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OBJECTIVE

b-Cell autoantibodies are a feature of the preclinical phase of type 1 diabetes.
Here, we asked how frequently they revert in a cohort of children at risk for type 1
diabetes and whether reversion has any effect on type 1 diabetes risk.

RESEARCH DESIGN AND METHODS

Children were up to 10 years of age and screened more than once for insulin
autoantibody, GAD antibody, and insulinoma antigen-2 antibodies. Persistent
autoantibody was defined as an autoantibody present on two or more consecu-
tive visits and confirmed in two reference laboratories. Reversion was defined as
two or more consecutive negative visits after persistence. Time-dependent Cox
regression was used to examine how reversion modified the risk of development
of multiple autoantibodies and type 1 diabetes.

RESULTS

Reversion was relatively frequent for autoantibodies to GAD65 (19%) and insulin
(29%), but was largely restricted to children who had single autoantibodies (24%)
and rare in children who had developed multiple autoantibodies (<1%). Most
(85%) reversion of single autoantibodies occurred within 2 years of seroconver-
sion. Reversion was associated with HLA genotype, age, and decreasing titer.
Children who reverted from single autoantibodies to autoantibody negative
had, from birth, a risk for type 1 diabetes of 0.14 per 100 person-years; children
who never developed autoantibodies, 0.06 per 100 person-years; and, children
who remained single-autoantibody positive, 1.8 per 100 person-years.

CONCLUSIONS

Type 1 diabetes risk remained high in children who had developed multiple b-cell
autoantibodies even when individual autoantibodies reverted. We suggest that
monitoring children with single autoantibodies for at least 1 year after serocon-
version is beneficial for stratification of type 1 diabetes risk.

b-Cell autoantibodies are significant predictors of type 1 diabetes risk (1,2). The
presence of two or more autoantibodies (insulin autoantibody [IAA], GAD antibody
[GADA], insulinoma antigen-2 [IA-2A], and zinc transporter type 8 autoantibodies)
and the associated titer have been shown to confer the highest risk of type 1 di-
abetes (3,4). b-Cell autoantibodies develop before type 1 diabetes, are still detect-
able on onset of clinical diabetes, and usually persist over time in the progression to
type 1 diabetes. However, b-cell autoantibody titers can fluctuate, and some auto-
antibody-positive individuals can revert to autoantibody negative (5,6).

1Health Informatics Institute, Department of Pe-
diatrics, Morsani College of Medicine, University
of South Florida, Tampa, FL
2Department of Pediatrics, College of Medicine,
University of Florida, Gainesville, FL
3National Institute of Diabetes and Digestive
and Kidney Diseases, Bethesda, MD
4Pacific Northwest Diabetes Research Institute,
Seattle, WA
5Barbara Davis Center for Childhood Diabetes,
University of Colorado, Aurora, CO
6Center for Biotechnology and Genomic Medi-
cine, Medical College of Georgia, Georgia Re-
gents University, Augusta, GA
7Department of Pediatrics, Turku University
Hospital, Turku, Finland
8Institute of Diabetes Research, Helmholtz Zen-
trum München, and Klinikum rechts der Isar,
Technische Universität München, and Forscher-
gruppe Diabetes e.V. Neuherberg, Neuherberg,
Germany
9Department of Clinical Sciences, Lund Univer-
sity/CRC, Skane University, Malmö, Sweden
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Persistent b-cell autoantibodies (i.e.,
positive at consecutive visits) are asso-
ciatedwith high-risk type 1 diabetes HLA
genotypes, and transient autoantibody
expression with lower genetic risk (4,7).
Previous findings in the Finnish Type 1
Diabetes Prediction and Prevention
(DIPP) and Diabetes Autoimmunity
Study in the Young (DAISY) studies
showed that ;50% of autoantibody-
positive subjects at a single visit revert
to negative within 2 years (5,7). Al-
though little is known about the effects
of the variable presence of b-cell auto-
antibodies on the risk of type 1 diabetes,
transience may be true remission of au-
toimmunity, humoral markers only, or
just assay variability. Assessing autoanti-
body expression may clarify the natural
progression of the disease and assist in
the identification of factors associated
with different progression rates. Such
knowledge will assist in risk profiling as
well as in reducing the cost burden of
repeat testing of autoimmunity.
The aim of this study was to deter-

mine whether the persistence of b-cell
autoantibodies over time could stratify
the risk for type 1 diabetes and further
clarify the natural progression of the dis-
ease and its association with different
progression rates in The Environmental
Determinants of Diabetes in the Young
(TEDDY) study of genetically high-risk
children.

