment option
for this increasingly common disease.

Isobel Leake, Senior Editor,
Nature Reviews

Pories, W. J. et al. Who would have thought it?
An operation proves to be the most effective
therapy for adult-onset diabetes mellitus.
Ann. Surg. 222, 339-352 (1995)
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Better living (not) through

chemistry

besity and overweight are the major

risk factors for the development of

type2diabetes (T2D). The explosion

in T2D prevalence over the past half

century has paralleled that of the obe-
sity epidemic, thought tobe driven by changes
inlifestyles associated withincreased availabil-
ity of calorie-dense foods, aswell as decreased
physical activity and the emergence of urban
obesogenicenvironments. Leftunchecked, by
2050, as many as 750 million people will have
T2D worldwide.

While new therapeutics aimed at tackling
excess adiposity and elevated HbA,. levels
are highly effective for managing T2D, the
best strategy to reduce the global burden is
undoubtedly prevention—inpartthroughiden-
tificationand early treatment of individuals at
high risk of developing T2D.

Prediabetesis defined by an elevated level of
blood glucose that does not meet the threshold
for a definitive T2D diagnosis and it is consid-
ered anintermediary stage towards develop-
ment of clinical T2D. Generally characterized
byahigherthannormal BMI, the debate regard-
ingwhether and how to treatindividuals with
prediabetes with pharmaceutical interven-
tionsis contentious. However, the concept that
prediabetesisreversible and therefore T2D is
preventablein at-risk populations (and more

broadly) is widely accepted by the medical
community —and the evidence is strong.
In1986, thefirst large-scale, randomized con-
trolledtrialaimed at reducingincidence of T2D
through behavioural interventions — healthy
dietand/or exercise —wasinitiatedin DaQing,
China. Investigators leading the Da Qing IGT
and Diabetes Study screened >100,000 men
and women, enrolling 577 individuals with
impaired glucose tolerance, irrespective of
BMI. Participants were randomized toeithera
no-intervention control group or one of three
interventional groups: diet only, exercise only,
or diet-plus-exercise, with regular follow-up
visits with a physician over the course of the
study. At 6 years, the cumulative incidence of
T2Dwas 67.7% inthe control group compared
with43.8% (dietonly), 41.1% (exercise only) and

46% (diet-plus-exercise) in the interventional
groups,demonstratingastatistically significant
reductionin T2Dincidence associated with diet
and/or exercise over the course of the study.

A post hoc 30-year follow-up of the Da Qing
study, including 540 of the original participants,
compared outcomes between the control group
andtheinterventional groups combined. Partic-
ipantsinthe healthy dietand/or exercise group
had a median delay in onset of T2D of almost
4years, fewer cardiovascular eventsand lower
incidence of microvascular complicationsand
reduced all-cause and cardiovascular deaths.

Clinicaltrialsinother settings have affirmed
these beneficial effects in individuals with
impaired glucose tolerance. The Diabetes Pre-
vention Program (DPP) in the USA found that
alifestyle modificationinterventionwasmore
effective than metformin for reducing T2D
incidenceinadiverse, at-risk population; and
theFinnish Diabetes Prevention Study reported
similar findings. Long-term follow-up over
15yearsand7years, respectively, demonstrated
sustained effects of the diet/exerciseinterven-
tions and, in the case of DDP, demonstrated
cost-effectiveness.

Extending the work of prevention studies,
in 2018, the DIiRECT trial showed that T2D in
patientswitharecent diagnosis (<6 years) was
reversedin46% of participantsin the low-cal-
orie diet intervention group. These findings
were confirmedinthe DAIDEM-Itrial, reporting
significant reductionsinweight, and with dia-
betes remission observedin 61% of participants
in the low-calorie diet intervention group, in
apopulation from the Middle East and North
Africa region with a diagnosis of T2D within
the past 3 years.

The evidence supporting prevention and
remission of T2D provides a strong case for
expanding support for dietary and physical
interventions in clinical practice. However,
furtherresearchisurgently needed tounder-
stand patientacceptability and ways to prevent
weightregain whennormal diets resume after
theinitial phase, and to determine the optimal
settingsinwhichtodelivertheinterventions.

Jennifer Sargent Senior Editor,
Nature Medicine

Pan, X.-R. et al. Effects of diet and exercise in
preventing NIDDM in people with impaired
glucose tolerance. Diabetes Care 20, 537-544
(1997)
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Geneticsof T2D

ype 2 diabetes (T2D) is a complex and

multifactorial disease. Notable risk

factors include poor diet, obesity,

low physical activity levels and older

age. However, twin studies published
in the 1980s suggested that genetic factors
can contribute to T2D risk, as monozygotic
twins showed greater concordance for T2D
than dizygotic twins.

Geneticrisk factorsfor diseasesaretypically
assessed by genome-wide association studies
(GWAS), which analyse the genomes of many
peopleforthe presence of genetic markers that
canpredict disease. Of note, many factors can
cause variable results in GWAS, including mul-
tiple hypothesis testing and publication bias,
amongothers.Forexample, priorto2000, many
geneticassociationswerereported for T2D but
none was confirmed in multiple populations,
using comprehensive controls.

In2000, aground-breaking paper was pub-
lished that evaluated 16 previously identified
genetic associations to T2D. A multi-layered,
family-based study design was used to con-
trolfor population stratification. Associations
were first tested in 333 Scandinavian parent-
offspring trios. Alleles that showed a nomi-
nal association were tested for replication in
three additional study populations of European
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ancestry. Notably, only one association was
confirmed: the common Pro12Ala polymor-
phism in peroxisome proliferator-activated
receptor-y (PPARYy).

The researchers found a small (1.25-fold)
butsignificant (P=0.002) increase in T2D risk
associated with the more common proline
allele (occurring at~-85% frequency). Although
the effect size is modest, the high frequency
of therisk allele translates into a large risk at
thepopulationlevel. Asmuchas25%of T2D in
thegeneral population mightbeinfluenced by
thisallele. However, the study did not confirm
whether PPARy-Prol12Alaoravariantinlinkage
disequilibrium was the causal variant.

Infurtherassociationstudies, chromosome
10q was reported to have linkage with T2D in
Icelandic and Mexican American populations.
Tofurtherinvestigate thisassociation,a2006
study used genotyping of microsatellite mark-
ers. The probable gene associated with T2D

risk wasidentified as TCF7L2,whichencodesa
transcriptionfactorimplicatedinblood glucose
homeostasis.

Encouragingly, in 2007, three independ-
ent GWAS of different European populations
were publishedinasingleissue of Science, with
overlapping findings. All three studies identi-
fied T2D susceptibility lociinornear CDKALI,
CDKN2A and CDKN2B, IGF2BP2, HHEX and
SLC30A8. Later work identified protein-trun-
catingmutationsin SLC30A8as the firstloss-of-
function mutations that are protective against
T2D. Thisgene encodes ZnT8, whichis highly
expressed in insulin granules, and loss of its
function increases insulin secretion. These
importantstudies provided invivo validation
of ZnT8 asadrugtargetin T2D.

