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Individuals with stage 1 type 1 diabetes (T1D) from the 
TrialNet pathway to preven�on study were randomized to
abatacept or placebo over 12 months. The endpoint was
confirmed abnormal glucose tolerance (AGT, stage 2) or
clinical diabetes (stage 3).

112 months of abatacept treatment in 1 changed
immune cells and improved C-peptide as previously shown in

3 but did not achieve the pre-set criteria for the delay
of 2 diabetes in individuals at 1. Costimulation
blockade maymodify the progression of type 1 diabetes

Abatacept for delay of type 1 diabetes
progression in rela�ves at risk

? ?

Treg, regulatory T cell

ARTICLE HIGHLIGHTS

• Abatacept blocks the activation of T cells and slows b-cell loss in new-onset type 1 diabetes.
• We tested whether it would be effective earlier in the autoimmune process before glucose levels are impacted.
• We treated individuals with stage 1 diabetes with abatacept or placebo for 1 year and followed them.
• Although abatacept increased the C-peptide response and induced the immunological changes that we expected,

it did not significantly delay the progression to abnormal glucose tolerance to the degree we anticipated.
• The signals are promising, however, that abatacept may modify the progression of type 1 diabetes.
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OBJECTIVE

Previous studies showed that inhibiting lymphocyte costimulation reduces declining
b-cell function in individuals newly diagnosed with type 1 diabetes. We tested
whether abatacept would delay or prevent progression of type 1 diabetes from nor-
mal glucose tolerance (NGT) to abnormal glucose tolerance (AGT) or to diabetes and
the effects of treatment on immune andmetabolic responses.

RESEARCH DESIGN AND METHODS

We conducted a phase 2, randomized, placebo-controlled, double-masked trial
of abatacept in antibody-positive participants with NGT who received monthly
abatacept/placebo infusions for 12 months. The end point was AGT or diabetes,
assessed by oral glucose tolerance tests.

RESULTS

A total of 101 participants received abatacept and 111 placebo. Of these, 81
(35 abatacept and 46 placebo) met the end point of AGT or type 1 diabetes di-
agnosis (hazard ratio 0.702; 95% CI 0.452, 1.09; P = 0.11) The C-peptide re-
sponses to oral glucose tolerance tests were higher in the abatacept arm (P <
0.03). Abatacept reduced the frequency of inducible T-cell costimulatory (ICOS)+

PD1+ T-follicular helper (Tfh) cells during treatment (P < 0.0001), increased
naive CD4+ T cells, and also reduced the frequency of CD4+ regulatory T cells
(Tregs) from the baseline (P = 0.0067). Twelve months after treatment, the fre-
quency of ICOS+ Tfh, naive CD4+ T cells, and Tregs returned to baseline.

CONCLUSIONS

Although abatacept treatment for 1 year did not significantly delay progression
to glucose intolerance in at-risk individuals, it impacted immune cell subsets and
preserved insulin secretion, suggesting that costimulation blockade may modify
progression of type 1 diabetes.

Type 1 diabetes is a chronic autoimmune disease that occurs in individuals with ge-
netic risk factors but in whom acquired events activate an immunologic assault on
insulin-producing b-cells (1). The disease occurs at any age, but the highest inci-
dence is in childhood where incidence rates have been increasing across the
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world (2). Technologies to improve re-
placement of insulin and metabolic con-
trol have advanced in the past decades,
but the proportion of patients at any
age who meet accepted standards of
care is small (3). The need for treatments
that could delay or prevent type 1
diabetes is underscored by the re-
duced life expectancy for people with
the disease (4).

Type 1 diabetes begins with the ap-
pearance of two or more autoantibodies
and progresses, over months to years,
through active b-cell loss until metabolic
demands cannot be met and glycemic
decompensation occurs (5,6). Multiple
studies led to the characterization of the
stages of type 1 diabetes, beginning with
the finding of two or more biochemical
autoantibodies with normal glucose
responses to an oral glucose challenge
(stage 1), followed by abnormal glucose
tolerance (AGT) (stage 2), and finally, di-
agnosis with clinical disease (stage 3) (5).

Data from preclinical and human stud-
ies indicate that T cells are the major
drivers of b-cell destruction (7). Abata-
cept, cytotoxic T-lymphocyte associated
protein Ig (CTLA4Ig), blocks T-cell costi-
mulatory signals delivered through the
CD80/86 axis, thereby preventing T-cell
activation. In prediabetic NOD mice,
CTLA4Ig prevented autoimmune dia-
betes when given prior to the onset of
hyperglycemia, but its effects were
stage dependent (8,9). There are also
costimulatory signals other than CD80/86
that may be involved in autoimmune
diabetes and would not be affected by
CTLA4Ig (10). In addition, CD80 and
CD86 blockade may have other effects
since regulatory T cells (Tregs) express
CD28 and some express CTLA-4 (9,11,12).

In a previous clinical trial, we found
that abatacept, administered monthly
for 2 years, delayed the decline of C-
peptide in individuals with stage 3 type 1
diabetes (13,14). Even 3 years after diag-
nosis, there was still improvement in

provoked C-peptide responses compared
with placebo-treated participants, al-
though the C-peptide responses declined
in both groups. Studies of peripheral blood
samples from the participants showed that
abatacept reduced the frequencies of in-
ducible T-cell costimulatory (ICOS)1 T-follic-
ular helper (Tfh) cells (15). These studies
suggested that reducing Tfh cells may inter-
rupt progression of autoimmunity and
b-cell loss after T-cell activation (7–9,11,12).

