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OBJECTIVE

A pilot study suggested that combination therapy with low-dose anti-thymocyte
globulin (ATG) and pegylated granulocyte colony-stimulating factor (GCSF) pre-
serves C-peptide in established type1diabetes (T1D) (duration4months to2 years).
We hypothesized that 1) low-dose ATG/GCSF or 2) low-dose ATG alone would slow
the decline ofb-cell function in patients with new-onset T1D (duration <100 days).

RESEARCH DESIGN AND METHODS

A three-arm, randomized, double-masked, placebo-controlled trial was performed
by the Type 1 Diabetes TrialNet Study Group in 89 subjects: 29 subjects randomized
to ATG (2.5 mg/kg intravenously) followed by pegylated GCSF (6 mg subcutane-
ously every 2 weeks for 6 doses), 29 to ATG alone (2.5 mg/kg), and 31 to placebo.
The primary end point was mean area under the curve (AUC) C-peptide during a
2-h mixed-meal tolerance test 1 year after initiation of therapy. Significance was
defined as one-sided P value < 0.025.

RESULTS

The 1-year mean AUC C-peptide was significantly higher in subjects treated with
ATG (0.646 nmol/L) versus placebo (0.406 nmol/L) (P = 0.0003) but not in those
treated with ATG/GCSF (0.528 nmol/L) versus placebo (P = 0.031). HbA1c was sig-
nificantly reduced at 1 year in subjects treated with ATG and ATG/GCSF, P = 0.002
and 0.011, respectively.

CONCLUSIONS

Low-dose ATG slowed decline of C-peptide and reduced HbA1c in new-onset T1D.
AdditionofGCSFdidnotenhanceC-peptidepreservationaffordedby low-doseATG.
Future studies shouldbeconsidered todeterminewhether low-doseATGaloneor in
combination with other agents may prevent or delay the onset of the disease.

Type 1 diabetes (T1D) is a T-cell–mediated process characterized by autoimmune
destruction ofb-cells and a lifelong dependenceonexogenous insulin (1). Todate, the
overwhelming majority of efforts seeking to impede the autoimmune process and
reverse hyperglycemia have utilized single immunosuppressive or immunomodula-
tory drugs (2–6). While several agents targeting T and B lymphocytes have shown
promise, no single agent has demonstrated long-term success in preserving C-peptide
or reducingHbA1c as ameans of standardmedical practice (7,8). Combination therapy
has been proposed as a potential strategy toward developing safe and practical
approaches to the preservation of C-peptide in patients with TID (9–11).
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Preclinical studies with combination
therapieswere performedusing the non-
obesediabetic (NOD)mousemodel. Low-
dose anti-thymocyte globulin (ATG) in
combination with agents capable of pro-
viding synergy was proposed as a means
of reducing adverse events and improv-
ing efficacy. Notably, granulocyte colony-
stimulating factor (GCSF) was shown to
improve the therapeutic capacity for di-
abetes reversal in NOD mice when com-
bined with low-dose murine ATG (12).
In fact, combinations including GCSF af-
forded greater efficacy in the NODmouse
than any other single-drug or combina-
tion approach tested. Efforts touseeither
GCSF or higher-dose ATG (6.5 mg/kg) as
monotherapy in patients with recent-
onset T1D failed to preserve C-peptide,
although in post hoc analysis subjects
.21 years of age appeared to benefit
from 6.5 mg/kg of ATG (13,14).
A randomized, placebo-controlled,

single-masked pilot clinical trial of low-
dose ATG (2.5 mg/kg) and pegylated
GCSF (6 mg subcutaneously every 2
weeks for 6 doses) was performed in
patients with established T1D (duration
of T1D 4 months to 2 years). The pilot
demonstrated that combination ther-
apy with low-dose ATG/GCSF preserved
C-peptide in established T1D (15,16).
Mechanistic examination of blood cells
from treated subjects showed that low-
dose ATG/GCSF achieved a relative in-
crease of regulatory T cells (Treg) in
circulation (17). Notably, the pilot low-
dose ATG/GCSF versus placebo study
did not include an arm with subjects
receiving low-dose ATG monotherapy.
To explore the potential of low-dose

ATG/GCSF or low-dose ATG monother-
apy to preserve b-cell function in new-
onset T1D, the Type 1 Diabetes TrialNet
Study Group conducted a three-arm,
randomized, double-masked, placebo-
controlled trial (low-dose ATG/GCSF,
low-dose ATG, and placebo) in persons
with new-onset T1D (duration of disease
,100 days).