Asthefield advanced, findings from GWAS
were further interrogated to elucidate the
mechanistic basis for observed associations.
Forexample, 2014 and 2015 studies on obesity
and T2D-associated variantsin FTO found that
thisgene forms long-range functional connec-
tions with the transcription factor /IRX3 and
could be involved in a pathway for adipocyte
thermogenesis regulation.

In 2019, a GWAS was published of T2D in
sub-Saharan African individuals, an under-
studied group. This paper identified a new
T2Drisklocusspecific for African populations
at ZRANB3. Also of note, 22020 meta-analysis
of GWAS T2D risk in East Asian populations
analysed datafrom 77,418 individuals with T2D
and 356,122 control individuals. The analysis
identified 61 loci that are newly implicated in
T2Drisk. It is important that further investi-
gations are carried out in understudied pop-
ulationsin order torealize the true breadth of
genetic risk of T2D.

Todate, GWAS have identified >550 signals
associated with the risk of T2D. The knowl-
edge gleaned from these genetic factors has
been used to inform our understanding of
mechanisms of disease. In the future, pre-
cision medicine approaches might also use
genetic information to predict which people
will respond best to different therapies.

Shimona Starling Senior Editor,
Nature Reviews Endocrinology

Altshuler, D. et al. The common PPARy
Pro12Ala polymorphism is associated with
decreased risk of type 2 diabetes. Nat. Genet.
26, 76-80 (2000)
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Anti-CD3: the agonist and

the ecstasy

tudies published in the 1960s and
1970s began to solidify the concept
that human type 1 diabetes (T1D) is an
autoimmunedisease (Milestone 2). This
was animportant conceptual advance
becauseit offered hope of treating the cause of
thediseaserather thansimply controlling symp-
toms viathe provision of insulin (Milestone 1).
Initial treatments focused on well-established
immunosuppressive drugs suchas corticoste-
roids and cyclosporine. However, the broad
immunosuppression caused by these drugs,
theirassociated toxicities and the need for their
prolonged useinpredominantly young patients
ruled them out as a viable therapy for T1D.

Animportant breakthrough happened in
1985 — namely, the first clinical approval of
a monoclonal antibody (mAb), Orthoclone
OKT3.Thisdrugwasinitially used for managing
rejectionofkidney, heartandliver transplants.
Orthoclone OKT3 targetsthe CD3 molecule that
is present exclusively on T cells and depletes
them from the circulation, which makes the
druganeffectiveimmunomodulator. Unfortu-
nately, its use was frequently accompanied by
asevere cytokinerelease syndrome stemming
fromits stronginitial activation of T cells, which
led to its eventual withdrawal from the clinic.
Although Orthoclone OKT3 could not fully real-
izeitsclinical potential,itdidshowCD3tobea
rational drug target for treating autoimmune
diseases suchas T1D.

The 1990s saw key technological advances
in the development of modified CD3-specific
mAbsthatdid notstimulate T cells as potently,
whichmeantthatthey circumvented the harm-
ful cytokinerelease syndrome that had dogged
earlier approaches. Initial pre-clinical studies
inmouse models of TID were encouraging. For
example,a1994 paper by Lucienne Chatenoud,
Jean-Francois Bachand colleagues showed that
short-termanti-CD3 treatmentinrecently diag-
nosednon-obesediabeticmiceinduced durable
remissionof disease. Importantly, treated mice
seemed to have an otherwise intact immune
response, suggesting thatonly the diabetogenic
T cells were targeted.

This new class of CD3-specific mAbs only
weakly and transiently depleted their target
cellsso the mechanisms by which they modu-
lated diabetogenic T cells wererather elusive;

however, some of the first clues were offered
bya1997 paper fromthe Jeffrey Bluestone lab.
Binding of CD3 by modified mAbs seemed to
trigger only a partial agonist signal, whichled
toalastingstate of T cellnon-responsiveness.
Numerous subsequent studies have expanded
onthese mechanisticfindingsandamongother
things have shown that the CD3-specific mAbs
primarily exert their effects onactivated cells.
This would explain the relative selectivity of
anti-CD3 therapy for diabetogenic T cells while
leaving the rest of theimmune response intact.
Later evidence also suggested that the par-
tial agonist signalling of CD3-specific mAbs
enhanced the function and/or proliferation
of regulatory T cells, which then exerted a
dominant suppression on autoreactive cells.

Theseencouraginganimalstudies eventually
led to the first clinical trial of a partial ago-
nist CD3-specific mAbin T1D.In 2002, Kevan
Herold et al. published the results of a small
clinical trial of patients recently diagnosed
with TIDwhoreceived an escalating dose over
2 weeks of the partial agonist CD3-specific
mAD teplizumab. There was no evidence of
the severe systemic inflammation seen with
Orthoclone OKT3, with the most commonside
effects generally being a transient lympho-
penia, rash and mild fever. Most importantly,
the patientsreceiving the mAb showed slower
deterioration of 3-cell function over 12 months.

Another intriguing aspect of these findings
was that there seemed to be a durable effect
on the immune response after a single short
course of mADb at a relatively low dose, which
suggested thatit might be possible to ‘rewire’
theimmuneresponseintoatolerantstate. This
initial clinical trial was followed in 2005 by a
larger phase Il study from Lucienne Chatenoud
andcolleagues usinganother distinct CD3-spe-
cificmAD, otelixizumab, in new-onset T1D. This
study also showed that a brief course of mAb
improved preservation of 3-cell function, this
time over an 18-month follow-up. CD3-specific
mAbs continuetobeactively studiedin human
T1D.Forexample,KevanHerold and colleagues
completed the first successful prevention trial
in2019. This showed that relatives of patients
with T1Dathighrisk for development of clinical
disease who received teplizumab had slower
progressionto disease thanthe placebogroup.

After some initial false starts, it now seems
that anti-CD3 therapy might be starting to
realize its full therapeutic potential. Future
trials of CD3-specific mAbs, including thosein
combination with otherimmunomodulating
drugs, could have great potentialin protecting
B-cell function and restoring immunological
tolerancein T1D.

Zoltan Fehervari Senior Editor,
Nature Immunology

Herold, K. C. et al. Anti-CD3 monoclonal
antibody in new-onset type 1diabetes mellitus.
N. Engl. J. Med. 346, 1692-1698 (2002)
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Towards a stem cell
therapy for diabetes

heisolation of the first human embry-
onic stem cell (hESC) lines in 1998
opened the possibility of stem cell
therapies for a variety of conditions.
Type 1diabetes (T1D) is particularly
suited to this approach, as transplantation of
theinsulin-producing pancreatic 3-cells could
providelong-lasting therapy orevenacure. By
the early 2000s, the stem cell differentiation
field was benefitting from embryo studies in
model organisms that had identified the role
of various signalling pathways in controlling
pancreatic cell lineage specification.

In2005, D’Amour etal. reported the produc-
tion of hESC differentiation cultures containing
>80% definitiveendoderm cells: the embryonic
progenitors of pancreatic cells. Differentia-
tionoccurredin2D culture, using alow serum
medium containingactivin A, aprotein thatis
essential for endoderm specification in the
embryo.

