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ABSTRACT
Purpose: In natural history studies, maintenance of
higher levels of C-peptide secretion (a measure of
endogenous insulin production) correlates with a
lower incidence of major hypoglycemic events in
patients with type 1 diabetes mellitus (T1D), but it is
unclear whether this is also true for drug-induced
C-peptide preservation.
Methods: We analyzed hypoglycemic events and
glycemic control data from the T1DAL (Inducing
Remission in New-Onset T1D with Alefacept) study,
a trial of alefacept in new-onset T1D, which found
signiﬁcant C-peptide preservation at 1 and 2 years.
We performed a post hoc analysis using mixed models
of the association between the meal-stimulated 4-hour
C-peptide AUC (4-hour AUC) and rates of major
hypoglycemia, measures of glycemic control (glycosylated hemoglobin [HbA1c]; mean glucometer readings), and variability (glucometer SDs; highest and
lowest readings), and an index of partial remission
(insulin dose-adjusted HbA1c[ IDAA1c]).
Findings: Data from 49 participants (33 in the
alefacept group and 16 in the placebo group) were
analyzed at baseline and 12 and 24 months. We found
that the 4-hour AUC at baseline and at 1 year was a
signiﬁcant predictor of the number of hypoglycemic events
during the ensuing 12-month interval (p ¼ 0.030).
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There was a strong association between the 4-hour
AUC and glucometer SDs (P o 0.001), highest readings
(p o 0.001), and lowest readings (p ¼ 0.03), all measures
of glycemic variability. There was a strong inverse
correlation between the 4-hour AUC and 2 measures of
glycemic control: HbA1c and mean glucometer readings
(both p o 0.001). There was also a strong inverse
correlation between the 4-hour AUC and IDAA1c values
(p o 0.001), as well as a strong correlation between
IDAA1c values and glucometer SDs (p o 0.001), suggesting that reduced glycemic variability is associated with a
trend toward partial remission. None of these analyses
found a signiﬁcant difference between the alefacept and
placebo groups.
Implications: Measures of glycemic variability and
control, including rates of hypoglycemia, are signiﬁcantly correlated with preservation of C-peptide regardless of whether this is achieved by immune
intervention with alefacept or natural variability in
patients with new-onset T1D. Thus, preservation of
endogenous insulin production by an immunomodulatory drug may confer clinical beneﬁts similar to
those seen in patients with higher C-peptide secretion
due to slow disease progression. (Clin Ther.
2016;]:]]]–]]]) & 2016 Elsevier HS Journals, Inc. All
rights reserved.

Accepted for publication April 20, 2016.
http://dx.doi.org/10.1016/j.clinthera.2016.04.032
0149-2918/$ - see front matter
& 2016 Elsevier HS Journals, Inc. All rights reserved.

1

Clinical Therapeutics
Key words: alefacept, glycemic control, hypoglycemia,
immune intervention, islet function, new-onset T1d.