RESEARCH DESIGN AND METHODS

Study Design and Patients
This study was registered with Clinical-
Trials.gov (NCT02215200) and conformed
to all applicable regulatory requirements.
The protocol and consent documents
were approved by appropriate indepen-
dent ethics committees or institutional re-
view boards. All participants (or parents)

provided written informed consent; par-
ticipants,18 years of age signed a study
assent form.

Screening and subsequent study visits
took place at 14 TrialNet sites in the
U.S. (Supplementary Data).We screened
113 patients (aged 12–45 years) diag-
nosed with T1D for,100 days. A total of
89 patients were enrolled (from Decem-
ber 2014 to June 2016) who had at least
one T1D-related autoantibody (micro-
insulin autoantibodies [mIAA], tested
only if duration of insulin therapy was
,7 days; glutamic acid decarboxylase-65
autoantibodies [GAD-65Ab], islet cell
antigen-512 autoantibodies [ICA-512Ab],
zinc transporter 8 autoantibodies [ZnT8A],
or islet cell autoantibodies [ICA]) and had
stimulated C-peptide levels $0.2 nmol/L
measured during a mixed-meal tolerance
test (MMTT) conducted at least 21 days
after diagnosis of T1D and within 37 days
of randomization.

M.J.H. proposed the trial, which was
conducted under the auspices of the
Type 1 Diabetes TrialNet Study Group.
Sanofi (Cambridge, MA) provided Thymo-
globulin (ATG) but had no involvement
with studymanagement, data collection,
data analysis, ormanuscript preparation.
Amgen (Thousand Oaks, CA) provided
Neulasta (GCSF) and placebo for the
study and similarly had no further involve-
ment. Roche Diabetes Care (Indianapolis,
IN) provided glucose meters, test strips,
and lancets for diabetes management.

Randomization and Masking
Patients were randomly assigned in a
1:1:1 ratio, stratified by participating
site, with 29 subjects randomized to re-
ceive experimental treatment with ATG
and GCSF, 29 subjects randomized to re-
ceive ATG alone (and GCSF placebo),
and 31 subjects randomized to receive
both placebos. Randomization was con-
ducted centrally at the TrialNet Coordi-
nating Center.

The study was double-masked. An in-
dependent data and safety monitoring
board reviewed adverse events and
study accrual every 6 months and con-
ducted quarterly safety reviews. An in-
dependent medical monitor (masked to
treatment assignment) reviewed all ac-
cruing safety data.

Procedures
ATG or placebo was administered at a
dose of 2.5 mg/kg as two divided in-
travenous infusions of 0.5 mg/kg and

2 mg/kg. Most subjects received ATG or
placebo infusion as part of a 2- to 3-day
hospitalization, although some subjects
were managed entirely as outpatients.
Premedication for ATG/placebo infu-
sions included oral diphenhydramine
1.25 mg/kg up to 50 mg, oral acetamin-
ophen 15 mg/kg up to 650 mg, and
intravenous methylprednisolone or pla-
cebo at 0.25 mg/kg. Subjects who de-
veloped serum sickness in the 1–2 weeks
following ATG infusion were offered oral
prednisone with dosing and duration of
therapy at the discretion of the site in-
vestigator. Subjects weighing .50 kg
were offered 50 mg every 12 h on days
1–3, then 40mg every 12 h on day 4, 30mg
every 12 h on day 5, 20 mg every 12 h on
day 6, and 10 mg every 12 h on day 7.
Subjects weighing ,50 kg were offered
30mg every 12 h on days 1–3, then 20mg
every 12 h on day 4, 10 mg every 12 h
on day 5, and 5 mg every 12 h on days
6 and 7. GCSF or placebo was adminis-
tered every 2 weeks for a total of 6 doses
at a dose of 6 mg subcutaneously or, if
the patient weighed ,44.5 kg, a dose of
100 mg/kg. All subjects received inten-
sive diabetes management. The goal was
to achieve intensive glycemic control as
recommended by the American Diabetes
Association (18). Patients used either
multiple daily insulin injections or an in-
sulin pump. Frequent daily blood glucose
monitoring was performed, in some cases
with concomitant use of a continuous
glucose monitor. Use of noninsulin phar-
maceuticals that affect glycemic control
was not allowed.