Following this advance, in 2006, D’Amour
etal. published akey paper reporting the gen-
erationof endocrine pancreaticcells, capable
of'secretinginsulin, glucagon, somatostastin,
pancreatic polypeptide and ghrelin from dif-
ferentiating hESCs. Their differentiation pro-
tocolincluded five stages, during whichhESCs
went throughaseries of intermediate cellular
states: definitive endoderm, primitive gut tube,
posterior foregut, pancreatic endoderm and
endocrine precursors and hormone-express-
ing endocrine cells. Specific growth factors
weresupplied ateachstep, inaneffortto mimic
embryonic pancreas development. Indeed,
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characterization of mRNA and proteinsinthe
different cell states showed that they resem-
bled the equivalent embryonic endodermal
progenitors.

At stage five of this study, staining by
zinc-chelating agent dithizone was used to
identify the pancreatic endocrine cells. Their
insulin content was similar to that of primary
adult humanislets and the de novo synthesis
ofinsulinwas confirmed by mRNA, C-peptide
and pro-insulin protein measurement. How-
ever,compared withadultislets, the C-peptide
content of hESC-derived cells was inferior,
indicating areduced efficiency in processing
pro-insulin. C-peptide secretion was respon-
sive to multiple secretory stimuli, albeit only
minimally responsive to glucose.

Subsequently, in 2008, the same group
(Kroon et al.) succeeded in generating glu-
cose-responsive endocrine cells in vivo,
following transplantation of hESC-derived
stage-four pancreaticendoderminmice. These
cells expressed key -cell transcription fac-
tors, showed efficient processing of pro-insu-
linand contained mature secretory granules.
Importantly, the hESC-derived endocrine cells
protected the mice against hyperglycaemia.

In2014, Rezaniaetal.described aseven-stage
hESC differentiation protocol that generated
glucose-responsive insulin-producing 3-cells

that reversed diabetes in mice upon trans-
plantation. In the same year, Pagliuca et al.
reported the in vitro large-scale generation
of glucose-responsive, insulin-expressing
B-cellsderived from human pluripotent stem
cells (hPSCs), by sequentially modulating key
signalling pathways in a 3D culture system.
These hPSC-derived -cells were very similarto
human -cellsinterms of gene expression and
ultrastructureand also ameliorated hypergly-
caemiaindiabetic mice upon transplantation.

In 2015, Russ et al. reported a simplified
suspension-based, directed differentiation
protocol to generate glucose-responsive
insulin-producing human B-cells from hPSCs
invitroandinvivo. Theresulting cellsreduced
blood levels of glucose in diabetic miceina
matter of weeks, as opposed to months in
previous studies.

In2019, Nairetal.reported the generationin
vitroof mature f3-cells from hESCs, by allowing
theimmature B-like cells to formislet-like clus-
ters, thusrecapitulatingendocrine cell cluster-
ing in vivo. Mature 3-cells showed enhanced
metabolic and structural maturation of mito-
chondria and hyperglycaemia was reduced
within days of transplantationin diabetic mice.

In 2020, Hogrebe et al. discovered that the
state of actin polymerizationinfluences pancre-
atic differentiation in vitro. Thus, timed actin
depolymerization duringdifferentiationled to
the generation of -cells from hPSCs that rap-
idly reversed diabetesin mice and maintained
normoglycaemia for 9 months.

Fifteenyearsafter thefirstinsulin-secreting
cellswere generated by differentiating hESCs
invitro, westilldonothaveap-cellreplacement
therapy for T1ID. However, thanks to the studies
mentioned here,and many others, wearemuch
closertothisgoal. Apartfrom further optimiz-
ing the efficiency and scalability of mature
B-cell production, important issues, such as
shielding the transplanted stem-cell-derived
B-cells from immune rejection and ensuring
their purity, need to be resolved before a
stem-cell-based therapy becomes a reality.

Anna Melidoni Senior Editor,
BMC Endocrine Disorders

D’Amour, K. A. et al. Production of pancreatic
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IsletinflammationinT2D

ype 1 and type 2 diabetes (T1D and

T2D) converge in the later stages of

disease on dysfunction of pancreatic

islet B-cells and a progressive loss of

insulin production. Seminal studies
in the 1980s had shown the involvement
of autoantibodies (Milestone 7) and islet
inflammation (Milestone 8) in B-cell deathin
TID. Furthermore, obesity-induced chronic
inflammation was known to be a risk factor
for T2D (Milestone 12). However, the general
assumption was that overnutrition induces
B-cell apoptosis directly and there was not
thought to be a unifying mechanism of cell
deathinT1D and T2D.

Observations of islet macrophages in T2D
were considered to be a consequence rather
than a cause of 3-cell death, and studies sug-
gesting that glucose-induced IL-1f produc-
tionin islets leads to 3-cell apoptosis in T2D
(Maedleretal.,2002) had not beenreplicated
byothersinvivo.In2007, however, astudy by
Marc Donath and colleagues reported that
islet-derivedinflammatoryfactorsinducedbya
T2D milieu of excess circulating nutrientsled to
macrophageinfiltration ofislets, thus showing
thatinsulitis hasarolein T2D as well as T1D.

Ehses et al. observed increased numbers
of islet-associated CD68" macrophages in
autopsy and resection samples from patients
withT2D compared withnondiabetic controls.
InC57BL/6) mice fed ahigh-fat diet, the number
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of CD11b" myeloid cells in islets was doubled
after 8 weeks compared with standard diet
controls. No apoptotic cells were detected in
islets at 8 weeks, suggesting that islet inflam-
mation precedes 3-cell apoptosis. Macrophage
infiltration of islets was also reported for the
GK rat and db/db mouse models of T2D.

After treatment with glucose and palmitate
in vitro, mouse and human islets and islet cell
lines secreted increased levels of the inflam-
matory factors IL-6, CXCL8, G-CSF, KC (mice;
the orthologue of human CXCL1) and CCL3
(human). Chemically induced apoptosis was
used to rule out an indirect effect of nutri-
ent-induced f3-cell death on cytokine release.
Furthermore, KC and G-CSF themselves were
shown to have minimal effects on 3-cell apop-
tosisand glucose-stimulated insulinsecretion.
Thus, excess nutrients were shown to directly
induce the release of inflammatory factors by
islet cells, whichinturn hadindirect effects on
islet function rather than directly mediating
B-celldeath.
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Giventhat CXCL8 wasknown to be achemo-
tactic factor for myeloid cells, the authors
hypothesized that the factors released by
pancreatic islets exposed to a T2D milieu are
responsible for the macrophage infiltration
of islets. Indeed, conditioned medium from
humanislets exposed to glucose and palmitate
increased the migration of neutrophils and
monocytesinvitro, which couldbe abrogated
by neutralization of CXCLS.