INTRODUCTION
Type 1 diabetes (T1D) is characterized by a progressive loss of β-cell function, resulting in absolute insulin
deﬁciency.1 Patients with T1D require lifelong insulin
replacement therapy, which is lifesaving but heightens
risks of major hypoglycemia and lessens but does not
abolish serious complications, including death.2 Despite
substantial technological advances during the past
century, insulin replacement therapy remains imperfect, and even with good glycemic control achievable
with current regimens (glycosylated hemoglobin
[HbA1c] levels o6.9%), mortality among patients
with T1D is Z2-fold than matched controls.3 These
increased mortality rates are observed across all age
groups in T1D, including children and adolescents, in
whom the cause of death most frequently relates to
episodes of severe hyperglycemia or hypoglycemia.3
Excessive glycemic variability in T1D also contributes to considerable morbidity. Hospitalization rates
in younger patients with T1D are substantially higher
than in the general population, most frequently
because of inadequate glycemic control with lifethreatening episodes of hyperglycemia or hypoglycemia.4–7 T1D-induced glycemic variability, particularly
repeated episodes of major hypoglycemia, has been
linked to abnormalities in brain development, including cognitive dysfunction, which may extend into
adulthood.8–11 Hypoglycemic episodes have been
linked to cardiac abnormalities, including ventricular
arrhythmias, which may be a contributing factor to
the so-called dead-in-bed syndrome in younger patients with T1D.12–14 Excess mortality from cardiovascular causes is associated with episodes of severe
hypoglycemia in both T1D and type 2 diabetes and
affects all age groups.3,15,16
The Diabetes Control and Complications Trial
(DCCT) clearly indicates that maintenance of higher
levels of C-peptide secretion, regardless of the insulin
regimen, results in a lower frequency of retinopathy,
nephropathy, and hypoglycemic events.17 The original
analyses suggest that these clinical beneﬁts are
associated with C-peptide levels above a minimum
threshold of 0.2 pmol/mL (responders), but more recent
analyses indicate that reduced rates of hypoglycemia
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and microvascular complications are observed across
a range of C-peptide values with no threshold or
breakpoint,18 suggesting that even very low levels of
preserved C-peptide secretion in T1D can confer
clinical beneﬁts.19
Data linking preservation of C-peptide with reduced rates of hypoglycemia in T1D are based on
studies of the natural history of the disease and
variability in rates of β-cell decline, which is inﬂuenced
in part by the intensity of insulin therapy and glycemic
targets and in part by the underlying variability in
disease progression.17–21 The beneﬁts of higher levels
of C-peptide secretion are also seen after islet transplantation, with substantial reductions in severe hypoglycemia even when graft function is modest.22–24
In recent years, several immunomodulatory therapies
have had some success in preserving C-peptide secretion at 1 or 2 years after diagnosis in T1D.25–27
However, it has been unclear what effect preservation
of C-peptide by an immune intervention will have on
rates of hypoglycemia. On the one hand, preservation
of islet function may decrease hypoglycemia by improving metabolic control and reducing exogenous
insulin requirements. On the other hand, improved
islet function may increase rates of hypoglycemia if
insulin dose adjustments are not made commensurate
with drug-induced changes in endogenous insulin
secretion. The recent T1DAL trial (Inducing Remission in New-Onset T1D with Alefacept) found signiﬁcant preservation of C-peptide and is the ﬁrst
immune intervention trial in T1D that clearly found
a signiﬁcant reduction in rates of major hypoglycemia
in the drug versus placebo group.28,29
In the current report, we present the results of an
extensive post hoc analysis of glycemic control data in
the T1DAL trial, including rates of hypoglycemia,
glycemic variability, and HbA1c, and their association
with C-peptide preservation. We found that measures of
glycemic control, including rates of hypoglycemia, are
signiﬁcantly correlated with preservation of C-peptide
regardless of whether this was achieved by immune
intervention with alefacept or natural variability.