Several factors, including the stage
of disease, the participating cells, the
inflammatory milieu, and others, may
change the effects of abatacept in type 1
diabetes. While our previous clinical study
indicated that stage 3 type 1 diabetes
was sensitive to abatacept, the effects of
CTLA4Ig at earlier stages are not known
in humans. In addition to its effectiveness
in those with clinical new-onset type 1
diabetes, abatacept has proven to be
effective for the treatment of some other
autoimmune conditions—juvenile idio-
pathic arthritis, rheumatoid arthritis, and
psoriatic arthritis—but not others—lupus
nephritis or relapsing-remitting multiple
sclerosis (12). Therefore, we performed a
randomized placebo-controlled trial of
abatacept in participants with stage 1
diabetes to determine whether drug
treatment would prevent progression to
stage 2 or stage 3 diabetes and to ob-
tain mechanistic insight on the process
of diabetes progression.

RESEARCH DESIGN AND METHODS

Trial Participants
The trial was conducted April 2013–
December 2021 at 33 sites in the U.S.
and Canada and at 18 sites in Austra-
lia, U.K., Germany, Finland, Sweden,
and Italy (Supplementary Table 1). In-
stitutional Review Board approval was
obtained at each participating site.

The participants, their parents, or both,
provided written informed consent or as-
sent before trial entry. Eligible participants

were relatives without diabetes of pa-
tients with type 1 diabetes between the
ages of 6 and 45 at the time of screen-
ing for autoantibodies that occurred in
the TrialNet Pathway to Prevention pro-
gram (16).

Participants were required to fulfill
the definition of stage 1 type 1 diabe-
tes, defined as two or more diabetes-
related autoantibodies, excluding anti-
insulin antibodies (IAA), detected in
two serum samples obtained within
6 months before randomization without
dysglycemia, defined as fasting glu-
cose 110–126 mg/dL (6.1–7 mmol/L),
2-h postprandial glucose >140 mg/dL
(<7.8 mmol/L) but <200 mg/dL, or a
glucose at 30, 60, or 90 min as >200 mg/dL
(11.1 mmol/L) on two occasions with
52 days of randomization. IAA1 individu-
als were excluded to prevent overlapping
eligibility with an ongoing prevention trial
with oral insulin (Oral Insulin for Preven-
tion of Diabetes in Relatives at Risk for
Type 1 Diabetes Mellitus [TN07]) (17). In-
dividuals with other clinically relevant
medical histories, abnormal laboratory
chemistry values, or abnormal blood
counts were excluded.

Trial Design and Intervention
Participants were randomly assigned in a
1:1 ratio to receive abatacept or placebo
using random-size blocks and stratified
according to TrialNet site and age: <18
years (n = 134) or $18 years (n = 78). Of
these, 47% of the pediatric group and
49% of the adults received abatacept.
Participants received 14 intravenous in-
fusions of abatacept or placebo at 0, 2,
and 4 weeks following randomization
and then every 28 ± 7 days thereafter
for 12 months. The dose of abatacept at
each infusion was 10 mg/kg to a maxi-
mum of 1,000 mg. Participants under-
went frequent assessments of their
glucose tolerance status, insulin pro-
duction, immunologic status, and overall
health. Treatment assignments were
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generated using PROC PLAN in SAS
software and stored in a secure file

End Points and Assessments
The primary end point was the elapsed
time from randomization to either a con-
secutively confirmed abnormal glucose
tolerance test (AGT) result or to stage 3
type 1 diabetes. Participants and study
sites remained masked to the diagnosis
of AGT. Masking was maintained for a
confirmatory oral glucose tolerance test
(OGTT) by the inclusion of random re-
quests for repeat OGTTs for quality con-
trol. The diagnosis of stage 3 diabetes
was defined using American Diabetes
Association criteria (18). Scheduled OGTTs
were performed every 6 months after
randomization. Random screening glucose
levels were evaluated at 3-month intervals,
and an OGTT was performed if the ran-
dom glucose level was >200 mg/dL
(11.1 mmol/L) with symptoms of diabe-
tes. Study infusions were terminated in
participants who confirmed a diabetic
OGTT. The time to diagnosis was from
the date of randomization to the first of
the two diagnostic tests. Outcomes were
reviewed by the TrialNet Eligibility and
Events Committee, the members of which
were unaware of the treatment group
assignments.

Mechanistic and Metabolic Studies
Complete blood counts with differentials
and chemistries were measured in local
laboratories. Glucose and C-peptide levels
were measured in a central laboratory,
the latter using the Tosoh assay. Samples
were immediately cooled and centrifuged
within 1 h, per protocol (Supplementary
Table 2). Autoantibodies were measured
by radio binding assay at the Barbara
Davis Diabetes Center. Peripheral blood
mononuclear cells were used from a sub-
set of the participants based on availabil-
ity of samples at all time points to
24 months (n = 46 abatacept and n = 48
placebo). Flow cytometry was done at
the Benaroya Research Institute. Cryopre-
served peripheral blood mononuclear cells
were thawed and stained with a single
multicolor flow cytometry panel of 31
markers (Supplementary Table 3) devel-
oped to define both T-cell and B-cell sub-
sets of interest, and acquired on a BD
Symphony cytometer. Compensation and
analysis were performed using BD FlowJo
10 (Supplementary Fig. 1). The C-peptide

areas under the curve (AUCs) were
compared with ANCOVA, regressing on
baseline level and age. The means are
adjusted for age and baseline constituents
using the predicted value from the fitted
model substituting the average age and
baseline value but expressing the treat-
ment group effect. C-peptide was trans-
formed using ln(AUC/120 1 1); for all
other figures, the square root transforma-
tion was used.

Statistical Design and Analysis
The efficacy end point was the cumulative
incidence of AGT over time after randomi-
zation within each group and was esti-
mated using the Kaplan-Meier method,
applying the intention-to-treat principle.
The difference between treatment groups
was estimated by the hazard ratio (HR)
and hypothesis tests used the likelihood
ratio test based on the Cox proportional
hazards model (19,20). Time-to-AGT was
discretized to 6-month times in keeping
with the OGTT schedule. In planning, we
predicted that 33% of participants would
reach AGT during a 2-year period based
on historic TrialNet data. The study was
designed to provide 80% power to detect
a 44% risk reduction (HR 0.56) in the rate
of AGT using a two-sided test at the 0.05
level, which required the observation of
95 subjects with AGT (21). In the 7th year,
with concurrence of the Data Safety Mon-
itoring Board (DSMB), the study plan was
revised as the number of events was
lower than expected and was aimed to
follow participants until at least 67 events
occurred. This report includes 74 AGT
events, with an associated detectable HR
of 0.52 at 80% power. The 95% CIs of the
mean are reported for each group, and
significance levels are from the Wald test.
All P values reported are two-sided.