The study concluded thatnutrient-induced
T2Dinvolvesanimmune-mediatedisletinflam-
matory process. Intriguingly, the discussion
section of the paper mentioned the unpub-
lished observation that the release of KC and
G-CSFbyislets could be blunted by treatment
withIL-1Ra, theendogenous receptor antago-
nist of IL-1P. This involvement of IL-1f in type
2insulitiswasin line with the earlier results of
Maedler et al.and was clarified by later studies
showing that T2D is associated with inflam-
masomeactivationby thioredoxin-interacting
protein (TXNIP) (Zhou et al., 2010) or by islet
amyloid polypeptide (Masters et al., 2010).
Thefindings of Ehsesetal. also suggested that
inflammatory mediators such as IL-1B could
be a potential therapeutic target in T2D. A
proof-of-concept trial by Larsen et al. (2007)
in 70 patients with T2D, 34 of whom received
subcutaneous IL-1Ra for 13 weeks, showed
improved glycaemic control correlating with
increased -cell secretory function. The recent
Canakinumab Anti-inflammatory Thrombosis
Outcomes Study (CANTOS) confirmed the
ability of targeting IL-13 toimprove T2Dinthe
shortterm, althoughitdid notreduce theinci-
dence of new-onset T2D in trial participants
with pre-diabetes. A recent meta-analysis of
2,921 patients with T2D (Kataria et al., 2019)
concluded thatIL-1blockade cansignificantly
improve glycaemic control. Thus, althoughitis
nowwellaccepted that T2Disaninflammatory
disease, the jury is still out on to what extent
andatwhatstage of disease anti-inflammatory
therapies might be beneficial.

Kirsty Minton Senior Editor,
Nature Reviews Immunology

Ehses, J. A. et al. Increased number of islet-
associated macrophages in type 2 diabetes.
Diabetes 56, 2356-2370 (2007)
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T, cellstotherescue:
thefirst clinical studies

ypeldiabetes (T1D)isanautoimmune
diseaseinwhichgenetically susceptible
individuals,influenced by environmen-
tal and stochastic events, eventually
develop pathogenicT cells that destroy
the B-cellsoftheislets of Langerhansinthe pan-
creas. Severalimmunomodulatory therapies
have shown promise, including CD3-targeted
antibodies (Milestone17), LFA3Ig, thymoglobu-
linand bone marrow transplantation. Although
noneoftheseapproacheshasinduced perma-
nentimmune tolerance, it emerged that their
efficacy islargely due to arelative increase in
regulatory T (T,,) cellsversuseffector T cells —
leadingtoeffortstouse T, cellsas livingdrugs.

The importance of T, cells in T1D pathol-
ogy had previously been established in NOD
mice (Milestone 4), where the depletion of
CD4'CD25" T, cells greatly accelerates the
development of T1D. Similarly, the removal of
crucial co-stimulatory or proliferative signals
thatare necessary for T, cells, such asIL-2 or
CD28, exacerbates T1D in thismodel. As early
as 2004, it was shown that T, cells amplified
exvivoandadoptively transferredto NOD mice
cantameautoreactive T cellsand halt disease
development.

The first studies in humans demonstrating
that T,  cells areimpaired in T1D date back to
2005, when Tree and colleagues showed that
CD4'CD25' T cells from patients with T1D have
areducedability tosuppress T cell proliferation
invitro. Later studies showed that T ., cells from

reg
patients with T1D have impaired signalling
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throughtheirIL-2receptor. Together withthe
mouse studies, these findings made therapy
withexvivo-expandedautologous T, cellsan
attractive proposition.

Abigchallenge wasthat T, cellsin humans
arerelativelyrareand themarkersand methods
fortheirisolation wereyettobeworkedout.In
humans, isolating T, cells on the basis of CD4
and CD25 expression risks contamination with
potentially autoreactive effector cells. Progress
in the field was facilitated by the discovery
that human T, cells can be isolated using a
combination of antibodies targeted at CD4,
CD25and CD127 andthatthey can be expanded
ex vivo on a clinical scale using beads coated
withantibodiesfor CD3and CD28inthe pres-
ence of recombinant IL-2.

The first clinical trial results of autolo-
gous polyclonal ex vivo-expanded T, cells
in patients with T1D were published in 2012
and 2014 by Marek-Trzonkowska et al. A small
trial in children with recent-onset T1D found
that administration of T, cells was safe and

reg
tolerableandledtoadecreaseinrequirement

forexogenousinsulin. After 1year, the authors
reported that repeated treatment was safeand
that it prolonged the survival of 3-cells. This
follow-up also demonstrated statistically lower
insulin requirements and higher C-peptide
levels (which are indicative of higher insulin
levels) than a matched control group.

Asecondtrial (Bluestoneetal.,2015) enrolled
14 adult patients with recent-onset T1ID who
wereinfused with T, cells. Several patients had
stable C-peptidelevelsandinsulinuseforupto
2 years after therapy, although the study was
notpowered todetermine efficacy. Infused cells
were labelled with deuterium, which allowed
the investigators to follow them in the circu-
lation. They showed that their levels in the
blood peaked in the first 2 weeks after injec-
tion, followed by aloss of 75% of the peak level
inthecirculation (owingtoeither cell deathor
extravasation to inflamed tissues) during the
first 3 months, before numbers stabilized for
atleastayear.Phenotypicand functional data
suggested that the ex vivo expansion protocol
increased notonly the number of T, cellsbut
also their suppressive capacity. There was no
evidence of transdifferentiation into effector
cellsinvivo.

Further steps to optimize adoptive therapy
with T, cells may include the addition of T,
cell-promotingtherapies, suchaslow-doselL-2,
and/or strategiesto deplete effector T cells, for
example with LFA3Ig. Also, efforts are under
way to develop islet-specific T, cells using
geneticengineering, either with chimericanti-
gen receptors or transgenic T cell receptors.
Theultimate goalis an off-the-shelf product for
adoptivetherapy thatwould foregotheneedto
isolateandindividually expand patient-specific
Ty cells.

Alexandra Flemming Chief Editor,
Nature Reviews Immunology

Marek-Trzonkowska, N. et al. Administration
of CD4*CD25""CD127 regulatory T cells
preserves B-cell function in type 1 diabetes in
children. Diabetes Care 35, 1817-1820 (2012) |
Marek-Trzonkowska, N. et al. Therapy of type 1
diabetes with CD4*CD25"¢"CD127" regulatory
T cells prolongs survival of pancreatic

islets — results of one year follow-up. Clin.
Immunol. 153, 23-30 (2014) | Bluestone, J. A.
et al. Type 1 diabetes immunotherapy using
polyclonal regulatory T cells. Sci. Transl Med.
7, 315ra189 (2015)
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Technology will set you free

chieving and maintaining normo-
glycaemia can delay and prevent
development of complications asso-
ciated with type 1 diabetes. Thisisa
significant burden for patients and
requires constant monitoring of their blood
glucose, and diet and activity levels, as well
as precise calculation of the insulin dosages
required tolower glucose levels safely to avoid
life-threatening hypoglycaemic events.