PATIENTS AND METHODS
Study Design and Patient Population
The present study used data from the T1DAL
trial, a phase 2, randomized, placebo-controlled,
double-blind clinical trial of alefacept in patients with
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new-onset T1D, with a 9-month treatment period and
15 months of follow-up, conducted at 14 clinical
centers in the United States.28,29 Eligible participants
were 12 to 35 years of age at the time of screening,
o100 days from diagnosis at the time of enrollment,
had at least 1 diabetes-associated autoantibody (insulin, GAD-65, IA-2, ZnT8, or ICA), and had a peak
stimulated C-peptide level of 4 0.2 nmol/L during a
mixed meal tolerance test (MMTT). Exclusion criteria
included evidence of tuberculosis, hepatitis B or C,
HIV, or active Epstein-Barr virus or cytomegalovirus
infection; signiﬁcant cardiac disease; conditions associated with immune dysfunction or hematologic dyscrasia
(including
malignancy,
lymphopenia,
thrombocytopenia, or anemia); liver or renal dysfunction; ongoing use of diabetes medications other than
insulin; recent inoculation with a live vaccine; and
lactating or pregnant females.
Eligible individuals were randomly assigned 2:1
to alefacept or placebo. All participants and site
personnel, including the independent diabetes educators, remained masked throughout the study. At
outpatient visits, participants received 15 mg of
alefacept* or equivalent volume of saline (placebo)
intramuscularly weekly for 12 weeks and, after a 12week pause, 12 additional weekly doses of alefacept
or placebo. Participants underwent a 4-hour MMTT
at screening, 52 weeks, and 104 weeks, a 2-hour
MMTT at 24 and 78 weeks, and intensive diabetes
management.28,29
The T1DAL study was conducted according to
the Declaration of Helsinki and in accordance with
good clinical practice guidelines, performed under a
US Food and Drug Administration investigational
new drug application, and approved by independent
institutional review boards at each participating
clinical center. All participants or parents provided
written informed consent or assent (o18 years old).
An independent data and safety monitoring board
conducted regular tolerability reviews, and the
sponsor’s medical monitor provided additional study
oversight. Adverse events (AEs) were recorded and
reported according to the standards set forth in the
National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4.0 (May
28, 2009).
*
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Assessments and Statistical Analyses
As part of their intensive diabetes management, all
patients received identical glucometers and supplies
(Bayer Contour, Bayer HealthCare LLC, Diabetes
Care, Whippany, New Jersey) as well as log books
to record insulin use. Patients were instructed to
measure blood glucose levels at least 4 times daily,
record daily insulin use, and record hypoglycemic
events. Clinical sites were trained in downloading
and recording standardized glucometer data at each
clinic visit. Standardized glucometer data included
number of readings since last visit, number of readings
r65 mg/dL, lowest reading, highest reading, standard
deviation of readings, and mean blood glucose across
all readings. Major hypoglycemia events included
episodes where the glucose reading was o55 mg/dL
or clinical events involving seizure, loss of consciousness (coma), or requiring assistance from another
individual. In addition, patients participated in up to
three 4-hour MMTTs (screening, months 52 and
104). The mean 4-hour C-peptide AUC (4-hour
AUC) was computed as the total AUC divided by
240 minutes. At each of these visits, insulin use
recorded for the prior 5 days and HbA1c levels were
used to compute the insulin dose-adjusted HbA1c
(IDAA1c). Models were ﬁt using Proc Mixed in SAS
software, version 9.3 (SAS Institute, Cary, North
Carolina).
To account for multiple assessments per participant, we used mixed models to evaluate the association between 4-hour AUC and measures of glycemic
control, which included outcomes derived from the
glucometer data (ie, standard deviation, lowest reading, highest reading, mean reading), as well as HbA1c,
and IDAA1c. For each measure of glycemic control,
the mixed regression model included ﬁxed effects for
treatment, linear and quadratic terms for the 4-hour
AUC, and random subject-level intercept. Preliminary
models included separate ﬁxed-effect linear and quadratic slopes for each treatment, but linear and quadratic effects did not differ signiﬁcantly between the 2
treatment arms for any outcome.
To evaluate the association between the rate of
major hypoglycemic events and 4-hour AUC, the
numbers of major hypoglycemic events for each
participant were enumerated for 2 intervals: from
screening up to the week 52 visit and between the
week 52 and week 104 visits. To account for correlation between the intervals within participants, the
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association between the rate of hypoglycemic events
and 4-hour AUC was evaluated using a repeatedmeasures generalized gamma-Poisson mixture model.
The log of the number of hypoglycemic events in each
interval was modeled as a function of ﬁxed effects for
treatment, starting 4-hour AUC for the interval, and a
random within-subject intercept. The log of number of
days in the interval is the denominator. Preliminary
models included terms for the change in the 4-hour
AUC during the interval and an interaction term for
treatment by starting 4-hour AUC. The error distribution is Poisson, where the λ parameter follows a
gamma distribution (ie, generalized negative binomial). The model was ﬁt using Proc GLIMMIX in
SAS software, version 9.3. Missing data were not
imputed, and no adjustments were made for multiple
comparisons.

Hypoglycemic Events per Participant
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Figure 1. Major hypoglycemic events over time.
The height of each bar equals the total
number of hypoglycemic events divided by the number of participants
in the study at month x. Treatment
groups are represented by different
bars.

RESULTS
Patients
As reported previously,28,29 of 73 individuals
screened, 49 were enrolled in the trial, with 33
patients randomly assigned to receive alefacept and
16 to receive placebo. Demographic and baseline
characteristics of the 49 participants enrolled were
comparable between the alefacept and placebo
groups. Alefacept-treated participants had signiﬁcant preservation of endogenous insulin production
at 12 and 24 months compared with placebo determined by the 4-hour AUC. Both groups achieved
good glycemic control, with mean HbA1c levels
at 24 months of approximately 7.4% to 7.5%.
However, compared with the placebo group, participants who received alefacept had lower mean
insulin requirements and had substantially less
major hypoglycemia (blood glucose o55mg/dL).28,29
Further analysis revealed that during the entire
2-year study period, rates of major hypoglycemia
were substantially lower in the alefacept group
(Figure 1).