Laboratory Tests
Blood samples were sent to TrialNet
core laboratories for central analyses.
C-peptide levels were measured from
frozen plasma using a two-site immu-
noenzymometric assay (Tosoh Biosci-
ence, South San Francisco, CA). HbA1c
was measured using ion-exchange high-
performance liquid chromatography (Var-
iant II, Bio-Rad Diagnostics, Hercules,
CA). Reliability coefficients for each as-
say were above 0.99 from split dupli-
cate samples. Biochemical autoantibodies
(mIAA, GAD-65Ab, ICA-512Ab, ZnT8A)
were measured using radioimmunobind-
ing assays, and ICA was measured using
indirect immunofluorescence. A routine
chemistry panel was performed (Hitachi
917 with reagents from Roche Diagnos-
tics). Subjects who screened positive for
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serum antibodies to hepatitis B surface
antigen, hepatitis C, or HIV were ex-
cluded from participation. Human leu-
kocyte antigen class II alleles were
measured using PCR amplification and
sequence-specific hybridization. CD4and
CD8 cell counts were measured in whole
blood via an FC500 using four-color fluo-
rescent monoclonal antibody reagents
and software for automated analysis
(Beckman Coulter, Indianapolis, IN).

Statistical Methods
The prespecified primary outcome of this
trial was a comparison of the area under
the curve (AUC) of stimulated C-peptide
response over the first 2 h of a 4-h
MMTT conducted at the 12-month visit.
End point analyses were based on the
protocol prespecified intention-to-treat
cohort, defined as all participants with
measured 1-year C-peptide AUC re-
gardless of treatment compliance. By
August 2017, two subjects had with-
drawn from the study. As such, 87 of
the 89 randomized subjects completed
their 1-year visit MMTT and were included
in the primary outcome assessment. The
AUC mean was computed using the trap-
ezoidal rule calculated by the weighted
sum of the timed C-peptide values dur-
ing the MMTT test, then divided by
120 (minutes).
The primary statistical hypotheses

sought to determine whether the ATG
or ATG/GCSF group AUC C-peptide
means were greater than the placebo
groupmean. This analysiswas conducted
on a transformed scale using the func-
tion log(Ycp + 1) to provide better nor-
mal distributional behavior by the test
statistic. The comparison of either ex-
perimental treatment group with the
placebo group was based on a Wald
test using an ANCOVA model adjusting
for sex, baseline age, and baseline
C-peptide at the 0.025 a level (one-
sided). The predicted means and asso-
ciated 95% CI for each treatment group
were determined at the means of the
other covariates.
Mean rate of change of C-peptide

mean AUC was estimated using a mixed-
effects model with both random inter-
cept and slope adjusting for age, sex,
baseline C-peptide AUC mean, and treat-
ment assignment.
Prespecified subgroup factors included

baseline age, sex, C-peptide, HbA1c, race/
ethnicity, and human leukocyte antigen.

Prespecified secondary outcomes in-
cluded safety, slope of C-peptide over
time, and differences in HbA1c, glucose,
and insulin dose over time.

Sample Size
Using standard equations for the com-
parison of two means, a sample size of
26 per group with complete data pro-
vided power of 85% to detect a 50%
increase in the geometric-like mean in
either experimental treatment group
(compared with the control group) test-
ing at the 0.025 a level (one-sided),
assuming the control group geometric-
like mean was 0.433 nmol/L and the SD
(on the transformed scale) was 0.167.
These estimates were based on previous
TrialNet phase II studies (19). Assuming
10% dropout, the sample size goal was
set at 28 per group. The overall type I
error for the trial was ;0.05 given two
pairwise tests.

If both hypotheses were rejected, the
plan was to employ a method proposed
by Simon et al. (20) to select which
treatment should be considered first
for further clinical research, with the
understanding that the adverse effect
results might influence the choice.

The design included an adaptive non-
comparative (i.e., the observed interim
treatment effect has no influence on
the re-estimation) procedure for sample
size. The SD (specifically, square root of
the residual mean squared error) and
the mean of the control group are two
parameters required to determine sam-
ple size goal and could adversely affect
the statistical power if they differ from
the initial values used. The plan was to
check these initial values against the
observed estimates halfway through
the trial (;39 patients with primary
end point measured). The specified
procedure was to calculate a weighted
average of the initial and observed
estimates and determine a new sample
size goal. Due to rapid recruitment, the
initial target sample size (N = 84) was
exceeded (N = 89 randomized) in advance
of half of the cohort reaching the primary
end point. Per protocol, recruitment was
paused until the re-estimation procedure
could be performed. The re-estimation
procedure indicated a goal of 27 per
group (an increase of 1 from the initial
plan). Since the number of patients miss-
ing their primary end point was much
less than expected, accrual was sufficient

to achieve the required number and the
study was formally closed to accrual.