As early as the fifth century BC, Ayurveda
practitioners in India described what we
now know as type 1 diabetes using the term
Madumeha, which translates as “sweet urine”.
However, it was not until 1908 that Stanley
Benedict developed the first glucose urine
test. This test was used for around 50 years
until Helen Free introduced Clinistix, which
abrogated the need for cumbersome mixing
of reagents and heating, and allowed for a
simple dipstick measurement of glucose in
urine. The Ames Reflectance Meterinthe1970s
enabled the measurementofglucoseinblood,
paving the way for contemporary blood glu-
cose meters. These meters were introduced
inthe1980s and have progressively improved
in accuracy and are now available as small,
handheld devices thatrequire onlyavery small
drop of blood.

Infusion set

Insulin pump

Continuous glucose monitors (CGMs), intro-
ducedinthelate1990s, rely onasubcutaneous
sensor connected to a transmitter to provide
aglucose reading every few minutes and are
linked toanalarmsystemtoalert the user when
glucose levelsbecome dangerously highor low.
Advances in insulin delivery systems, includ-
ing smart pens and pumps, have also acceler-
ated withincreased availability of technology.
Rapid-actinginsulinanalogues have alsobeen
developedtoincrease the efficacy of delivery
and stability ofinsulinfor use inthese devices
(Milestone 6).

The emergence of smart phones and new
technologies over the past two decades has
culminated in the development of weara-
ble, closed-loop artificial pancreas systems

Continuous
glucose sensor

{g@

designed to monitor glucose and deliver hor-
mones as required, in near real time and with
reduced patientinput.

The first iterations of artificial pancreas
systems, termed hybrid closed-loop systems,
pairaCGMdevice toaninsulinpumpandrely
on an algorithm to calculate required insulin
doses. Unlike fully closed-loop systems, hybrid
systems perform best if the user informs the
algorithm of meals and carbohydrate intake.

In 2014, Russell et al. reported the first out-
comes of randomized crossover trials in an
outpatient setting using a closed-loop bihor-
monal delivery system compared with insulin
pump therapy. Thebihormonal device delivers
eitherinsulinorglucagon asneeded withonly
mealannouncements required by the user after
calibration. Trialsinadolescentsand adultsover
the 5-day intervention period demonstrated
consistentreductionsinmean plasmaglucose
levels and time in hypoglycaemia compared
with the control period.

The following year, Thabit et al. showed
increased time of blood levels of glucose within
thetargetrangeinarandomized crossoverstudy
usinganinsulin-onlyartificial pancreas,inadults
(dayand night) andinchildrenand adolescents
(overnight), compared with sensor-augmented
insulin pump therapy at 12 weeks.

Asthesedevices continuetodevelop, larger,
longer trialsunder truly free-living conditions
have provided assurance of the safety and fea-
sibility of closed-loop systems. Insulin-only
devices have also been successfully tested in
specific populations, suchas pregnantwomen
withtypeldiabetes and hospitalized patients
withtype2diabetesreceiving noncritical care,
further demonstrating the broad application
of these devices.

Atpresent, only a handful of hybrid closed-
loop systems have been approved for mar-
keting in Europe and the USA. Large pivotal
trialsare ongoing with the hope that additional
closed-loop systems will soon be available to
patients, freeing them of the high daily burden
of managing their diabetes.

Jennifer Sargent Senior Editor,
Nature Medicine

Russell, S. J. et al. Outpatient glycemic control
with a bionic pancreas in type 1 diabetes.

N. Engl. J. Med. 371, 313-325 (2014) | Thabit, H.
et al. Home use of an artificial beta cell in type 1
diabetes. N. Engl. J. Med. 373, 2129-2140 (2015)
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Incretindrugs for
glycaemic control

ver the past15years, drugs targeting

theincretinhormones (Milestone9),

including glucagon-like peptide 1

(GLP1), have emerged as effective

anti-hyperglycaemic agents. GLP1
is produced in the intestine and the brain in
response to various stimuli, including food
intake and bacterial metabolites, as well as
immune and neuroendocrine mediators. The
glucose-dependent postprandial release of
GLP1induces insulin secretion by pancreatic
B-cells and suppresses glucagon secretion
from pancreatic a-cells, which regulates gly-
caemia. Moreover, GLP1 modulates appetite
by slowing gastric emptying and inducing
satiety. However, these effects are short-lived
because circulating GLP1is quickly degraded
by dipeptidyl peptidase 4 (DPP4) and has ahalf-
life<5minutesin circulation. Given the physi-
ologicalrole of GLP1in glycaemic control, GLP1
receptor agonists (GLP1RAs) were developed
as glucose-lowering agents to treat patients
with type 2 diabetes (T2D). DPP4 inhibitors
that prolongthe half-life of endogenous GLP1
representanotherapproachto therapeutically
target theincretin system.

GLP1RAsare peptide drugs that were devel-
oped as analogues of either human GLP1 or
exendin 4, which is a salivary protein from
the Gila monster lizard with ~50% homology
to human GLP1. Human GLP1-based agents
include albiglutide, liraglutide, dulaglutide
and semaglutide, whereas exenatide and

S$24 | Nature Milestones | Diabetes | June 2021

lixisenatide are based on exendin 4. These
drugs are administered by subcutaneous
injection, although an oral formulation of
semaglutideis also available. One of the main
differences betweenthetwotypes of GLPIRA is
their half-lives, which are shorter for exendin-
4-based compounds. Various strategies have
been developed to prolong the half-life of
GLP1RAs, including binding the peptides to
plasma albumin or conjugating them to the
crystallizable fragment of IgG to delay drug
clearanceinthekidney. Along-acting release
formulation of exenatide was also developed
by coupling the peptide to microspheres,
which slows drug release; this formulation
can be administered once a week instead of
twice daily.

Early clinical trials showed that both DPP4
inhibitors and GLP1RAs were well tolerated
and that, compared with placebo, they could
reduce HbA,.inpatientswith T2D being treated
withmetformin. Subsequentstudies have indi-
cated that GLP1RAs are more effective than
DPP4 inhibitorsinlowering HbA,..In general,
short-acting GLP1RAs strongly inhibit gastric

emptying and delay glucose absorption, but
this effect is not sustained as GLPIR activity
levels decline after drug administration. By
contrast, human GLP1-based drugs maintain
GLP1Ractivation over longer periods of time,
and have been shown to lower HbA, and fast-
ing plasma glucose levels to a greater extent
than exendin-4-based drugs, with the excep-
tion of once-weekly exenatide, whichisalsoa
long-acting drug.

Asystematic review and comparison analysis
publishedin2016 concluded that GLP1IRAs are
generally well tolerated and, although they
can potentiate hypoglycaemia, therisk of this
adverse eventis reduced compared with that
associated with other glucose-lowering agents
such as short-acting insulin. Gastrointestinal
symptomsarealsocommon, althoughtheyare
oftentransient; long-acting compounds seem
to have the lowest risk of nausea, diarrhoea
and vomiting.

Data collected in several clinical trials indi-
cate that, compared with placebo, GLP1RAs
canalsoreduce therisk of atherosclerotic car-
diovascular disease (including cardiovascular
andall-cause mortality) and kidney outcomes
in patients with T2D. However, the benefits of
incretin drugs extend beyond the treatment
of T2D. Obesity, for example, can reduce the
release of GLP1and bluntits glycaemic control,
although the underlying mechanisms remain
unclear. In patients with obesity, a combina-
tion of GLP1RAs and lifestyle therapy improves
weight loss compared with placebo.