Association Between Number of Hypoglycemic
Events and C-Peptide Levels
Figure 2 illustrates the association of hypoglycemic
events during 2 intervals (screening to week 52 and
week 52 to week 104) and the 4-hour AUC at the start
of the interval. Results from the gamma-Poisson
model indicate that the value of the 4-hour AUC at
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the start of the interval was a signiﬁcant predictor of
the number of hypoglycemic events that occurred
during the interval (P ¼ 0.030), but, after accounting
for the contribution of the 4-hour AUC, treatment
was not a signiﬁcant predictor of hypoglycemic events
(P = 0.072). A higher 4-hour AUC at the start of the
interval was predictive of fewer hypoglycemic events
during the interval in question. For example, the
model-based parameter estimate for the starting
AUC parameter equals 0.7271; thus, if the starting
4-hour AUC value decreases from 0.65 to 0.45 pmol/
mL, the expected rate of hypoglycemic events increases by 16% (ie, efð0:450:65Þð0:7271Þg ¼ 1.16). The
association between the rate of hypoglycemic events
and starting 4-hour AUC did not differ signiﬁcantly by
treatment group, and the change in AUC during the
interval was not statistically signiﬁcant (models not
shown).

Association Between Glycemic Variability and
C-Peptide Levels
Determination of the SDs of the glucometer readings over time provides a useful surrogate for glycemic
variability. Figure 3 illustrates the inverse correlation
between glucometer SDs and C-peptide responses in
both the alefacept and placebo groups. The mixed
regression model indicated a strong association
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Figure 2. Major hypoglycemic events versus 4-hour AUC. The lines are predicted Poisson means based on the
parameter estimates (SE) for the fitted Gauss-Poisson model: intercept, 2.90 (0.324); alefacept,
0.57 (0.308); and starting AUC, 0.73 (0.324), where the reference cell is placebo at AUC ¼ 0.
P o 0.001, 0.07, and 0.03, respectively. The Pearson χ2 divided by the df ¼ 0.44, suggesting good
model fit. The analysis included 91 observations from 49 participants. The 4-hour AUC represents
the AUC at the start of the interval.

between 4-hour AUC and glucometer SDs; both the
linear and quadratic terms for the 4-hour AUC were
highly signiﬁcant (P o 0.001). The linear and quadratic effects did not differ signiﬁcantly between the 2
treatment arms (model not shown), but, on average,
SDs were signiﬁcantly higher for the alefacept group
(difference, 17.4; P ¼ 0.02).
The validity of this association is supported by
analyses of extreme glucometer readings (lowest and
highest) versus the 4-hour AUC (Figure 4A and B).
The highest and lowest blood glucose values are a
reﬂection of glucose excursions and hence variability.
Results for the highest glucometer reading are similar
to those for the SD (Figure 4A). Both the linear and
quadratic terms for the 4-hour AUC were highly
signiﬁcant (both P o 0.001). The linear and quadratic effects did not differ signiﬁcantly between the 2
treatment arms (model not shown), but, on average,
highest glucometer values were signiﬁcantly higher
for the alefacept group (difference, 57.5; P ¼ .03).
Figure 4B shows that the lowest glucometer readings
decrease with decreasing 4-hour AUC. For this
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model, however, only the linear term was statistically
signiﬁcant (P ¼ 0.04); again, linear and quadratic
effects did not differ signiﬁcantly between the 2
treatment arms (model not shown). Thus, preservation of C-peptide, as assessed by the 4-hour AUC,
correlates with a lower SD of glucometer readings
and more stable extreme glucometer readings.