Adverse events (Common Terminology
Criteria for Adverse Events [CTCAE] ver-
sion 4) of grade $2 were reported. Data
on safety and efficacy were evaluated
twice yearly by an independent DSMB.
Lan-DeMets stopping rules were used
for the primary end point, with a type I
spending function patterned after the
O’Brien-Fleming method (22). A single in-
terim analysis was conducted when 72%
of the required minimum number of
events occurred, as set by the design.
This interim assessment has a negligible
effect on the threshold of significance
for the final analysis (i.e., P = 0.0494);

consequently, fixed sample significance
levels are reported (23). Statistical analy-
ses were performed using TIBCO Spotfire
S1 8.2 Workbench or SAS 9.4 software.

Trial Oversight
Type 1 Diabetes TrialNet/National Insti-
tutes of Diabetes and Digestive and
Kidney Diseases (NIDDK) was the study
sponsor. TrialNet investigators designed
the trial. An independent medical moni-
tor (who was unaware of the treatment
group assignments) reviewed all safety
data. Bristol-Myers Squibb (BMS), Law-
renceville, NJ, provided abatacept and
the matching placebo and reviewed the
manuscript before submission but was
not involved in the conduct of the trial
or in data analysis. Representatives from
the NIDDK participated in the design and
conduct of the trial, interpretation of the
data, preparation, review, and approval
of the manuscript for submission, and
the decision to submit the manuscript
for publication. The authors wrote the
manuscript and reviewed the data.

RESULTS

Participants
From a potential pool of 1,285 partici-
pants, 324 (25.4%) were screened for
eligibility, and 212 were randomized
(Fig. 1). Of these, 101 were assigned
to receive abatacept and 111 were
assigned to receive placebo. Two in
the treatment group and three in the
placebo group withdrew before the
follow-up assessment. Table 1 shows
the demographics of the study groups—
there were no significant differences be-
tween them. More than 50% were the
siblings of individuals with type 1 diabe-
tes. Most participants were positive for
GAD antibody (GADA1). Participants with
IAA were excluded at screening, but six
participants had converted to positive at
randomization.

The dose of abatacept at each infu-
sion was 10 mg/kg to a maximum of
1,000 mg. All 14 of the prescribed infu-
sions were received over 12 months by
58.4% of participants in the abatacept
group and by 44.7% of those in the pla-
cebo group. The median total dose of
abatacept administered was 8,082 mg,
with a range of 1,260 to 14,000 mg. All
14 infusions were received by 58% per-
cent of the abatacept group, and 84%
received $10 of the 14 infusions.
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Efficacy
The study participants were followed
for a median of 36.9 months for con-
firmed consecutive abnormal OGTTs and
a median of 47.6 months for develop-
ment of stage 3 type 1 diabetes. A total
of 81 participants (38%) met a study end
point: 74 developed AGT and 7 were di-
agnosed with stage 3 type 1 diabetes. (In
two participants, the confirmation OGTT
after AGT was diabetic.) Figure 2A shows
the Kaplan-Meier analysis of the time to
the primary end point. Of the 81 events,
35 were in the abatacept group and 46
were in the placebo group (HR 0.702;
95% CI 0.452, 1.09; P = 0.11). The me-
dian time to the development of AGT
was 89.2 and 71.6 months for the abata-
cept and placebo groups, respectively.
The cumulative HR was lowest at 12
months on study, coinciding with the
last prescribed abatacept infusion, al-
though the ratio was not statistically
significant (Supplementary Table 4).

The participants were followed after
the diagnosis of stage 2, and 33 of the

74 who met the primary end point of
AGT were diagnosed with stage 3 diabe-
tes (Fig. 2B). The difference in the time
to type 1 diabetes was not statistically
significant between the treatment groups
(HR 0.710; 95% CI 0.377, 1.34). Abatacept
treatment improved b-cell function. There
was a statistically significant difference in
the C-peptide AUC at month 12 (P =
0.03) (Fig. 2C).

Safety
The abatacept infusions were well-
tolerated. The frequency or severity of
adverse events was not significantly
different in the two treatment arms,
except for skin and connective tissue
disorders, which were higher with abata-
cept (Supplementary Tables 5 and 6A).
Two participants in the abatacept group
were diagnosed with cancers (breast and
thyroid) during the observation period.
Five serious adverse events were reported:
two in the abatacept and three in the pla-
cebo arms (Supplementary Table 6B).

Effects of Abatacept on Immune
Markers
Abatacept blocks T-cell activation by
CD28 by binding to CD80 and CD86 on
antigen-presenting cells and affects Tfh
and T peripheral (Tph) helper CD41 T
cells, thought to be involved in autoim-
mune diseases, including type 1 diabe-
tes (15,24). We examined these and
other cell subpopulations in prespeci-
fied and exploratory analyses. The abso-
lute counts of CD41 or CD81 T cells
were not significantly different with treat-
ment. Abatacept treatment did not re-
duce the overall frequency of memory
Tfh (Supplementary Fig. 2). However,
there was a marked decline in the fre-
quency of activated ICOS1 Tfh cells (P <

0.0001) at months 3, 6, and 12 (Fig. 3A).
Tph cells, which do not express CXCR5,
were also reduced at these times (Fig.
3D) (25). The levels of ICOS1 Tfh were
lower in adults versus children at study
entry (P < 0.0001) (Fig. 3B and C). At
month 24, 12 months after cessation of
treatment, the frequency of these cells

324 subjects were screened 
for eligibility

212 were randomized

111 were assigned to 
receive Placebo

108 included in time-to-
first confirmed abnormal 

OGTT analysis

101 were assigned to 
receive Abatacept

99 included in time-to-first 
confirmed abnormal 

OGTT analysis

112 not randomized:
• 66 Screen failed
• 35 Refused
• 11 Undetermined

2 withdrew before 
any follow-up
assessment

3 withdrew before 
any follow-up
assessment

32 CCA-OGTT*
endpoint observed

16 T1D observed 24 T1D observed

42 CCA-OGTT*
endpoint observed

13
Withdrew

13
Withdrew

3 T1D 4 T1D

Figure 1—Consolidated Standards of Reporting Trials diagram. T1D, type 1 diabetes. *Consecutive confirmed abnormal OGTT.