RESEARCH DESIGN AND METHODS

Study Population
TEDDY is a prospective cohort study of
children at genetic high risk for type 1
diabetes, funded by the National Insti-
tutes of Health, which seeks to identify
environmental causes of type 1 diabetes.
There are six clinical research centersd
three in theU.S.: Colorado,Georgia/Florida,
Washington, and three in Europe: Finland,
Germany, and Sweden. The high-risk geno-
types for subjects screened from the gen-
eral population with no family history of
type 1 diabetes (89%) were as follows:
DRB1*04-DQA1*03-DQB1*03:02/DRB1*
03-DQA1*05-DQB1*02:01 (DR3/4-Q2/8),
DRB1*04-DQA1*03-DQB1*03:02/DRB1*
04-DQA1*03-DQB1*03:02 (DR4/4-DQ8/8),
DRB1*04-DQA1*03-DQB1*03:02/DRB1*
08-DQA1*04-DQB1*04:02 (DR4/8-DQ8/4),
and DRB1*03-DQA1*05-DQB1*02:01/
DRB1*03-DQA1*05-DQB1*02:01 (DR3/
3-DQ2/2) and six additional genotypes in
first-degree relatives of thosewith a family

history of type 1 diabetes, as previously
described (8).

Children enrolled are monitored pro-
spectively from 3 months to 15 years
with study visits every 3 months until
4 years and every 3 or 6 months there-
after, depending on autoantibody posi-
tivity. All children who are persistently
positive for any autoantibody are mon-
itored every 3 months until the age of
15 years or onset of type 1 diabetes. If
remission of all autoantibodies occurs at
any time during follow-up for a period of
four consecutive visits or 1 year, a fol-
low-up interval of 6 months becomes
effective. Detailed study design and
methods have been previously pub-
lished (9,10). The protocol was ap-
proved by institutional review boards
at participating centers, and all partici-
pants provided written informed con-
sent before participation in the genetic
screening and enrollment.

b-Cell Autoantibodies
b-Cell autoantibodies IAA, GADA, or
IA-2A were measured in two laborato-
ries by radiobinding assays (9,10). In the
U.S., all sera were assayed at the Bar-
bara Davis Center for Childhood Dia-
betes at the University of Colorado
Denver; in Europe, all sera were assayed
at the University of Bristol, U.K. Both
laboratories reported high sensitivity,
specificity, and concordance (11). All
positive b-cell autoantibodies and 5%
of negative samples were retested in
the other reference laboratory and
deemed confirmed if concordant. Auto-
antibody determination of maternal
acquired or de novo appearance was
based on the presence of both maternal
and child autoantibodies over the first
18 months of age. De novo production
was designated if the mother was nega-
tive for autoantibodies and the child
was positive. If the mother was positive,
then the child was deemed negative for
autoantibodies unless the child had a
negative sample before the first positive
sample or the autoantibody persisted
beyond 18 months of age. Persistent
b-cell autoimmunity was defined as au-
toantibody presence on two or more
consecutive visits 3 months apart and
confirmed in two TEDDY laboratories.
Reversion was defined as two or more
consecutive negative visits after persis-
tence. Age of seroconversion was the
age of the child on the initial date of

seroconversion to persistent b-cell au-
toimmunity. The specific autoantibody
result on the initial date was defined
as the baseline measure. Type 1 diabe-
tes was defined according to American
Diabetes Association criteria for diagno-
sis (12). HLA-eligible subjects were,10
years of age and screened a minimum of
four times during follow-up for IAA,
GADA, and IA-2A. Children who were in-
eligible for this analysis included those
who did not have an autoantibody test
result (n = 55) and were HLA ineligible
(n = 118). Children who developed
type 1 diabetes within 3 months of the
last autoantibody negative (n = 6) or first
positive test result (n = 19) were defined
as not developing persistent autoanti-
bodies before type 1 diabetes. Other
children who developed type 1 diabetes
more than 3 months after the last auto-
antibody test (n = 14, min–max time af-
ter last test 0.8–8.3 years) were censored
at the time of the last test because it was
not possible to determine persistent au-
toantibodies before diagnosis. Autoanti-
body-positive children who were lost to
follow-up immediately after the persis-
tent sample were censored at the time
of the initial seroconversion because
they were never observed at risk for re-
version (n = 14).