Association Between Glycemic Control and
C-Peptide Levels
We analyzed 2 measures of glycemic control—
mean glucometer readings and HbA1c—and plotted
these variables as a function of the 4-hour AUC. In
both cases, we found a strong inverse correlation,
which was similar in both the alefacept and placebo
groups (Figure 5A and B). Higher 4-hour AUC values
were associated with lower HbA1c values, including a
highly signiﬁcant linear effect (P o 0.001) and a
quadratic trend (P ¼ 0.10). Similar results are seen
when analyzing the mean glucometer readings; higher
4-hour AUC values were associated with lower mean
glucometer readings with highly signiﬁcant linear and
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Figure 3. SD of glucometer readings versus 4hour AUC. The lines are given by the
parameter estimates (SE) for the fitted
model: intercept, 98.8 (7.94); alefacept, 17.4 (7.12); AUC, 101.6
(13.71); and AUC2, 29.3 (5.95),
where the reference cell is placebo at
AUC ¼ 0. The shaded areas represent
95% CIs. P o 0.001, 0.02, o 0.001,
and o 0.001, respectively. The
analysis included 111 observations
from 49 participants.
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quadratic effects (both P o 0.001). The linear and
quadratic effects for the HbA1c and mean glucometer
readings did not differ signiﬁcantly by treatment
group (models not shown).

Association Between Index of Partial Remission
and C-Peptide Levels
The IDAA1c has been proposed as an index of partial
remission in T1D and is based on a simple formula that
incorporates HbA1c and exogenous insulin dose. Using
a threshold of r9 for the index, a correlation was
found with the partial remission (honeymoon period)
that is frequently observed 3 to 6 months after
diagnosis.30 Treating the IDAA1c as a continuous
variable, we plotted this index against the 4-hour
AUC and found a strong inverse correlation
(Figure 6A). Higher 4-hour AUC values were associated
with lower IDAA1c values, including signiﬁcant linear
and quadratic effects (P o 0.001 and 0.04, respectively). The linear and quadratic effects did not differ
signiﬁcantly by treatment group (models not shown).
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Week 104

Figure 4. (A) Highest glucometer readings versus
4-hour AUC. The lines are given by the
parameter estimates (SE) for the fitted
model: intercept, 493.5 (30.27); alefacept, 57.5 (25.55); AUC, 387.5
(58.08); and AUC2, 112.2 (26.12),
where the reference cell is placebo at
AUC ¼ 0. P o 0.001, ¼ 0.03,
o 0.001, and o 0.001, respectively.
(B) Lowest glucometer readings versus
4-hour AUC. The lines are given by the
parameter estimates (SE) for the fitted
model:
intercept,
46.8
(4.56);
alefacept, 0.22 (4.02); AUC, 20.4
(9.99); and AUC2, 6.2 (5.43),
where the reference cell is placebo at
AUC ¼ 0. The shaded areas represent
95% CIs. P o 0.001, ¼ 0.96, ¼ 0.04,
and ¼ 0.26, respectively. The shaded
areas represent 95% CIs. Both analyses
included 125 observations from 49
participants.

Volume ] Number ]

A. Pinckney et al.

Mean Reading (mg/dL)