1008 Abatacept in the Prevention of Type 1 Diabetes Diabetes Care Volume 46, May 2023

https://doi.org/10.2337/figshare.22009586
https://doi.org/10.2337/figshare.22009586
https://doi.org/10.2337/figshare.22009586
https://doi.org/10.2337/figshare.22009586


returned to pretreatment levels in chil-
dren and adults.
Abatacept may also affect CD41 Tregs

since they express CD28 and may ex-
press CTLA-4 (12). The frequency of Tregs
was reduced from the baseline by abata-
cept treatment (P = 0.0067), and their
frequency was significantly lower in the
abatacept versus placebo group at
months 3, 6, and 12, but returned to
baseline 1 year after treatment (Fig. 3E).
Although the total number of CD41

and CD81 T cells did not change, the
reduced ICOS1 CD41 T cells suggested

that costimulation blockade may have pre-
vented T-cell activation generally. Indeed,
there was a marked increase in the fre-
quency of naive CD41 and CD81 T cells
(Fig. 3F and G), and proliferating, Ki671

CD41 T cells were reduced (Fig. 3H).
The participants in this trial were

selected for expression of at least two
or more autoantibodies other than
IAA. We did not find an effect of aba-
tacept treatment on the development
of new IAA (Supplementary Fig. 3) or
other autoantibodies (GADA or islet
cell antibody [ICA], not shown).

Subgroup Analysis of Response to
Abatacept
In a prespecified analysis, we deter-
mined whether baseline characteristics
of the participants would identify indi-
viduals with responses to abatacept
(Supplementary Fig. 4). There was a de-
lay in the time to AGT in those with ICA
titers #30 (P = 0.04), but we did not
find a significant difference in the drug
effect when participants were distin-
guished on the basis of biochemical
autoantibodies, sex, age, BMI, or base-
line C-peptide responses.

Table 1—Baseline characteristics of participants

Characteristics and descriptive statistics* Abatacept (n = 101) Placebo (n = 111)

Age, years 16.3 (11.9–27.5) 14.9 (11.4–22.0)
Range 6.8–52.8 7.2–53.7
<18 years 63 (62.4) 71 (64.0)

Male sex 51 (50.5) 54 (48.6)

Race/ethnicity

White 91 (95.8) 102 (94.4)
African American 3 (3.2) 3 (2.8)
American Indian/Alaska Native 1 (1.1) 1 (0.9)
Hispanic 11 (10.9) 10 (9.0)
Other 0 (0.0) 2 (1.9)
Not reported 6 (5.9) 3 (2.7)

Relationship to index case

Sibling(s) 53 (52.5) 56 (50.5)
Identical twin 1 (1.0) 2 (1.8)
Offspring 21 (20.8) 14 (12.6)
Parent(s) 14 (13.9) 23 (20.7)
Sibling and another first degree 6 (5.9) 9 (8.1)
Second degree 4 (4.0) 6 (5.4)
Third degree 2 (2.0) 1 (0.9)

Autoantibodies positive

GADA 94 (93.1) 104 (93.7)
micro-IAA† 4 (4.0) 2 (1.8)
Insulinoma-associated protein-2 antibodies 49 (48.5) 61 (55.0)
ICA 76 (75.2) 79 (71.2)
Zinc transporter 8 autoantibody 47 (46.5) 65 (58.6)

Autoantibodies titer

GADA 317 (91–683) 375 (100–707)
micro-IAA 0.002 (0.001–0.003) 0.002 (0.001–0.004)
Islet antigen 2 antibodies 2 (0–225) 23 (0–186)
ICA 40 (10–160) 40 (5–160)
Zinc transporter 8 autoantibody 0.013 (0.001–0.168) 0.041 (0.002–0.170)

HbA1c (%) 5.1 (4.9–5.3) 5.1 (4.9–5.25)

BMI (kg/m2) 22.7 (18.5–27.3) 21.6 (17.6–25.6)

BMI Z-score 0.668 (�0.129 to 1.29) 0.582 (�0.213 to 1.25)

C-peptide, mean OGTT AUC (nmol/L) 2.16 (1.61–2.50) 2.07 (1.51–2.74)

HLA alleles present (%)

DR3 47 (47.0) 60 (54.5)
DR4 60 (60.0) 63 (57.3)
Missing 1 (1.1) 1 (0.9)

*Data are presented as the median (1st and 3rd quartiles) or as N (%), unless indicated otherwise. †All micro-IAA were negative when
screened for eligibility but six converted prior to randomization.
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CONCLUSIONS

In this randomized placebo-controlled
trial of participants with stage 1 type 1
diabetes, costimulation blockade with
abatacept did not result in a statistically
significant delay in the progression to
stage 2 or stage 3 type 1 diabetes in par-
ticipants with stage 1 disease. We found
that abatacept altered immune cell sub-
sets and improved insulin secretion in
the participants. Our study was well
powered based on our previous experi-
ence in type 1 diabetes prevention trials
and the results in abatacept-treated indi-
viduals with new-onset diabetes (13,14).
However, the observed effect of abata-
cept in this trial of stage 1 participants
treated for 1 year was less than had
been hypothesized based on these
experiences.

The effects of abatacept on immune
cells were as predicted (12,15,26–31).