Autoantibody titers were converted
to z-scores due to different autoanti-
body cutoff values in the two reference
laboratories (Bristol and Denver) and
change in type of assay over time from
the original TEDDY standard assay to the
harmonized assay. Autoantibody titers
were converted to SD units centered
on the assay threshold for analysis. The
harmonized assay was used for IA-2A
and GADA; if a measure was missing
from the harmonized assay, the TEDDY
assay transformed to the harmonized
assay was used. The Bristol z-score was
used for IAA (not harmonized), and, if
missing, the Denver z-score was used.
Change in z-score over timehada symmet-
rical distribution and was untransformed.
The z-score will be denoted as titer.

Statistical Analysis
Data were analyzed using SAS 9.4 soft-
ware (SAS Institute Inc., Cary, NC), and
GraphPadPRISM5.03 software (GraphPad
Software Inc., La Jolla, CA) was used for
figures. The Mann-Whitney U test was
used to assess differences in time to re-
version among childrenwho had reverted.
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Time-dependent Cox regression examined
how reversionmodified risk of both devel-
opment of multiple autoantibodies and
type 1 diabetes in two nonmutually exclu-
sive cohorts defined by number of autoan-
tibodies at the time of seroconversion
(single autoantibody or multiple autoanti-
bodies). Kaplan-Meier curveswere used to
descriptively show the cumulative inci-
dence of multiple autoantibodies and
reversion separately as well as the cumu-
lative risk of type 1 diabetes for children
who did and did not revert (hazard ratios
and P values from time-dependent Cox
proportional hazards models were used
to evaluate statistical relevance).Multivar-
iable analyses were adjusted for HLA-DR-
DQ, sex, age of first autoantibody serocon-
version, family history of type 1 diabetes,
country of residence, and, when appropri-
ate, presence of other autoantibodies,
baseline autoantibody titer at the time of
seroconversion, and change in autoanti-
body titers from the initial sample to con-
secutive samples. The incidence of type 1
diabetes was described as a rate per
100 person-years from birth. Exact 95%
CI in incidence rates were calculated using
the x2 relationship to the Poisson distribu-
tion. All analyses were preplanned. P val-
ues of ,0.05 were considered significant
and two-sided.

RESULTS

Overall, 596 of 8,503 (7%) of the eligible
enrolled HLA high-risk children in TEDDY
developed one or more persistent auto-
antibodies (remained single, n = 225; de-
veloped multiple, n = 371) and were
monitored until 31 March 2015 for the
development of type 1 diabetes (Fig. 1).
Median (interquartile range) age at ini-
tial seroconversion was 27.7 (15.2–48.3)
months. Of these 596 children, 164 (28%)
developed type 1 diabetes, and by the
time of diagnosis, 146 of 164 (89%)
were positive for two or more autoanti-
bodies at least once during follow-up.
The current analysis examined both
the single autoantibody– and multiple
autoantibody–positive children for
changes in autoantibody expression
and the effect of those changes on the
development of type 1 diabetes.

Factors Associated With
Persistence/Reversion
Descriptive statistics for those autoanti-
body-positive childrenwho had single or
multiple persistent autoantibodies are

reported in Supplementary Table 1. In
addition, these data specify the distribu-
tion of known risk factors and their in-
fluence on the risk of autoimmune
reversion. At the time of the initial sero-
conversion, 500 children presented
with only one persistent autoantibody
(242 GADA, 245 IAA, 13 IA-2A), 84 pre-
sented with two autoantibodies, and
12 presented with three autoanti-
bodies. Among the children with a single
autoantibody, 24% reverted: 19% (45 of
242) for GADA (median time: 8.8 months),
29% (72 of 245) for IAA (median time:
10.1 months), and 8% (1 of 13) for IA-2A
(median time: 6.1 months). Reversion pri-
marily occurred within 1 year of the initial
seroconversion (69% of GADA reversions,
64% of IAA reversions, 100% of IA-2A re-
versions). Of the childrenwho reverted for
their single autoantibody, 19% serocon-
verted back to positive: 18% (8 of 45)
for GADA, 19% (14 of 72) for IAA, and
0% (0 of 1) for IA-2A. Children who
were initially multiple autoantibody

positive (n = 96) or who developed persis-
tent multiple autoantibodies after initial
seroconversion to a single autoantibody
(n = 275) were less likely to revert to neg-
ative; 1.2%when twoautoantibodieswere
present, and 0.5% when three autoanti-
bodies were present.