GLP1RAs also have therapeutic benefits in
other conditions associated with obesity and
insulinresistance.In patients withnonalcoholic
steatohepatitis, GLP1IRAsimproved weightloss
and the liver phenotype, potentially through
metabolic and anti-inflammatory effects.

The demonstrated ability of GLPIRAs to
lower HbA,.andfasting plasmalevels of glucose
confirmsthatthey are promising anti-hyperg-
lycaemicagents, and theiradditionalmetabolic
effectssuggest that their benefits might extend
wellbeyond the treatment of patients with T2D.

Monica Wang Senior Editor,
Nature Reviews Nephrology

Htike, Z. Z. et al. Efficacy and safety of
glucagon-like peptide-1 receptor agonists
in type 2 diabetes: a systematic review
and mixed-treatment comparison analysis.
Diabetes Obes. Metab. 19, 524-536 (2017)
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Aninfectious cause

forT1ID?

he development of type 1 diabe-

tes (T1D) depends on a complex

interplay between genetic factors

(Milestone 3) and environmental fac-

tors that ultimately result in the auto-
immune destruction of pancreatic -cells
(Milestones 7 and 8). Viruses have long been
prime suspects as environmental triggers of
T1D (particularly in the young), with the first
investigatorsdrawing onearly epidemiological
studies showing that disease incidence has a
seasonal pattern and increases after entero-
virusepidemics, and subsequent work showing
thatcertainenteroviruses caninfect3-cellsand
have a causative role in animal studies. It was
theisolation of the enterovirus coxsackie virus
B4in1979 from a10-year-old boy who died as
aresult of TID following a flu-like illness that
drove the search for a viral aetiology of T1D
(Yoon et al., 1979). Importantly, the isolated
virus could cause hyperglycaemia following
inoculation of mice. Forty yearslater, with the
arrivalofimproved, moresensitive, sequencing
technologies, Vehik et al. provided tantalizing
evidencethatprolongedenteroviralinfectionis
aprecursortothedevelopmentofautoimmune
diabetes in young children.

Over the years, various mechanisms have
beenevokedtoexplainthelink betweenviruses
andautoimmune disease, including molecular
mimicryandindirectimmuneactivation. Asevi-
dencetosupport molecular mimicry, Atkinson
etal. (1994) described amajor T cell epitope of
the B-cell enzyme glutamate decarboxylase

recognized by individuals with T1D that has
significant sequence similarity to a coxsackie
viral peptide. By contrast, Horwitzetal. (1998)
provided evidence suggesting instead that
diabetesinduced by coxsackie virusinfection
resultsfromlocalinflammation, tissue damage
andrelease ofislet antigens that stimulate auto-
reactive T cells. A later study did not observe
destructiveisletinflammation following 3-cell

infectionandinstead linked infectionto 3-cell
dysfunction and natural killer cell-mediated
insulitis (Dotta etal.,2007). The exact mecha-
nismsof potential viral causality or contribution
to T1D are still amatter of debate.
Thereportby Vehik et al. was one of aseries
of papers stemming from The Environmental
Determinantsof Diabetesinthe Young (TEDDY)
study — the largest multicentre prospective
study of young childrenwith agenetic suscep-
tibility to TID that aims toidentify the environ-
mental causes of T1D. Vehik et al. performed
meta-genomic sequencing of monthly stool
samples collected from newborn babies until
detection of islet autoimmunity or T1D along

with controls. They identified enterovirus B
as the only virus in the human virome with a
significant association withislet autoimmun-
ity. Although the frequencies of enterovirus
B infection did not differ between cases and
controls, children with prolonged shedding
of enterovirus B were more likely to develop
islet autoimmunity. By contrast, human mas-
tadenovirus C infection early in life was less
frequentinchildrenwhodevelopedislet auto-
immunity thaninthose whodid not, suggesting
a protective effect. Finally, identification of
an association between polymorphisms in
the coxsackie virus and adenovirus receptor
geneand susceptibility to TID led the authors
topropose that competition for receptor bind-
ing between adenovirus and coxsackie virus
confersthe protective effect of adenovirus. It
isimportantto note that this study was limited
to very young children, who account for only
10-20% of total new cases of T1D worldwide,
and evidence thatenterovirus B causes direct
B-cell destructionis still lacking.

The TEDDY study also allowed the first exten-
sive characterization of the gut microbiomein
relationto T1D. Areportby Vatanenetal. (2018)
showed that the microbiomes of control chil-
drenwereenrichedforgenesrelated tofermen-
tation and biosynthesis of short-chain fatty
acids (SCFAs) compared with childrenwith T1D,
suggesting aprotective effect of SCFAs. More-
over, the TEDDY cohort has provided insight
into early colonization of the gut microbiome
and the impact of breastfeeding, birth mode
and other factors, asdescribedinacompanion
paper (Stewartetal.,2018). Although only sub-
tle compositional differences were observed
between T1D cases and controls and cause
or effect could not be discriminated, higher
levels of Streptococcus sp.and Lactococcus sp.
and lower levels of Akkermansia sp. in infants
at risk of T1D provide further hints for the
involvement of an altered microbiome in the
development of T1D. Placing viral infection
at the forefront of T1D aetiology has spurred
currentapproachesthattargetviralinfection
to preventislet autoimmunity.

Lucy Bird Senior Editor,
Nature Reviews Immunology

Vehik, K. et al. Prospective virome analyses
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Getting to the heart of

the matter

n 2008, the US Food and Drug Adminis-
tration (FDA) and the European Medicines
Agency (EMA) issued draftguidancetothe
pharmaceutical industry to address the
need for more thorough evaluation of
cardiovascular safety in diabetes drug devel-
opment. Theydid soasseveraltrials suggested
intensive reduction of glucose may not neces-
sarily lessen cardiovascular events and may
even cause harm. This was worrying because
diabetes is associated with increased risk of
cardiovascular events. The FDA and EMA rec-
ommended that new trials for anti-diabetes
drugs be designed to demonstrate, at mini-
mum, noincreased risk of cardiovascular dis-
easeinindividuals with type 2 diabetes (T2D).

HbA,. levels, the gold standard for assess-
ing glycaemic control, remained the recom-
mended primary outcome for new trials.
However, sponsors were recommended to
involve an independent cardiovascular end-
points committee in new trials, as well as
designing phaselland phaselll studiesinsuch
away that cardiovascular endpoints could be
readily compared in meta-analyses.

Clinical trials of dipeptidyl peptidase 4 inhib-
itors were among the first to measure cardio-
vascular outcomes. These studies were largely
successfulin demonstrating non-inferiority for
risk of cardiovascular events compared with
placebo, but there was no evidence of benefit.
In 2015, the EMPA-REG study, assessing the
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effects of empagliflozin (a sodium-glucose
co-transporter 2 inhibitor (SGLT2i) in peo-
ple with T2D, over 60 years of age and with
known cardiovascular disease, took the world
by storm. The study demonstrated not only
no increased risk of cardiovascular disease
butthatempagliflozintreatmentresultedina
significantbeneficial reductioninacomposite
cardiovascular outcome (fatal and non-fatal
myocardial infarction and stroke), plus sub-
stantial reductionsin heart failure and chronic
kidney disease, overamediantime of 3.1years.