A

Placebo

Alefacept

300

200

DISCUSSION
100
0.0 0.5 1.0

B

1.5 2.0

0.0

0.5 1.0

1.5 2.0

Alefacept

Placebo

0.0 0.5 1.0 1.5 2.0

0.0 0.5 1.0 1.5 2.0

12.5
HbA1c (%)

To explore this further, we also plotted the IDAA1c
versus the glucometer SDs and found a very strong
correlation (Figure 6B), suggesting that reduced
glycemic variability is closely associated with a trend
toward partial remission. The linear trend is highly
signiﬁcant (P o 0.001).
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Figure 5. (A) Mean glucometer readings versus 4hour AUC. The lines are given by the
parameter estimates (SE) for the fitted
model: intercept, 202.5 (12.78); alefacept, 26.1 (11.92); AUC, 140.8
(21.40); and AUC2, 41.0 (9.57), where
the reference cell is placebo at AUC ¼ 0.
The shaded areas represent 95% CIs.
P o 0.001, ¼ 0.03, o 0.001, and
o 0.001, respectively. The analysis
included 125 observations from 49
participants.
(B)
Glycosylated
hemoglobin (HbA1c) versus 4-hour
AUC. The lines are given by the
parameter estimates (SE) for the fitted
model: intercept, 8.5 (0.42); alefacept,
0.54 (0.41); AUC, 2.9 (0.70); AUC2,
0.6 (0.36), where the reference cell is
placebo at AUC ¼ 0. The shaded areas
represent 95% CIs. P o 0.001, ¼ 0.19,
¼ 0.001, and ¼ 0.10, respectively. The
analysis included 128 observations from
49 participants.
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Preservation of residual islet function at the time of
diagnosis is a major goal of intervention therapies in
T1D.31 Even though the remaining β-cell mass at
diagnosis may constitute only r20% of the original,
predisease mass, accumulating evidence from the
DCCT and other studies indicates that even modest
amounts of endogenous insulin production substantially improve short- and long-term outcomes in these
patients.17,18,20 It is known that the rate of decline of
β-cell function after diagnosis in T1D is highly
variable, and many patients retain detectable insulin
secretion (as measured by stimulated C-peptide production) for years or decades.19 The basis for this
variability is not understood but is partly a function of
age at disease onset and the intensity of diabetes
management in the early period after diagnosis.32
Regardless of the mechanism of this variability,
those with better preserved C-peptide secretion have
lower rates of hypoglycemia and decreased microvascular complications.
However, until now it has been unclear whether Cpeptide preservation with an immunomodulatory
therapy would confer similar beneﬁts. Therapies that
have been successful in preserving C-peptide include
drugs that target T-cell frequency or function (antiCD3 monoclonal antibody, alefacept), costimulation
blockade (CTLA4-Ig), inﬂammatory cytokines (anti–
tumor necrosis factor [TNF]-α), and B cells (antiCD20 monoclonal antibody).31 Mechanistically, these
agents are very different, and efﬁcacy may result from
alterations in the balance between regulatory and
effector T cells, induction of hyporesponsiveness in
autoreactive T cells, or general anti-inﬂammatory
effects.31 One or more of these mechanisms could
inﬂuence glucose metabolism, by affecting insulin
sensitivity or glucose disposal rates, but in general
this is not well understood. Components of both
innate and adaptive immunity contribute to insulin
resistance in diabetes, and hence biologic agents
may have complex effects on glycemic control and
variability.33 For example, both TNF-α and
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Figure 6. (A) insulin dose-adjusted glycosylated hemoglobin (IDAA1c) versus 4-hour AUC. The lines are given
by the parameter estimates (SE) for the fitted model: intercept, 11.3 (0.57); alefacept, 0.5 (0.54);
AUC, 5.7 (1.29); AUC2, 1.8 (0.86), where the reference cell is placebo at AUC ¼ 0. The shaded
areas represent 95% CIs. P o 0.001, ¼ 0.35, o 0.001, and 0.04, respectively. The analysis included
120 observations from 49 participants. (B) IDAA1c versus SD of glucometer readings. The lines are
given by the parameter estimates (SE) for the fitted model: intercept, 6.5 (0.40); alefacept, 0.1
(0.40); SD, 0.042 (0.0041), where the reference cell is placebo at SD ¼ 0. P o 0.001, 0.79, and
o 0.001, respectively. The analysis included 120 observations from 49 individuals.