Risk of reversion of a single GADA or
IAA was associated with the change
from baseline titer of the autoanti-
body to next consecutive sample titer
(Supplementary Table 1). An increase
from the baseline autoantibody titer to
the defining persistent sample (consec-
utive) titer decreased the risk of rever-
sion (GADA: HR 0.18, 95% CI 0.09–0.35,
P , 0.001; and, IAA: HR 0.32, 95% CI
0.19–0.56, P , 0.001), such that an in-
crease comparedwith a decrease in titer
reduced the risk of GADA reversion by
82% and IAA by 68%. IAAwasmore likely
to revert in children with HLA-DR3/
3-DQ2/2 compared with HLA-DR3/
4-DQ2/8 (HR 2.67, 95% CI 1.14–6.24,
P = 0.03) and less likely to revert when

Figure 1—Flowchart of b-cell autoantibody (Ab) persistent positivity (n = 596), number of
autoantibodies at time of initial seroconversion (single autoantibody, n = 500; multiple autoan-
tibodies, n = 96), number that remained positive or became negative, and howmany developed
type 1 diabetes (T1D).
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baseline levels were very high ($3 SD
above cutoff). Age at seroconversion
was strongly associated with GADA re-
version; each year older in early life re-
duced the risk of reversion by 4% (HR
0.96, 95% CI 0.94–0.97, P , 0.001).
Sex, family history of type 1 diabetes,
and country did not predict GADA, IAA,
or IA-2A reversion.

Risk of Developing Other
Autoantibodies and
Persistence/Reversion
Reversion of autoantibodies affected
the risk of developing other autoanti-
bodies (Table 1). After adjusting for
known risk factors associated with
type 1 diabetes autoimmunity, GADA
reversion, when presenting as a single
autoantibody, reduced the risk of devel-
oping multiple autoantibodies by 90%
(HR 0.10, 95% CI 0.03–0.29, P ,
0.0001) compared with children with a
single persistent autoantibody; IAA re-
version reduced the risk of developing
multiple autoantibodies by 76% (HR
0.24, 95% CI 0.13–0.44, P, 0.0001). Re-
version of IA-2Awas rare (3% [9 of 290]).
Development of another autoantibody
essentially precluded reversion. The cu-
mulative percentage of childrenwho de-
veloped multiple autoantibodies was
50% within 1 year (median survival
time, 12.7 months) (Fig. 2A). The cumu-
lative percentage for the children who
reverted was 14% during the same fol-
low-up time (1 year).

Risk of Type 1 Diabetes and
Persistence/Reversion
Reversion of a specific autoantibody on
risk of type 1 diabetes after develop-
ment of multiple autoantibodies was
also examined. The seroconversion and
reversion of GADA or IAA in the pres-
ence of multiple autoantibodies ap-
peared to modify the risk of type 1
diabetes compared with those with per-
sistent autoantibodies (Table 1) after
adjustment for known type 1 diabetes
risk factors. Among children who sero-
converted for GADA at the time of or
after the appearance of another auto-
antibody, GADA reversion (10% [22 of
214]) was associated with a greater
risk of progression to type 1 diabetes
(adjusted HR 3.77, 95% CI 2.04–6.96,
P , 0.0001). In contrast, IAA reversion
(21% [70 of 341]) when another auto-
antibody was present had little effect

T
a
b
le

1—
R
e
v
e
rs
io
n
o
n
th
e
ri
sk

o
f
m
u
lt
ip
le

a
u
to
a
n
ti
b
o
d
ie
s
a
n
d
/o
r
ty
p
e
1
d
ia
b
e
te
s
b
a
se

d
o
n
th
e
ty
p
e
a
n
d
o
rd

e
r
o
f
is
le
t
a
u
to
a
n
ti
b
o
d
ie
s
in
it
ia
ll
y
d
e
ve

lo
p
e
d

R
is
k

A
b
(s
)
d
ev
el
o
p
ed

Fo
llo
w
-u
p
p
at
te
rn

o
f
sp
ec
ifi
c
A
b

O
u
tc
o
m
e
d
ev
el
o
p
ed

R
ev
er
si
o
n
o
n
o
u
tc
o
m
e

O
u
tc
o
m
e

A
b
n
u
m
b
er

th
ro
u
gh

fo
llo
w
-u
p
&
o
rd
er

d
ev
el
o
p
ed

re
la
ti
ve

to
sp
ec
ifi
c
A
b

To
ta
l(
N
)

R
ev
er
si
o
n
o
r

p
er
si
st
en

ce
o
f

sp
ec
ifi
c
A
b
gr
o
u
p

N
Pe
rc
en

t
o
f

to
ta
l(
%
)