In2019, Zelniker et al.reported findings from
ameta-analysis of three major trials of SGLT2is
that included 34,322 patients, 60% of whom
had established atherosclerotic disease. They
found that treatment with SGLT2is across the
trialsreducedincidence of major adverse car-
diovascular events (MACE) by 11%, suggesting
amoderate class-effect cardiovascular benefit

for SGLT2is. However, this benefit was only
seen in patients with existing atherosclerotic
disease. The analysis also showed substantial
reductions in cardiovascular death and hos-
pitalizations for heart failure, regardless of
whether patients had a history of atheroscle-
roticdisease or heart failure. Other secondary
outcomes, including chronic kidney disease
(CKD), werealsofoundtobe positively affected
by treatment with SGLT2is. Subsequent tri-
als of SGLT2is in patients with heart failure
and CKD, with and without T2D, also showed
clinical benefit.

Another meta-analysis from 2019 reported
cardiovascular outcomes of seven trials testing
glucagon-like peptide 1receptor agonists, with
datafrom 56,004 participants.Kristensenetal.
reported a 12% overall reduction in MACE, as
wellasreductionsinall-cause mortality, hospi-
talizations due to heart failure and acomposite
kidney disease outcome.

The question of whether the beneficial
effects on cardiovascular and renal disease
observed are attributable to improved gly-
caemic control or whether they are mediated
by independent mechanisms are subject to
debate and ongoing research. However, the
mixed results for cardiovascular outcomes
inindividual trials, as well as heart failure and
kidney benefits extending to patients without
diabetes, suggest that these effects cannot
be due to improved glycaemic control alone.

The unexpected yet overwhelming clinical
benefits conferred by new-generation glu-
cose-lowering therapies have brought about
a veritable revolution in T2D management,
providing patients and physicians with more
options to reduce the burden of chronic
complications associated with the disease.

Jennifer Sargent Senior Editor,
Nature Medicine
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Diabetes: Following the

sciencein the search for a cure

iabetes is one of the
priority cardiovascular,
renal and metabolic

diseases for which AstraZeneca
is developing novel therapies. The
global number of people living
with diabetes is expected to rise
to 700 million by 2045 (ref. 1).
AstraZeneca's ambition is not just
to reduce the raised blood glucose
typical of the disease, it is to tackle
the underlying pathophysiological
drivers in order to instigate
diabetes remission, prevent
diabetic complications and deaths
and, ultimately, to deliver a cure.
“AstraZeneca recognises that
diabetes is more than a disease
of the pancreas, and our research
is focused on the underlying
mechanisms that link diabetes to
comorbidities, especially the main
causes of death from the disease,
including myocardial infarction
and stroke, as well as heart and
kidney failure,” says David Baker,
Head of Metabolism Bioscience,
Biopharmaceuticals R&D.

INDUCE REMISSION

New approaches for the treatment
of type 2 diabetes aim to induce
remission as soon as possible
after diagnosis by achieving
durable responses to novel
medicines designed to target the
causes of type 2 diabetes and its
related complications.

Obesity and insulin resistance
are two key drivers in the
development of type 2 diabetes,
and are also connected to the
development of diseases of
the heart and circulation, liver
and kidneys.

In people with obesity, bariatric
surgery can cause remission of
type 2 diabetes, and therapeutic
alternatives are being sought
to achieve levels of weight loss
comparable to surgery?. Insulin
resistance (reduced cell response
to the glucose-lowering pancreatic

hormone, insulin) has been a
target for anti-diabetic medicines
for many years. However, growing
understanding of its central role
in the development of blood
vessel, kidney and liver diseases,
has made it a research priority
for addressing a key gap in the
therapeutic armoury available to
doctors and patients.

PRECISION MEDICINE

There is no single gene for type 2
diabetes but identification of the
genomic drivers of the multiple
biological mechanisms that lead
to diabetes holds considerable
promise. It is expected that

new genomic understanding,
linked to clinical phenotypes,

will help to differentiate sub-
groups of patients according to
their risk of developing diabetes
and progressing to diabetic
complications. This segmentation
of type 2 diabetes could also
indicate opportunities for targeted
therapies to intervene early in

the disease.

NOVEL THERAPEUTICS
Advancing our understanding

of disease biology enables

us to uncover potential novel
approaches for future diabetes
treatments. At AstraZeneca, our
toolbox of drug modalities enables
us to address almost any drug
target in diabetes using a range of
therapeutics from classical small
drug molecules to novel agents
such as oligonucleotide and
mRNA therapies. Approaches are
being developed that can repair
or modify a cell's blueprint for
making key proteins that can be
applied to type 2 diabetes and its
complications.

Antisense oligonucleotides
are short, synthetic, chemically
modified pieces of RNA that can
be used to 'silence’ genes and
prevent detrimental proteins

AstraZeneca

Figure 1. Pancreactic beta cells at different stages of regeneration.

from being made. Antisense
oligonucleotides have been
designed for delivery specifically
into the insulin-producing
beta-cells of the pancreas
whose dysfunction can lead to
diabetes?. This has opened the
door to antisense oligonucleotide
therapy aimed at restoring
beta-cell function in diabetes
and potentially ‘knocking out’
other genes in a way that could
support long-term remission or
even cure (Fig. 1).

Messenger RNA (mRNA)
has also been investigated for
its potential in treating the small
blood vessel damage, which
commonly occurs with diabetes
and can lead to organ failure.
Encouraging results were obtained
with injections of modified mRNA
encoding for vascular endothelial
growth factor A (VEGF-A), a
protein involved in blood vessel
formation. Local expression of
VEGF-A was accompanied by
improved blood flow in the skin of
men with type 2 diabetes®.

Making insulin-resistant
cells more sensitive to insulin is
another goal of novel therapeutics
for diabetes. In preclinical
research, insulin sensitivity has
been improved with gene therapy,
sole
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antisense oligonucleotides and
novel biologic approaches to
decrease ectopic fat, particularly
in the liver, which in turn alleviates
insulin resistance and rejuvenates
beta-cell function, leading to
diabetes remission.

FROM REMISSION TO CURE

If we want to change the trajectory
of rising diabetes cases, we need
to use novel approaches that
target the drivers of diseases.