Adverse Events
Adverse events were defined using Com-
mon Terminology Criteria for Adverse
Events (CTCAE) version 4.0 (21). The
number of events and number of pa-
tients experiencing events were tabu-
lated. As prespecified, only grades 2
and higher were counted as adverse
events. Only subjects who received at
least one dose of active or placebo
therapy were included. The Fisher ex-
act test (22) (one-tailed) was applied to
each system pair of 2 3 2 tables (each
treatment vs. placebo group). Adverse
event grades were analyzed using the
Wilcoxon rank sum test (22). All anal-
yses were conducted in either TIBCO
Spotfire S+ 8.2 Workbench or SAS 9.4.

RESULTS

Patient Enrollment
A total of 113 subjects were screened for
eligibility, of whom 89 were random-
ized to one of three treatment arms:
ATG/GCSF, ATG only, or placebo (Fig. 1).
Clinical and demographic characteris-
tics were similar between treatment
groups (Table 1). Compliance with the
study protocol was high (Supplementary
Tables 1 and 2 and Supplementary Fig.
1A–C). One subject was randomized but
withdrew consent prior to receiving any
study drug. All remaining participants
received ATG or placebo per protocol.
Ninety percent of all subjects received
all 6 doses of GCSF or placebo subcutane-
ous injections. Of the 511 doses of GCSF
or placebo that were administered, only
9 involved reduced doses per protocol:
5, 1, and 3 for the ATG/GCSF, ATG only,
and placebo groups, respectively. All but
two subjects had AUC C-peptide assess-
ments completed at the 12-month visit.
As prespecified, these two were not in-
cluded in the analysis.

C-Peptide
At 1 year, AUC C-peptide was higher in
subjects treated with low-dose ATG ver-
sus placebo (P = 0.0003) (Fig. 2A). In those
receiving ATG/GCSF, the AUC C-peptide
was not significantly different from
placebo (P = 0.031, with significance de-
fined as P , 0.025 to adjust for mul-
tiple comparisons). At 1 year, the AUC
C-peptide geometric-like means were
ATG/GCSF 0.528 nmol/L (95% CI 0.435,
0.627), ATG only 0.646 (0.547, 0.750),
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and placebo 0.406 (0.324, 0.494). The
C-peptide responses within treatment
groups were heterogeneous, as shown
in spaghetti plots of individual AUC
C-peptide levels (Supplementary Fig.
2A–C).
A mixed model was employed to fit

all the C-peptide measurements through
12 months (Fig. 2B). Consistent with the
primary analysis by ANCOVA, the rates
of decline for both experimental treat-
ment groups were less than for the pla-
cebo group but not statistically different
from each other. The difference in the
rate of decline for the ATG/GCSF and ATG
only groups (relative to the placebo group)
was +0.178 and +0.227 nmol/L per year,
respectively. AUC C-peptide values ad-
justed to show equivalent baseline values
and change over time in the treatment
groups are shown in Supplementary Fig. 3.
AUC glucose during the 2-h MMTT was

lower in subjects treated with ATG/GCSF
and ATG alone than in placebo-treated
subjects (Supplementary Fig. 4).

HbA1c

At 1 year following therapy, HbA1c was
significantly lower in both experimen-
tally treated groups versus placebo:
ATG/GCSF versus placebo P = 0.011 and
ATG only versus placebo P = 0.002 (Fig.
2C). HbA1c was adjusted for baseline
HbA1c level, age, and sex using ANCOVA.

Insulin Use
There were no statistically significant dif-
ferences in insulin use between either
experimental treatment group or the
placebo group (Fig. 2D). Reported insulin
use (units/kg/day)was adjusted for base-
line insulin use, age, and sex by ANCOVA.
There were three patients who did not
have baseline insulin use reported; the
mean level at baseline was imputed for

these patients in order that they could
be included.