N
Pe
rc
en

t
o
f

gr
o
u
p
(%

)

M
o
n
th
s
to

o
u
tc
o
m
e

(m
ed

ia
n
)

In
ci
d
en

ce
p
er

10
0

p
er
so
n
-y
ea
rs

A
d
ju
st
ed

fo
ra
ge

o
f

se
ro
co
n
ve
rs
io
n

H
R
(9
5%

C
I)

Fu
lly

ad
ju
st
ed

*
H
R
(9
5%

C
I)

P
va
lu
e

M
u
lt
ip
le

A
b
s

Si
n
gl
e,

IA
A
fi
rs
t

24
5

Pe
rs
is
te
n
t
IA
A

17
3

70
.6

13
9

80
.4

5.
1

92
.9

re
f

re
f

R
ev
er
te
d
IA
A

72
29

.4
16

22
.2

23
.1

5.
2

0.
2
5
(0
.1
4–

0.
44

)
0.
24

(0
.1
4–

0.
4
4)

,
0.
0
00

1
Si
n
gl
e,

G
A
D
A
fi
rs
t

24
2

Pe
rs
is
te
n
t
G
A
D
A

19
7

81
.4

11
1

56
.4

8.
3

33
.8

re
f

re
f

R
ev
er
te
d
G
A
D
A

45
18

.6
3

6.
7

33
.6

1.
6

0.
0
7
(0
.0
2–

0.
21

)
0.
10

(0
.0
3–

0.
2
9)

0.
00

0
1

Ty
p
e
1

d
ia
b
et
es

Si
n
gl
e,

IA
A
fi
rs
t

90
Pe
rs
is
te
n
t
IA
A

34
37

.8
10

29
.4

11
.5

13
.6

re
f

re
f

R
ev
er
te
d
IA
A

56
62

.2
1

1.
8

45
.0

0.
4

0.
0
5
(0
.0
1–

0.
44

)
0.
02

(0
.0
0–

0.
4
2)

0.
02

M
u
lt
ip
le
,I
A
A
fi
rs
t

13
9

R
em

ai
n
ed

p
er
si
st
en

t
IA
A

11
4

82
.0

56
49

.1
19

.3
17

.7
re
f

re
f

R
ev
er
te
d
IA
A
af
te
r

m
u
lt
ip
le

25
18

.0
9

36
.0

33
.4

7.
6

0.
7
2
(0
.3
4–

1.
51

)
1.
18

(0
.5
4–

2.
5
7)

0.
68

M
u
lt
ip
le
,I
A
A
af
te
r
o
th
er

A
b
s

18
6

Pe
rs
is
te
n
t
IA
A

14
1

75
.8

61
43

.3
17

.4
19

.2
re
f

re
f

R
ev
er
te
d
IA
A

45
24

.2
15

33
.3

48
.3

8.
3

0.
7
8
(0
.4
2–

1.
44

)
0.
95

(0
.4
8–

1.
8
8)

0.
88

Si
n
gl
e,

G
A
D
A
fi
rs
t

12
8

Pe
rs
is
te
n
t
G
A
D
A

86
67

.2
4

4.
7

37
.8

1.
8

re
f

re
f

R
ev
er
te
d
G
A
D
A

42
32

.8
0

0.
0

N
/A

0.
0

0.
0
0

0.
0
0

M
u
lt
ip
le
,G

A
D
A
fi
rs
t

11
1

R
em

ai
n
ed

p
er
si
st
en

t
G
A
D
A

10
5

94
.6

28
26

.7
24

.8
10

.0
re
f

re
f

R
ev
er
te
d
G
A
D
A

af
te
r
m
u
lt
ip
le

6
5.
4

4
66

.7
25

.5
21

.0
2.
2
1
(0
.7
6–

6.
36

)
2.
34

(0
.5
5–

10
.4
)

0.
25

M
ul
tip

le
,G
A
D
A
af
te
ro
th
er
A
bs

21
4

Pe
rs
is
te
n
t
G
A
D
A

19
2

89
.7

73
38

.0
18

.6
12

.6
re
f

re
f

R
ev
er
te
d
G
A
D
A

22
10

.3
17

77
.3

31
.3

23
.0

2.
7
0
(1
.5
7–

4.
63

)
3.
77

(2
.0
4–

6.
9
6)