There were declines in activated Tfh
and Tph cells and Tregs and an increase
in the proportion of naive T cells, likely
reflecting blockade of activation signals.
Despite these immunologic effects,
there were not detectable changes in
the titers of existing autoantibodies or
in the time to acquisition of new anti-
bodies, indicating that after acquisi-
tion of two autoantibodies, the titers
and further autoantibody development
is not sensitive to blockade of CD80/CD86
costimulation or to the reduced fre-
quency of circulating activated Tfh and
Tph cells.

Interestingly, there was an increase in
the frequency of naive CD41 T cells in
the abatacept treatment arm that was
significantly different from the placebo-
treated participants at month 12. Our
data overall would suggest that the accu-
mulation of naive cells is due to reduced

activation of T cells and memory cell
development since the proportions of
ICOS1 CD41 T cells, which reflects acti-
vation of Tfh cells, and overall Ki671 T
cells were reduced. We also found that
the frequency of Tregs was reduced. The
significance of this finding is not clear,
but the reduction in these immune-
modulating cells may have mitigated
beneficial effects of abatacept.

There are several important differ-
ences between this trial in participants
at risk with stage 1 diabetes and the
trial in individuals with new-onset stage 3
diabetes that may account for these
findings. First, abatacept treatment in
this trial was given for 1 year while it
was given for 2 years in individuals at
diagnosis (13,14). The presumed mecha-
nism of abatacept, involving blockade of
costimulation, requires the continuous
presence of the drug. In the stage 3 trial,

A

C

B

Figure 2—Effects of abatacept on study outcomes. A: Effect of abatacept on the development of the primary end point of AGT/diabetes (HR 0.702;
95% CI 0.452, 1.09; P = 0.11). B: Effect of abatacept on the progression from AGT to type 1 diabetes (T1D) (HR 0.710; 95% CI 0.377, 1.34). C: C-pep-
tide levels were higher in the abatacept-treated group at month 12 (P = 0.03). Rx, prescription.
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the rates of C-peptide decline were com-
parable in the two groups after the first
12 months, suggesting the drug effec-
tiveness was lost when it was discontin-
ued (7). The changes in T cells with drug
administration that we found only were
seen when the drug was being given—
the differences did not persist after drug
discontinuation. It remains possible that
cognate signals to T cells without costi-
mulation may render them nonrespon-
sive (32), but the data in this trial would
suggest that priming of autoreactive cells
had occurred prior to the intervention,
that activation of the immune response
at this stage is not sensitive to costimula-
tion blockade, or that the slow progres-
sion of stage 1 type 1 diabetes evaded
the 1 year of drug treatment. The rate of
conversion to AGT was lower in this pop-
ulation than had been initially predicted,
which may have limited the exposure to
drug treatment during the active phase
of disease progression in many partici-
pants. Our data concerning progression
of autoantibodies suggest that priming
had occurred before study entry. Timing
may be important in the efficacy of
abatacept since preclinical studies
identified stage-dependent effects of
CD80 and CD86 blockade on progres-
sion of diabetes in NOD mice. Human

CTLA4Ig did not prevent disease when
given to mice 2–4 weeks of age, but
its efficacy was restricted to after in-
sulitis and before frank diabetes (12,
32,33).

Second, the study in early stage 3 in-
dividuals had as its primary end point
the effect of abatacept on C-peptide re-
sponses, whereas in this trial, we evalu-
ated the effects on glucose tolerance. In
our other prevention trials, these out-
comes were not equivalent, most likely
because glucose tolerance is the net
outcome of several factors, including
quantitative and qualitative insulin se-
cretion, and insulin sensitivity (33).

Third, the decline in C-peptide re-
sponses to oral glucose in the placebo
group was minimal in this stage 1 study,
whereas in individuals with stage 3 dis-
ease, 50% of the C-peptide response was
lost after 1 year. Therefore, despite the
immunologic effects, the slow progression
of the natural disease in many partici-
pants with stage 1 type 1 diabetes would
dilute our ability to identify any effect on
the primary end point that may only be
reached after there is much greater loss
of C-peptide than was seen in the pla-
cebo group or with a larger sample size
in which more events occurred during
the year of treatment.

Finally, there were differences in the
baseline characteristics in this trial and
the study with stage 3 individuals, such as
a younger age of the stage 3 participants,
a greater number of autoantibodies
(>50% had three or four positive
autoantibodies), and even the presence of
IAA (14). Curiously, in this trial, the levels
of Tfh cells were higher in the children
(age <18) than in adults, but the effect of
the drug in both age categories was simi-
lar. There may be differences in the role
of Tfh or other cells by age as well as dis-
ease stage that may necessitate selection
of mechanistically directed therapies and
dosing depending on these and other fac-
tors that define disease endotypes (34).

There are limitations to the interpreta-
tion of these clinical trial data. The study
was completed during the coronavirus
disease 2019 pandemic, which may have
influenced the timing of the follow-up
visits and the discovery of AGT. Missed
doses of study drug and visits were com-
parable in both groups. Therefore, the
timing of the primary end point would
not be affected, but the exposure to the
active drug may have been less than
planned in the abatacept arm. A larger
sample size may have had the power to
detect a statistical difference in the pro-
gression to stage 2 type 1 diabetes.