Lymphocyte and CD4/CD8 Ratio
Patients who received low-dose ATG
or low-dose ATG/GCSF experienced re-
duced total lymphocytes, reduced CD4
T cells, and relative preservation of CD8
T cells, resulting in a reduction in the
CD4/CD8 ratio in comparison with sub-
jects who received placebo (Fig. 2E and
Supplementary Fig. 5). Complete blood
counts with differential data are pro-
vided in Supplementary Table 3.

Adverse Events
Adverse events separated by severity
(grade) and adverse event category are
shown in Tables 2 and 3, respectively.
Events of grade 2 or higher were counted
as adverse events per protocol. In all
analyses of adverse events, the one pa-
tient who withdrew prior to receiving

Figure 1—Consort diagram. A total of 113 subjects were screened for eligibility, of whom 89were randomized and 87 completed the primary outcomemea-
sure at 1 year. One subject was randomized but withdrew consent prior to receiving any study drug. All remaining participants received ATG/placebo infu-
sions as specified in the protocol. This included two participants who received reduced doses per protocol specifications (one ATG and one placebo).
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any study drug (assigned to ATG/GCSF)
was removed. No subjects required ex-
tended hospitalization or readmission
due to cytokine release or serum sick-
ness. In addition, no subjects who re-
ceived ATG/GCSF or ATG alone developed
a serious infection. There were no cases of
grade 4 serum sickness or cytokine release.
There were no grade 5 adverse events.
Among those having serum sickness,

12/20 (60.6%) and 17/21 (81.0%) had

steroid treatment in the ATG/GCSF and
the ATG only treatment groups, respec-
tively. While the study was formally
double-masked, adverse reactions may
have effectively unmasked subjects as-
signed to active therapy. Presumptions
regarding treatment assignment could
have led to behaviors that contributed
to the improved outcomes following
ATG. The use of steroids was not sig-
nificantly different between the two

experimental treatment groups. There
was no difference in AUC C-peptide at
1 year in subjects who used steroids to
treat serum sickness versus those who
were not exposed to steroids.

Adverse events labeled as musculo-
skeletal/connective tissue system were
significantly higher in those who re-
ceived GCSF. There were no significant
differences in infection rate, neoplasm,
or lymphatic cancers when comparing
ATG/GCSF versus placebo or ATG only
versus placebo. One patient in the ATG
only group reported a thyroid papillary
tumor ;1 month following the 2-year
study end point, and one patient in
the placebo group reported a benign
ovarian cyst. Very few severe hypogly-
cemic events were reported. Only two
patients in the placebo group reported
a hypoglycemic event, and one patient
in the ATG/GCSF group reported a hy-
poglycemic event.

CONCLUSIONS

In this phase IIb clinical trial, treatment
of new-onset T1D (duration of diag-
nosis ,100 days) with a single course
of low-dose ATG (2.5 mg/kg) preserved
C-peptide and reduced HbA1c when
compared with subjects treated with
placebo 1 year after therapy. The com-
bination of ATG (2.5 mg/kg) and pegy-
lated GCSF (6 mg subcutaneously
every 2 weeks for 6 doses) also lowered
HbA1c but was not statistically differ-
ent from placebo with respect to AUC
C-peptide.

In contrast to data from NOD mouse
studies (12), low-dose ATG therapy but
not low-dose ATG/GCSF preserved
C-peptide in new-onset T1D. These re-
sults suggest that while the NOD model
is a useful starting point, species differ-
ences (e.g., immune constituents, b-cell
physiology) may limit the ability of this
animal model to accurately predict ef-
fective treatments in human clinical tri-
als. In addition, these data are in contrast
to the findings in the randomized, single-
masked pilot study in individuals with
established T1D, which indicated that
combination therapy with low-dose ATG
and GCSF preserves C-peptide (15,16).
The relatively small sample sizes of the
pilot ATG and GCSF study as well as this
phase IIb effort may have contributed to
the disparate results.