,
0.
0
00

1
Si
ng
le
or

m
ul
tip
le
IA
2A

an
yt
im
e

29
0

Pe
rs
is
te
n
t
IA
2A

28
1

96
.9

12
6

44
.8

20
.9

18
.3

re
f

re
f

R
ev
er
te
d
IA
2
A

9
3.
1

2
22

.2
48

.8
4.
8

0.
2
6
(0
.0
6–

1.
05

)
0.
35

(0
.0
8–

1.
4
6)

0.
15

A
b
,a
u
to
an
ti
b
o
d
y;
N
/A
,n

o
t
ap
p
lic
ab

le
gi
ve
n
th
e
n
u
m
er
at
o
r
an
d
d
en

o
m
in
at
o
r
ar
e
0.
*A

d
ju
st
ed

fo
r
H
LA

-D
R
-D
Q
,s
ex
,a
ge

o
f
au
to
an

ti
b
o
d
y
se
ro
co
n
ve
rs
io
n
,f
am

ily
h
is
to
ry

o
f
ty
p
e
1
d
ia
b
et
es
,c
o
u
n
tr
y
o
f
re
si
d
en

ce
,

p
re
se
n
ce

o
f
o
th
er

au
to
an

ti
b
o
d
ie
s,
b
as
el
in
e
au
to
an

ti
b
o
d
y
le
ve
la
t
ti
m
e
o
f
se
ro
co
n
ve
rs
io
n
,
an
d
ch
an

ge
in

au
to
an
ti
b
o
d
y
le
ve
ls
fr
o
m

th
e
in
it
ia
lt
o
th
e
co
n
se
cu
ti
ve

sa
m
p
le
.

4 Autoantibody Reversion in TEDDY Diabetes Care



on risk of type 1 diabetes accounting for
known risk factors (IAA appeared in the
presence [adjusted HR 0.95, 95% CI
0.48–1.88, P = 0.88] or before the ap-
pearance of other autoantibodies [ad-
justed HR 1.18, 95% CI 0.54–2.57, P =
0.68]).
The incidence (95% CI) of type 1 di-

abetes from birth up to 10 years was cal-
culated by the child’s autoantibody
seroconversion and reversion pattern
during follow-up. Among children who
seroconverted for a single autoantibody
without reverting, the incidence (95%
CI) of type 1 diabetes was 1.83 (1.05–
2.97) per 100 person-years (Table 2).
Those who remained single IAA without
reverting had a 5.48 (2.63–10.10) per
100 person-years risk of type 1 diabetes;
whereas, those with a single nonrevert-
ing GADA had a risk of 0.62 (0.17–1.59)
per 100 person-years. The children who
seroconverted and reverted for a sole
autoantibody (0.14 [0.00–0.79] per
100 person-years, n = 1 of 99) had a rel-
atively similar risk of type 1 diabetes as
the HLA high-risk children who had not
seroconverted (0.06 [0.04–0.09] per
100 person-years, n = 25 of 7,907). The
incidence (95% CI) of type 1 diabetes for
those children who developed multiple
autoantibodies over time and never re-
verted for any autoantibody was 7.19
(5.90–8.68) per 100 person-years. Among

children who developed two or more
autoantibodies over time, the incidence
of type 1 diabetes changed depending
on the combination of autoantibodies
and the specific autoantibody that re-
verted. If GADA reverted in the pres-
ence of IAA, the incidence (95% CI) of
type 1 diabetes remained high (GADA
reversion: 13.7 [1.66–49.48] per 100 per-
son-years); whereas, if IAA reverted in
the presence of GADA, the incidence
was similar to that of a single persistent
autoantibody (0.88 [0.11–3.19] per 100
person-years).

The cumulative risk of developing
type 1 diabetes by three groups that de-
pict the change in autoantibody status
up to 1 year after initial seroconversion
is illustrated in Fig. 2B. Group 1 were the
children who developed multiple auto-
antibodies (n = 293), group 2 were the
children who reverted from a single au-
toantibody (n = 78), and group 3 were
the remaining children who neither re-
verted for the single autoantibody nor
developed multiple autoantibodies dur-
ing the first year (n = 225). Progression
to type 1 diabetes was very low in chil-
dren who reverted up to 1 year (1 of
78 [1.3%]; HR 0.14, 95% CI 0.04–0.59,
P = 0.007) compared with the children
who remained single persistent for the
first year (24 of 225 [10.7%]). The chil-
dren who reverted in the first year and