A DB C
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Figure 3—Immune cell subsets in the treatment groups and effects of abatacept on T-cell phenotypes and proliferation. The frequency of ICOS1 of
the total Tfh cells (A), ICOS1 Tfh cells in children (3, 6, 12, and 24 months: P = 0.0005, P = 0.003, P = 0.05, and P = 0.15, respectively) (B), and in
adults (3, 6, 12, and 24 months: P< 0.0001, P< 0.0001, P = 0.008, and P = 0.93, respectively) (C). The baseline levels of ICOS1 Tfh cells was higher
at the baseline in children (P< 0.0001), but there were similar effects of abatacept treatment in children and adults. D: Tph of CD41 memory cells
were reduced with abatacept treatment vs. control (3, 6, 12, and 24 months: P < 0.0001, P < 0.0001, P < 0.0001, and P = 0.67, respectively).
Tconv, conventional T cell. E: CD41 Tregs were also reduced (3, 6, 12, and 24 months: P < 0.0001, P < 0.0001, P < 0.0001, and P = 0.13, respec-
tively). Gating strategy is shown in Supplementary Fig. 1. Naive CD41 (3, 6, 12, and 24 months: P = 0.002, P = 0.25, P = 0.008, and P = 0.02, respec-
tively) (F) and CD81 T cells (3, 6,12, and 24 months: P < 0.0001, P < 0.0001, P < 0.0001, and P = 0.15, respectively) (G) in participants treated
with abatacept or placebo. H: The percentage of Ki671CD41 T cells was reduced in participants treated with abatacept vs. placebo (3, 6, 12, and
24 months: P< 0.0001, P< 0.0001, P< 0.0001, and P = 0.95, respectively).
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Our decision regarding the study design
involved several considerations, such as
the acceptable time for continuous drug
administration, our experience in individu-
als with stage 3 type 1 diabetes in which
the greatest effect of abatacept on C-
peptide was in the first year of the study.
Some of the participants progressed di-
rectly to stage 3 diabetes, and while the
drug effect on this end point was also
not statistically significant, longer follow
up may identify a persistent effect of
treatment that was suggested by our
studies in individuals with stage 3 type 1
diabetes.

Our mechanistic studies involved partic-
ipants with complete sample collections,
but this subgroup (n = 42 abatacept, 47
placebo) was not identical to the entire
cohort in disease progression. Nonethe-
less, this is not likely to have affected the
drug effects on immune cells in the two
treatment arms.

Finally, our planning parameters as-
sumed a constant rate of progression to
stage 2 type 1 diabetes, but we found
that the rate declined with longer dura-
tion in the trial (Supplementary Table 4).
This may have been influenced by our
restriction of IAA1 individuals from ran-
domizing. Excluding participants with IAA
reduced the number of autoantibodies
that may be positive, and the number of
positive autoantibodies has been shown
to correlate with the rate of disease pro-
gression (35). The relatively long time re-
quired for the IAA� participants to reach
AGT may have adversely affected results
that were seen in the early time periods.

In conclusion, this trial of 1-year treat-
ment with abatacept in participants with
stage 1 type 1 diabetes did not show a
statistically significant effect on progres-
sion to stage 2 or stage 3 type 1 diabetes.
The treatment caused the anticipated bio-
logic changes in immune cells and an ef-
fect on metabolic function in these early-
stage participants. Had there been higher
rates of progression in the placebo group
or a longer period of treatment, we may
have seen a greater effect on metabolic
function and a statistically significant ef-
fect on the primary outcome. However, it
is also important to consider that costi-
mulatory pathways that do not involve
CD80/CD86 may be engaged at this early
stage of the disease. Multiple cell types
and events may be required for progres-
sion to clinical type 1 diabetes. Some or
all of these may be affected by abatacept.

The contrast in findings from our previous
study in stage 3 diabetes help to identify
the mechanisms and timing of progres-
sion in stage 1 type 1 diabetes but iden-
tify limitations in testing agents in stage 3
disease for use in earlier stages. Thus,
while the trial did not meet its primary
outcome, results suggest that abatacept
may have a role as a disease-modifying
therapy in type 1 diabetes.

Acknowledgments. The authors thank mem-
bers of the Human Immunophenotyping Core at
Benaroya Research Institute: Alice Wiedeman,
Anna Kus, and Sheila Scheiding, who designed
the flow panel, acquired flow data, and per-
formed hierarchical analyses, and to Dr. Erin M.
Witkop, at Benaroya Research Institute, for data
analysis. We also thank Drs. Lisa Spain, Ellen Le-
schek, and Judy Fradkin, of the NIDDK, for their
guidance and support, and Sarah Muller and
Drs. Adriana Weinberg, Michael Green, and
Brett Loechelt for analysis of clinical and labora-
tory data. Finally, the authors thank to Darlene
Amado, Colleen Maguire, Jessica Conaty, and
Sarah Muller of the TrialNet Coordinating Cen-
ter for data collection, study management, and
assistance with preparation of the manuscript.
Funding. The Type 1 Diabetes TrialNet Study
Group is a clinical trials network currently
funded by the National Institutes of Health
through the National Institute of Allergy and In-
fectious Diseases, the Eunice Kennedy Shriver
National Institute of Child Health and Human
Development, and National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK) through
the cooperative agreements U01 DK060782, U01
DK060916, U01 DK060987, U01 DK061010, U01
DK061016, U01 DK061029, U01 DK061030, U01
DK061034, U01 DK061035, U01 DK061036, U01
DK061037, U01 DK061040, U01 DK061041, U01
DK061042, U01 DK061055, U01 DK061058, U01
DK084565, U01 DK085453, U01 DK085461, U01
DK085463, U01 DK085465, UC4 DK085466, U01
DK085476, U01 DK085499, U01 DK085504, U01
DK085505, U01 DK085509, U01 DK097835, U01
DK103153, U01 DK103180, U01 DK103266, U01
DK103282, U01 DK106984, UC4 DK106993, U01
DK106994, U01 DK107013, U01 DK107014, and
contract HHSN267200800019C, the National Cen-
ter for Research Resources, through Clinical
Translational Science Awards UL1 RR024131, UL1
RR024139, UL1 RR024153, UL1 RR024975, UL1
RR024982, UL1 RR025744, UL1 RR025761, UL1
RR025780, UL1 RR029890, UL1 RR031986, and
UL1 TR001872, and General Clinical Research
Center Award M01 RR00400. The Immune Toler-
ance Network-funded portion of the research
came from the National Institute of Allergy
and Infection Diseases under award number
UM1AI109565. JDRF International supported this
study through grants 3-SRA-2015-27-Q-R, 2-SRA-
2018-609-Q-R, 2-SRA-2020-900-S-B, 82-2013-652,
and 1-SRA-2020-900-M-X. BMS, Lawrenceville,
NJ, provided abatacept and matching placebo.