interleukin (IL)-6 inﬂuence insulin signaling,34,35 but
the potential consequences of this in the context of
TNF-α or IL-6 blockade in T1D are unknown. Lastly,
although it is clear that poor glycemic control is
related to the development of microvascular complications, including retinopathy, this process also involves proinﬂammatory cytokines, such as TNF-α and
IL-1β.36 Hence, treatment with an immunomodulatory
drug may confer additional beneﬁts on reducing such
complications that extend beyond glycemic control.
The T1DAL trial is the ﬁrst proof of concept that
drug-induced preservation of islet function (as opposed to differences in natural rates of decline) can
reduce hypoglycemia events in the context of intensive
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diabetes management.28,29 Alefacept is an LFA3-Ig
fusion protein that blocks CD2-mediated costimulation and depletes T cells that express high levels of
CD2, principally memory and effector T cells, with
preservation of regulatory T cells.37 The primary
analysis of the T1DAL clinical results indicated
signiﬁcant preservation of C-peptide responses at 1
and 2 years and also found signiﬁcant reductions in
exogenous insulin requirements and, remarkably, a
50% reduction in rates of major hypoglycemia in the
treatment versus placebo groups.28,29
We found that rates of major hypoglycemia in the
T1DAL trial are inversely correlated with endogenous
insulin secretion, as measured by the meal-stimulated
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4-hour C-peptide AUC. The 4-hour C-peptide AUC is
a strong predictor of the number of hypoglycemic
events for both study groups. The number of hypoglycemia events was also inversely correlated with the
peak C-peptide levels during the 4-hour MMTT
(results not shown). These results are consistent with
the recent reanalysis of the DCCT data indicating that
there is a continuous association between rates of
severe hypoglycemia and residual stimulated Cpeptide levels.18 A similar conclusion was reached in
a recent Danish study, which suggested that a level of
meal-stimulated C-peptide of Z0.04 nmol/L conferred
beneﬁcial effects on hypoglycemia and metabolic
control in children with T1D of 3 to 6 years’
duration38; the level of 0.04 nmol/L is considerably
lower than the original responder threshold of 0.2
nmol/L identiﬁed by the DCCT.17 The value of higher
levels of C-peptide secretion has also been borne out
by the results of islet transplantation, which produces
steep declines in the incidence of severe hypoglycemia,
even at 5 years when signiﬁcant loss of graft function
has occurred, and positive C-peptide is strongly
associated with all primary clinical outcomes.22–24
These results, together with our analyses of the
T1DAL data, indicate that there is a continuous
association between hypoglycemia rates and residual
C-peptide secretion with no clear cut point or threshold. The current data also suggest that preservation of
C-peptide by an immune intervention achieves similar
metabolic beneﬁts as better preservation due to slow
progression or islet transplantation.
Consistent with the correlation observed between
hypoglycemia rates and C-peptide were correlations
between measures of glycemic variability, glycemic
control, and partial remission with residual β-cell
function. Glycemic variability is an important problem in diabetes management in T1D and contributes
to glycemic instability, suboptimal management, and
episodes of hypoglycemia and ketoacidosis that require hospitalization. This is a particular problem in
children and adolescents, in whom excess rates of
hospitalization are approximately 5-fold those seen in
the nondiabetic population and up to 40% of the
excess hospitalization is due to hypoglycemia.4–7 We
used the SDs in the glucometer readings as a surrogate
for glycemic variability and found an inverse correlation between SD values and the MMTT-stimulated
4-hour C-peptide AUC in both the alefacept and
placebo groups. This ﬁnding was supported by a
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similar correlation between the highest glucometer
readings and the 4-hour C-peptide AUC and albeit a
weaker correlation between the lowest glucometer
readings and the 4-hour C-peptide AUC. The highest
and the lowest glucometer readings in any given
patient are a measure of the maximal glucose excursions and hence of glycemic variability. Related to
glycemic variability are measures of glycemic control,
of which the most widely used is HbA1c. HbA1c levels
were inversely correlated with the 4-hour C-peptide
AUC levels in both the alefacept and placebo groups.
Finally, we also explored the association between
an index of partial remission and C-peptide responses.
The IDAA1c combines HbA1c levels with exogenous
insulin requirements using a simple formula, and
based on a threshold value of r9, this formula has
been proposed as a deﬁnition for the partial remission
period (honeymoon) shortly after diagnosis in T1D.30
We explored this index as a surrogate for clinical
response and found an inverse correlation between a
continuous scale of IDAA1c values and the 4-hour Cpeptide AUC in both the alefacept and placebo
groups. We also found a very strong positive correlation between IDAA1c values and the SDs of glucometer readings, suggesting there is an association
between clinical response and glycemic variability.
This association strengthens the conclusion that preservation of C-peptide secretion improves clinical responses (as measured by an index combining HbA1c
and insulin use), and this can be achieved by immunotherapy or by natural variation in disease progression.
Although the results of these analyses add important information to our understanding of the potential