At AstraZeneca, we are using
our genomics expertise and
state-of-the-art drug discovery
technologies to build on strong
science to develop potential
medicines aimed at treating - and
ultimately curing - diabetes.
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Artificial intelligence: The next
frontier in diabetes therapy

or decades, Medtronic

has focused on improving

glycemic outcomes and
reducing the management
burden of people with diabetes
through innovative cutting-edge
technology. Medtronic pioneered
many of the ‘firsts’ that have
transformed diabetes care since
the 1990s (Fig. 1). The company's
interest in the field started with its
first-to-market wearable pump,
which was followed by real-time
continuous glucose monitoring.
By the mid-2000s, the
technology evolved to continuous
glucose monitor-directed
predictive insulin suspension to
prevent hypoglycaemia, which
demonstrated an 83% reduction
in severe hypoglycaemic events'.
In 2016, the introduction of the
hybrid closed-loop algorithm
(MiniMed™ 670G) automated
basal insulin delivery every five
minutes. The 670G study reduced
HbATc, increased time-in-range
(70-180 mg/dL,) and reduced
time below range (70 and 50
mg/dL) in a clinical study?. An
advanced hybrid closed-loop
system, the MiniMed™ 780G*,
demonstrated even greater
glycaemic control by providing
a lower glucose target and auto-
correction boluses delivered every
five minutes, which mitigated
post-prandial hyperglycaemia
resulting from missed, late or
incorrectly calculated meal
boluses®*.

Artificial intelligence (A

will be critical to achieve the
ultimate dual goals of near-normal
glycaemia and reduced burden.
Reducing mental burden in
diabetes management cannot be
over-emphasized. The multitude
of decisions throughout the
day can overwhelm patients,
which can lead to abandonment
sole
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Figure 1. The evolution of glycemic control pioneered by Medtronic.

Figure 2. The “internet of things” applied to persons with diabetes includes using physiologic

or activity sensors incorporated into smartphones or wearables that associate with a "digital

twin” to provide important behavioral data that can be used to improve glycemia, personalize

therapy, and minimize the burden of diabetes management.

of even the best technologies.
Current systems continue to
require multiple dosing decisions
surrounding meals, exercise and
other activities. Incorporating

Al through a frequently updated
‘digital twin' can circumvent
daily challenges by promoting
pharmaco-adherence and
providing personalized
management. Fig. 2 describes
how machine learning can use
physiologic and/or activity
sensors incorporated into
smartphones or wearables to
communicate with the digital
twin and deliver personalized
therapy that improves glycaemia

for content

while minimizing burden. For
example, geolocation on a
smartphone can predict the
contents of an upcoming meal
based on past behaviour and
deliver the appropriate insulin
dose before the meal. Also, hand
gesture-sensing can determine
when the meal starts or ends and
the quantity of food consumed.
Fitness monitors can identify the
quantity, intensity and glycaemic
response to exercise so insulin
delivery adjusts accordingly.
Iteratively updating algorithms
maximizes glycaemic control
by personalizing therapy in
a way that puts us on the

cusp of developing a true
artificial pancreas. Successfully
incorporating Al into future
products will fulfil Medtronic's
mission of using biomedical
engineering to restore health and
reduce the management burden
for people with diabetes.

*Approved for use only outside the United States
**In development. Not approved by the FDA

for any use and not available for research or
commercial use in the United States.
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Driving change to defeat diabetes and
other serious chronic diseases

he history of Novo
Nordisk dates back to the
time when insulin was

discovered. In 1922, the Danish
physiologist August Krogh

met with to-be fellow Nobel
Prize laureates Frederick Grant
Banting and John James Richard
Macleod in Toronto, Canada,
and secured the rights to supply
insulin in Scandinavia.

Today, Novo Nordisk has
become a leading healthcare
company and we strive to use
our capabilities to tackle unmet
medical needs in diabetes,
obesity and other serious chronic
diseases (Fig. 1).

A SUSTAINABLE BUSINESS
We engage with partners globally
to address the root causes of
disease, for example with the
United Nations International
Children's Emergency Fund
(UNICEF) to prevent childhood
obesity, and we established and
continuously invest in the World
Diabetes Foundation and the Novo
Nordisk Haemophilia Foundation.
We commit to providing
access to affordable medicines
for vulnerable patients and we
support capacity building within
healthcare systems for the future.

CHANGING DIABETES

The discovery of insulin was

not only a miracle for people
living with diabetes, but a
foundation for modern medicine
and biotechnology.

To mimic physiological
insulin release, both long-
acting and short-acting insulin
preparations are needed. After
decades of optimizations to
develop longer-acting insulin
preparations to reduce the
number of daily injections, in
1946 we introduced Neutral
Protamine Hagedorn insulin for
twice-daily injection.

In 1985, Novo Nordisk
pioneered production of
recombinant human insulin in
yeast. In 1999, we introduced
rapid-acting and, in 2004, long-
acting insulin analogues produced
by genetic engineering, allowing
users to mimic physiological
insulin secretion to avoid
hypoglycaemia around mealtimes
as well as overnight.

Novo Nordisk as a current
market leader offers multiple
widely used insulin analogues,
including long-acting insulin
degludec, rapid-acting insulin
aspart, and premix insulin
preparations including the
combination of insulin degludec
and aspart.

To improve the convenience of
our medicines, we introduced the
world's first pen-shaped devices for
subcutaneous injection in 1985.

GLP-1 ANALOGUES
Collaborating with academic
researchers, Novo Nordisk
pioneered translating
glucagon-like peptide 1 (GLP-
1) from incretin hormone to
pharmacologically useful GLP-1
analogues for the treatment
of diabetes and obesity. Our
expertise in protein engineering,
originating in insulin research,
has enabled once-daily and
once-weekly GLP-T analogues
that effectively control blood
glucose in type 2 diabetes with
low risk of hypoglycaemia.
GLP-1 analogues can also offer
significant weight loss for people
with diabetes or obesity.

Today, Novo Nordisk is
the world's leading supplier
of injectable GLP-1-based
therapies for type 2 diabetes
with once-daily liraglutide and
once-weekly semaglutide, as
well as for weight management.
With oral semaglutide for type
2 diabetes, we were the first

Q
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Figure 1. Novo Nordisk at a glance. Data from Novo Nordisk Annual Report 2020; S&P
Global Market Intelligence on behalf of MedWatch.dk.

to introduce a GLP-1 analogue
(a large peptide) delivered in a
tablet for systemic exposure.

By developing next-generation
GLP-1 analogues and other
medicines in our pipeline, we
envision a future where diabetes
and other serious chronic
diseases such as obesity and
cardiovascular disease can be
treated with safe medicines. Here,
GLP-1 compounds are particularly
promising: they effectively
reduce blood glucose, weight and
cardiovascular risk, and they are
being explored in diseases with
urgent unmet needs, including
non-alcoholic steatohepatitis,
chronic kidney disease and
Alzheimer's disease.

RARE DISORDERS

For decades, we have produced
advanced medicines to help
individuals with haemophilia.

In addition, we lead in growth
hormone deficiency, which affects
at least 1in every 3,500 newborn
children as well as many adults.

Sponsor retains sole

responsibility

A BRIGHT FUTURE

Our commitment to finding
preventive or protective
interventions remains strong.
We hope to leverage our 20-
year experience researching
stem-cell replacement therapies
to introduce regenerative
interventions.

Novo Nordisk remains
focused on raising the
innovation bar and we continue
to collaborate with academic
and clinical scientists, and
with biotech companies and
pharmaceutical peers to develop
innovative therapies for serious
chronic diseases.
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