BMS reviewed the manuscript before submis-
sion but was not involved in the conduct or the
trial or the data analysis. Representatives from

the NIDDK participated in the design and
conduct of the trial, interpretation of the
data, preparation, review, and approval of the
manuscript for submission, and the decision
to submit the manuscript for publication.
The content is solely the responsibility of
the authors and does not necessarily repre-
sent the official views of the National Insti-
tutes of Health.
Duality of Interest. S.E.G. served as a con-
sultant or speaker or received grants or con-
tracts from Janssen, Provention Bio, Tolerion,
and Intrexon Actobiotics and served on the
DSMB or advisory board or received consult-
ing fees from Avotres Therapeutics Diamyd,
SAB Biotherapeutics, and Abata Therapeutics.
P.A.G. served as a speaker or received grants or
contracts from Intrexon, Provention Bio, Nova
Pharmaceuticals, and Dompe and served on the
DSMB or advisory board or received consulting
fees from Immunomolecular Therapeutics, Inc.,
and Provention Bio. C.J.G. has served as a
speaker or received grants or contracts from
Bristol-Myers Squib, Janssen, Intrexon, Proven-
tion Bio, and Pfizer. M.J.H. served on the DSMB
or advisory board or received consulting fees
from Sanofi and SAbBiotherapeutics and has
stock in SAbBiothereapeutics. P.S.L. served on
the DSMB or advisory board or received con-
sulting fees from Bristol-Myers Squibb. D.J.M.
served on the DSMB or advisory board or re-
ceived consulting fees from Provention Bio.
A.M.M. served as a speaker or received grants
or contracts from Intrexon, Provention Bio, and
Caladrius and served on the DSMB or advisory
board or received consulting fees from Dompe,
Provention Bio, Caladrius, Novo Nordisk, and
Abbott Laboratories. W.E.R. received grants or
contracts from Provention Bio. J.S.S. served as a
speaker or received grants or contracts from
Novo Nordisk, Precigen, Sanofi, and Viacyte and
served on the DSMB or advisory board or re-
ceived consulting fees from Imcyse, Provention
Bio, Avotres, and IM Therapeutics. D.M.W. served
on the DSMB or advisory board or received con-
sulting fees from Precigen Actobio. A.G.Z. served
as a speaker or received grants or contracts from
Janssen, Provention Bio, Tolerion, and Intrexon
Actobiotics and served on the DSMB or advisory
board for Diamyd and on the advisory board
for Avotres Therapeutics, Provention Bio, SAB
Biotherapeutics, Abata Therapeutics, Biolojic,
and Toleron. K.C.H. has been a consultant for
Provention Bio and has received a contract
from Intrexon. No other potential conflicts of
interest relevant to this article were reported.
Author Contributions. W.E.R., C.J.G., and
K.C.H. conceived of the study, obtained funding,
collected data, and wrote the manuscript. B.N.B.
and K.C.H. performed the data analysis and
wrote the manuscript. M.S.A., L.A.C., R.S.G.,
P.A.G., M.J.H., I.M.L., P.S.L., S.A.L., S.M.L., D.J.M.,
W.V.M, A.M.M., A.B.M., P.R., J.M.W., D.K.W.,
D.M.W., and A.-G.Z. collected data and edited
the manuscript. S.E.G., J.M.W., and K.C.H. col-
lected data and wrote the manuscript. J.P.K. ob-
tained funding, conceived of the study, performed
the data analysis and edited the manuscript. J.S.S.
conceived of the study, obtained funding, and
edited the manuscript. W.E.R. is the TN18 Study
Chair. K.C.H. is the TrialNet Chair. W.E.R. is the
guarantor of this work and, as such, had full

1012 Abatacept in the Prevention of Type 1 Diabetes Diabetes Care Volume 46, May 2023

https://doi.org/10.2337/figshare.22009586


access to all the data in the study and takes re-
sponsibility for the integrity of the data and accu-
racy of the data analysis.

References
1. Bluestone JA, Buckner JH, Herold KC.
Immunotherapy: building a bridge to a cure for
type 1 diabetes. Science 2021;373:510–516
2. Mobasseri M, Shirmohammadi M, Amiri T,
Vahed N, Hosseini Fard H, Ghojazadeh M.
Prevalence and incidence of type 1 diabetes in
the world: a systematic review and meta-analysis.
Health Promot Perspect 2020;10:98–115
3. Foster NC, Beck RW, Miller KM, et al. State of
type 1 diabetes management and outcomes
from the T1D Exchange in 2016-2018. Diabetes
Technol Ther 2019;21:66–72
4. Rawshani A, Sattar N, Franz�en S, et al. Excess
mortality and cardiovascular disease in young
adults with type 1 diabetes in relation to age at
onset: a nationwide, register-based cohort study.
Lancet 2018;392:477–486
5. Insel RA, Dunne JL, AtkinsonMA, et al. Staging
presymptomatic type 1 diabetes: a scientific
statement of JDRF, the Endocrine Society, and the
American Diabetes Association. Diabetes Care
2015;38:1964–1974
6. Bogun MM, Marks JB, Bundy B, et al. 1575-P:
C-peptide levels in subjects followed longitudinally
before and after type 1 diabetes diagnosis in the
TrialNet Study. Diabetes 2016;65(Suppl 1.):A411
7. Anderson MS, Bluestone JA. The NOD mouse:
a model of immune dysregulation. Annu Rev
Immunol 2005;23:447–485
8. Lenschow DJ, Herold KC, Rhee L, et al. CD28/B7
regulation of Th1 and Th2 subsets in the
development of autoimmune diabetes. Immunity
1996;5:285–293
9. Lenschow DJ, Ho SC, Sattar H, et al. Differential
effects of anti-B7-1 and anti-B7-2 monoclonal
antibody treatment on the development of
diabetes in the nonobese diabetic mouse. J
Exp Med 1995;181:1145–1155
10. Hawiger D,Tran E, DuW, et al. ICOS mediates
the development of insulin-dependent diabetes
mellitus in nonobese diabetic mice. J Immunol
2008;180:3140–3147
11. Takahashi T, Kuniyasu Y, Toda M, et al.
Immunologic self-tolerance maintained by
CD251CD41 naturally anergic and suppressive
T cells: induction of autoimmune disease by
breaking their anergic/suppressive state. Int
Immunol 1998;10:1969–1980