clinical beneﬁts of immunomodulatory therapy in
new-onset T1D, the ﬁndings are limited in several
ways. First, this was a post hoc analysis of glycemia
data collected from a comparatively small number of
participants (n ¼ 49) in a proof-of-concept Phase II
clinical trial. Second, the follow-up period in this trial
(2 years) was too short to assess longer-term durability of the effect on reduced hypoglycemia and improved glycemic control or to assess effects on
microvascular complications. Third, the results were
derived from intervention with a speciﬁc immunomodulatory agent, alefacept, and the generalizability of
the conclusions to agents with different mechanisms of
action is unknown.
In previous immune intervention trials, rates of
hypoglycemia have been difﬁcult to quantify because
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many events are silent, and there has not been a
standardized approach to recording and collecting
longitudinal blood glucose data in intervention trials.
In T1DAL this was achieved by providing identical
home glucometers to all randomized participants,
downloading glucometer data at every clinic visit,
and recording standardized glucometer data. The next
step in collecting this information and further enhancing the resolution of the data is continuous glucose
monitoring using implanted subcutaneous sensors that
measure interstitial ﬂuid glucose. Although changes in
interstitial ﬂuid glucose levels lag behind changes in
blood glucose,39 continuous glucose monitoring has
the advantage that it can provide a continuous
readout for periods of days or weeks, thereby
providing a more complete picture of the absolute
number of hypoglycemic events during deﬁned periods
in a clinical trial.40 To date, continuous glucose
monitoring has been evaluated in patients with
established T1D and is approved as an adjunct to
blood glucose monitoring. Prospective studies are
needed to establish the utility of CGM in the setting
of investigational immune interventions in newonset T1D.
Despite modern intensive diabetes management,
including the use of insulin pumps, continuous glucose
monitoring, sensor-augmented insulin pumps, or
closed-loop pump-sensor systems (artiﬁcial pancreas),
normal or near-normal glycemic control (as measured
by HbA1c o5.7%) cannot be achieved.41,42 Recent
developments in artiﬁcial pancreas technology have
been encouraging, but in children and adolescents, the
mean HbA1c values remain in the 7.6% to 7.9% range
and rates of hypoglycemia are not improved compared with sensor-augmented pump therapy.43,44 A
recent analysis from the T1D Exchange indicated that
most youth with T1D do not meet the HbA1c targets
recommended by the American Diabetes Association
(o7.5% for those between 13 and 20 years of age),45
and it is unclear whether artiﬁcial pancreas technology
alone can substantially improve attainment of those
targets. Moreover, it is sobering that even when
HbA1c is lowered to o6.9%, patients with T1D,
including children, still have a 2-fold greater mortality
than their nondiabetic peers.3 Thus, it is likely that
additional progress in further improvements in
glycemic control will require sustained preservation
or restoration of β-cell mass by immune intervention,
β-cell replacement therapies, or both.
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An important consideration in T1D is tolerability.
Alefacept therapy was well tolerated in the T1DAL
trial: during the entirety of the study, the proportion of
patients who had at least 1 AE was similar in the
alefacept and placebo groups, and there were no drugrelated serious AEs.29 Four participants in the alefacept
group had transient, asymptomatic decreases in CD4
counts of o250 cells/ml. There were no deaths,
opportunistic infections, or cytokine release syndrome
in either group.29 Although the T1DAL trial was too
small to detect uncommon AEs, alefacept has been
widely used in psoriasis for more than a decade with a
strong tolerability record; based on a 2007 review of
available tolerability data, alefacept does not increase
susceptibility to infectious disease or malignancy.46
Maintenance of islet preservation for extended periods
may require additional courses of treatment. In
psoriasis, up to 9 courses of alefacept therapy have
been given during a 5-year period with no evidence of
increased toxic effects with repeated exposure.47
Moreover, recent studies suggest it may be possible to
lengthen the interval between doses of biologics in
psoriasis,48 which could also be considered during the
further development of alefacept for the treatment of
T1D. These data suggest that the drug has a proﬁle that
would be acceptable for use as an adjunctive therapy in
T1D, even in children.
In conclusion, in patients with new-onset T1D, treatment with the immune-modulating drug alefacept resulted in a substantial reduction in rates of major
hypoglycemia, which correlated with the degree of Cpeptide preservation. Levels of C-peptide secretion were
also signiﬁcantly correlated with measures of glycemic
control, glycemic variability, and partial clinical remission. These analyses suggest that preservation of endogenous insulin production by an immunomodulatory
drug confers clinical beneﬁts similar to those seen in
patients with higher C-peptide secretion due to slow
disease progression or islet replacement. These results
strengthen the conclusion that successful immune intervention with alefacept, which targets CD2þ memory and
effector T cells, signiﬁcantly enhances C-peptide secretion at 2 years and improves metabolic variables that are
known correlates of long-term clinical outcomes.
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