later developed type 1 diabetes were
part of a group (9 of 78 [11.5%]) who
developed another autoantibody after
reversion but never had multiple auto-
antibodies at the same time (Fig. 1). Of
the 24 of 225 (10.7%) who remained
single persistent for the first year and
later developed type 1 diabetes, 7 of
24 belonged to a group (n = 67) who
developed multiple autoantibodies af-
ter the first year, and 17 of 24 belonged
to a group (n = 158) who never devel-
oped multiple antibodies. The percent-
age developing type 1 diabetes was
similar (1 of 9 [11.5%], 7 of 67 [10.4%],
and 17 of 158 [11.1%]); irrespective of
whether the child reverted and devel-
oped another autoantibody (n = 9),
was persistent for the first year and de-
veloped another antibody (n = 67), or
was persistent only the first year with-
out developing another autoantibody
(n = 158). In contrast, of the remaining
children developing multiple autoanti-
bodies in the first year after seroconver-
sion (139 of 293 [47%]), there was a high
risk of progression to type 1 diabetes
(HR 5.72, 95% CI 3.44–9.52, P , 0.0001)
compared with the children who re-
mained single persistent. Further strat-
ification by continent (U.S., Europe)
showed no difference in risk of type 1
diabetes by the three autoantibody
profiles.

Figure 2—A: Cumulative incidence of development of multiple autoantibodies (Ab) after initial seroconversion and cumulative incidence of
autoantibody reversion. B: Risk of progression to type 1 diabetes by autoantibody persistence (single and multiple) and reversion.
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CONCLUSIONS

Reversion of diabetes-associated persis-
tent autoantibodies varied by specific
autoantibody and usually occurred
within 2 years after seroconversion. Re-
version was infrequent among those
with multiple autoantibodies. A youn-
ger age at seroconversion for GADA
conferred a higher risk of reversion;
whereas, IAA was more likely to revert
in children with HLA-DR3/3-DQ2/2 com-
pared with HLA-DR3/4-DQ2/8. An im-
portant risk factor associated with
reversion was an increase in autoanti-
body titer from seroconversion, which
reduced the risk of reversion. Reversion
of IAA andGADA both decreased the risk
of further development of other autoan-
tibodies. This study showed that rever-
sion is linked to HLA-genotype, age, and
decreasing titer and is less likely after
the development of multiple autoanti-
bodies. The risk of type 1 diabetes in
children who reverted for single persis-
tent GADA or IAA was similar to those
TEDDY childrenwho have not developed
autoantibodies. However, there are dif-
ferent implications on the risk of type 1
diabetes when GADA or IAA reverted in
the presence of another autoantibody.
The observation that the incidence of
type 1 diabetes remained high when
GADA reverted in the presence of IAA
would be consistent with a more ag-
gressive b-cell autoimmunity at an ear-
lier age associated with persistent IAA
and DR4-DQ8. The IAA reversion in the
presence of persistent GADA may be
explained by a less aggressive b-cell au-
toimmunity associated with older age
andDR3-DQ2. Knowledge of such diversity
in risk allows for better risk profiling and
affects study design and cohort selection.
Previous studies have primarily fo-

cused on number of autoantibodies
(4,13), combinations of autoantibodies
appearance (3,7,14,15), magnitude of
autoantibody titer (1,16,17), and age at
initial seroconversion to determine
type 1 diabetes risk (4,14,18,19). Little
has been published on the transient
nature of autoantibodies and the asso-
ciated risk of development of other au-
toantibodies and/or type 1 diabetes.
Such studies have suggested that rever-
sion of autoantibodies was likely due to
assay variability/error (5,7), maternal
autoantibody exposure in utero (20), and
possibly an indicator ofb-cell defects (7). It

is clear that reversion most likely occurs in
those with a single autoantibody. The
TEDDY study findings of 24% transience
are consistent with the DAISY study (7),
which showed 20% transience in those
with a single confirmed autoantibody
(i.e., positive on two or more blinded ali-
quots) at more than one sample/visit, and
the 16% transience reported in the DIPP
study (5). All three studies ensured mini-
mal error or assay variation. TEDDY used
two reference laboratories to confirm
each positive sample and required positiv-
ity at both laboratories over two consecu-
tive screening visits. Consistent with
similar study populations, IAA had the
highest incidence of reversion (5,21). Al-
though, the reason for this higher inci-
dence is unclear, it has been suggested
that this might be due to maternal auto-
antibodyexposure; however, determination
of de novo production was not a major
issue because this study’s definition of
persistent positive excluded maternal
acquired autoantibodies, as defined pre-
viously (22). Nevertheless, maternal ac-
quired autoantibodies could not be
determined for 0.4% of the enrolled chil-
dren, which may account for the 3 of
10 GADA-only children who reverted
at a very early age (,1 year). Assessment
of risk associated with further develop-
ment of other autoantibodies and/or
type 1 diabetes has been based on
case-observation (5,7,22) or univariate
in nature (23). This study provides evi-
dence that a single transient autoanti-
body has limited influence on risk of
type 1 diabetes; whereas, a single non-
transient autoantibody confers a risk of
1.8 per 100 person-years.