12. Glatigny S, H€ollbacher B, Motley SJ, et al.
Abatacept targets T follicular helper and regulatory
T cells, disruptingmolecular pathways that regulate
their proliferation and maintenance. J Immunol
2019;202:1373–1382
13. Orban T, Bundy B, Becker DJ, et al.; Type 1
Diabetes TrialNet Abatacept Study Group.
Costimulation modulation with abatacept in
patients with recent-onset type 1 diabetes:
follow-up 1 year after cessation of treatment.
Diabetes Care 2014;37:1069–1075
14. Orban T, Bundy B, Becker DJ, et al.; Type 1
Diabetes TrialNet Abatacept Study Group. Co-
stimulation modulation with abatacept in patients
with recent-onset type 1 diabetes: a randomised,
double-blind, placebo-controlled trial. Lancet 2011;
378:412–419
15. Edner NM, Heuts F, Thomas N, et al.
Follicular helper T cell profiles predict response
to costimulation blockade in type 1 diabetes. Nat
Immunol 2020;21:1244–1255
16. Bingley PJ, Wherrett DK, Shultz A, Rafkin
LE, Atkinson MA, Greenbaum CJ. Type 1
Diabetes TrialNet: a multifaceted approach to
bringing disease-modifying therapy to clinical
use in type 1 diabetes. Diabetes Care 2018;41:
653–661
17. Writing Committee for the Type 1 Diabetes
TrialNet Oral Insulin Study Group, Krischer JP, Schatz
DA, Bundy B, Skyler JS, Greenbaum CJ. Effect of oral
insulin on prevention of diabetes in relatives of
patients with type 1 diabetes: a randomized clinical
trial. JAMA 2017;318:1891–1902
18. American Diabetes Association. 2. Classification
and diagnosis of diabetes: Standards of Medical
Care in Diabetes—2019. Diabetes Care 2019;42
(Suppl. 1):S13–S28
19. Therneau T, Grambsch P. Modeling Survival
Data: Extending the CoxModel.New York, Springer-
Verlag, 2000
20. Cox DR. Regression models and life-tables. J
R Stat Soc B 1972;34:187–220
21. Schoenfeld DA. Sample-size formula for the
proportional-hazards regression model. Biometrics
1983;39:499–503
22. DeMets DL, Hardy R, Friedman LM, Lan KK.
Statistical aspects of early termination in the
beta-blocker heart attack trial. Control Clin Trials
1984;5:362–372
23. DeMets DL, Lan G. The alpha spending
function approach to interim data analyses.
Cancer Treat Res 1995;75:1–27
24. Ekman I, Ihantola EL, Viisanen T, et al.
Circulating CXCR5-PD-1hi peripheral T helper

cells are associated with progression to type 1
diabetes. Diabetologia 2019;62:1681–1688
25. Marks KE, Rao DA. T peripheral helper
cells in autoimmune diseases. Immunol Rev
2022;307:191–202
26. Genovese MC, Becker JC, Schiff M, et al.
Abatacept for rheumatoid arthritis refractory to
tumor necrosis factor alpha inhibition. N Engl J
Med 2005;353:1114–1123
27. Herrera M, S€oderberg M, Sabirsh A, et al.
Inhibition of T-cell activation by the CTLA4-Fc
Abatacept is sufficient to ameliorate proteinuric
kidney disease. Am J Physiol Renal Physiol
2017;312:F748–F759
28. Kremer JM, Dougados M, Emery P, et al.
Treatment of rheumatoid arthritis with the selective
costimulation modulator abatacept: twelve-month
results of a phase IIb, double-blind, randomized,
placebo-controlled trial. Arthritis Rheum 2005;52:
2263–2271
29. Linsley PS, Greenbaum CJ, RosascoM, Presnell
S, Herold KC, Dufort MJ. Elevated T cell levels in
peripheral blood predict poor clinical response
following rituximab treatment in new-onset type 1
diabetes. Genes Immun 2019;20:293–307
30. Mackie SL, Vital EM, Ponchel F, Emery P. Co-
stimulatory blockade as therapy for rheumatoid
arthritis. Curr Rheumatol Rep 2005;7:400–406
31. Walker LS, Ausubel LJ, Chodos A, Bekarian N,
Abbas AK. CTLA-4 differentially regulates T cell
responses to endogenous tissue protein versus
exogenous immunogen. J Immunol 2002;169:
6202–6209
32. Mueller DL, Jenkins MK, Schwartz RH. Clonal
expansion versus functional clonal inactivation: a
costimulatory signalling pathway determines the
outcome of T cell antigen receptor occupancy.
Annu Rev Immunol 1989;7:445–480
33. Sims EK, Bundy BN, Stier K, et al.; Type 1
Diabetes TrialNet Study Group.Teplizumab improves
and stabilizes beta cell function in antibody-positive
high-risk individuals. Sci Transl Med 2021;13:
eabc8980
34. Battaglia M, Ahmed S, Anderson MS, et al.
Introducing the endotype concept to address the
challenge of disease heterogeneity in type 1
diabetes. Diabetes Care 2020;43:5–12
35. Krischer JP, Liu X, Lernmark Å, et al.; TEDDY
Study Group. Characteristics of children diagnosed
with type 1 diabetes before vs after 6 years of age
in the TEDDY cohort study. Diabetologia 2021;
64:2247–2257

diabetesjournals.org/care Russell and Associates 1013

https://diabetesjournals.org/care