Type 1 diabetes is a complex and het-
erogeneous disease process, as evi-
denced by geographical differences in
incidence, progression rates, and genet-
ics. The TEDDY study offers a unique op-
portunity in children with four major
type 1 diabetes HLA-DR-DQ risk geno-
types to dissect the etiopathogenesis
of the appearance of a first autoanti-
body (14) and progression to clinical on-
set in relation to the dynamics of these
autoantibodies. Transience in autoanti-
bodies that are assumed indicators of
the progression of b-cell autoimmunity
to type 1 diabetes can support the no-
tion that b-cell autoimmunity is a wax-
ing-and-waning disease process. A
better understanding on the develop-
ment of known preclinical markers

provides a chance to improve risk pro-
files and allow for identification of ho-
mogenous risk groups. These more
specific risk groups can improve the pre-
diction of those with imminent risk of
clinical type 1 diabetes onset, define au-
toantibody screening intervals, and
identify potential windows where envi-
ronmental exposures may enhance or
perhaps reduce risk.

Progression to type 1 diabetes is very
low (risk) in those who only develop a
single autoantibody (15%); whereas,
70% of those who develop multiple au-
toantibodies progress to type 1 diabe-
tes, as reported from a geographically
diverse pooled cohort of children (4).
Autoantibody presentation is heteroge-
neous, with some acquiring multiple au-
toantibodies at relatively the same time,
others developing multiple autoimmu-
nity over months/years, some only de-
veloping one autoantibody, and others
transient. This study identified three au-
toantibody profiles that have differen-
tial progression patterns within 1 year
of initial seroconversion: 1) reversion,
2) multiple autoantibodies, and 3) single
autoantibody. Integration of these three
groups into the current schematic of risk
profiling, which includes HLA genotype
and first-degree relative, may reduce the
apparent heterogeneity in risk status that
has affected intervention trials (24).

The TEDDY study cohort is at high ge-
netic risk for type 1 diabetes, and thus,
all inferences are subject to such high-
risk characteristics. However, this study’s
primary focus was on characteristics of
appearance of b-cell autoimmunity and
associated risk with type 1 diabetes in-
dependent of known risk factors. The
TEDDY cohort is still very young, with
the median follow-up age of only 5.7
years (interquartile range 2.7–7.6), so
extrapolation of findings to adolescents
and adults is limited. Nevertheless, com-
pared with older study populations,
TEDDY has a unique strength of captur-
ing those children who rapidly develop
diabetes at very young ages; as such,
there are relatively few children devel-
oping type 1 diabetes with only one au-
toantibody (25). TEDDY’s short screening
interval permitted better capture of
those who revert; thus, an ideal screen-
ing interval design would continue to
screen those subjects who seroconvert
and revert negative for at least an ad-
ditional year after reversion. Future
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analyses in TEDDY will include zinc trans-
porter 8 autoantibody as it becomes
available.
This work provides a benchmark for

using specific autoantibodies as more
than just positive thresholds in assessing
risk. Autoantibody titers as markers of
disease have been assessed for many
years, but sample size limitations have
reduced their use to number/combina-
tions of autoantibodies and whether an
assay threshold has been met for risk
assessment. The varying appearance of
autoantibodies provides valuable infor-
mation that can assist in profiling risk of
progression to type 1 diabetes indepen-
dent of genetics, family history, and age.
The sheer size and follow-up of the
TEDDY study has provided a unique op-
portunity to explore the intricate details
of autoantibody appearance, autoanti-
body patterns conditioned on other au-
toantibody titers, and their association
with known risk factors, windows upon
which “triggering events” potentially oc-
cur, environmental factors, and interac-
tions with other biomarkers (“omics”).
On the basis of these findings, further
testing for b-cell autoantibodies does
not add further stratification to type 1
diabetes risk once children have devel-
oped multiple autoantibodies but is im-
portant for assessing the type 1 diabetes
risk in childrenwho present with a single
autoantibody.
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