Comparisons of low-dose ATG to pre-
vious efforts to utilize ATG products are

Table 1—Baseline characteristics

Patient characteristics
ATG and GCSF

(N = 29)
ATG only
(N = 29)

Placebo
(N = 31)

Age, years
Mean 6 SD 17.2 6 5.0 18.1 6 6.9 16.9 6 4.6
Median 16.4 15.5 15.0
Range 12.0–32.8 12.4–42.5 12.2–29.3

Male sex, no. of patients (%) 16 (55.2) 17 (58.6) 17 (54.8)

Race, no. of patients (%)
White 28 (96.6) 29 (100.0) 29 (93.5)
Black 1 (3.4) 0 (0.0) 2 (6.5)

Ethnicity not Hispanic or Latino,
no. of patients (%) 28 (96.6) 27 (93.1) 30 (96.8)

Autoantibodies positive,
no. of patients (%)

GAD65H 23 (79.3) 23 (79.3) 23 (74.2)
IA2H 25 (86.2) 23 (79.3) 25 (80.6)
ICA* 26 (92.9) 25 (86.2) 22 (71.0)
ZNT8 21 (72.4) 21 (72.4) 22 (71.0)

No. of autoantibodies
positive, no. of patients (%)*

1 0 (0.0) 3 (10.3) 1 (3.2)
2 3 (10.3) 2 (6.9) 3 (9.7)
3 2 (6.9) 1 (3.4) 5 (16.1)
4 11 (37.9) 11 (37.9) 13 (41.9)
5 13 (44.8) 12 (41.4) 9 (29.0)

No. of days from diagnosis
to randomization

Median 83 81 84
Range 49–97 47–100 52–99

Weight, kg
Median 62.3 66.4 62.0
Range 39.8–89.1 39.6–92.4 33.8–118

BMI, kg/m2

Median 21.4 22.6 21.8
Range 16.6–27.7 15.2–32.8 14.3–34.3

AUC mean for C-peptide,
nmol/L

Mean 6 SD 0.793 6 0.321 0.878 6 0.474 0.966 6 0.503
Median 0.701 0.757 0.932
Range 0.33 –1.78 0.211–2.15 0.144–2.08

HbA1c, %/mmol/mol
Median 7.3/56 7.4/57 7.2/55
Range 5.3–12.3/34–111 4.7–9.0/28–75 5.5–11.2/35–99

Total daily insulin dose at
baseline, units/kg*

Median 0.339 0.315 0.306
Range 0–1.06 0–0.963 0–0.921

*Missing data: one patient missing ICA status (all four other autoantibodies positive); three
patients missing baseline insulin dose.
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important. While different from the Sa-
nofi ATG product (Thymoglobulin) used
in this trial, Eisenbarth et al. (23) re-
ported in 1985 that the combination of
ATGAM and prednisone reduced HbA1c
and induced partial remission in two

patients with new-onset T1D. Additional
studies with ATGAMwere abandoned as
treatment-associated thrombocytope-
nia was thought to outweigh clinical
benefit. In the Study of Thymoglobulin
to Arrest Type 1 Diabetes (START), ATG

monotherapy at a dose of 6.5 mg/kg
failed to preserve C-peptide in new-onset
T1D subjects aged 12–35 years (24). The
robust cytokine release and serum sick-
ness associated with higher-dose ATG
may in part explain the difference in

Figure 2—A–E: Effects of low-dose ATG and low-dose ATG/GCSF on C-peptide (A), mixed model predicted C-peptide (B), HbA1c (C), insulin dose (D),
and CD4/CD8 ratio (E). A and C–E show adjusted means and 95% CI at each time point. B shows the mixed model predicted population mean of the
C-peptide AUC mean by treatment. In all figures, the placebo group is red, ATG/GCSF is green, and ATG alone is blue.
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C-peptide preservation observed with
low-dose ATG (14).
In this study, we observed the ex-

pected reduction in CD4 T cells follow-
ing treatment with low-dose ATG but
a relative preservation of CD8 T cells,

yielding a lowCD4/CD8 ratio. Thepattern
of CD4 T-cell reduction with CD8 T-cell
preservation was observed in the pilot
low-dose ATG/GCSF study (16), corre-
lated with preservation of Treg, and
was associated with clinical responses

to anti-CD3 (25–27). In contrast, a 50%
reduction in Treg with no change in
CD4/CD8 ratio was observed in START
(ATG, 6.5mg/kg). Theseobservations pro-
vide further support for the notion that
low-dose ATG and low-dose ATG/GCSF

Table 2—Adverse events

Adverse effect category

ATG and GCSF ATG only Placebo

Events Patients Events Patients Events Patients

Skin and subcutaneous tissue disorder 6 5 (17.9) 10 7 (24.1) 7 4 (12.9)

All immune system disorders 33 21 (75.0) 38 23 (79.3) 0 0 (0)
Serum sickness only 20 20 (71.4) 21 21 (72.4) 0 0 (0)
Cytokine release syndrome only 11 10 (35.7) 17 14 (48.3) 0 0 (0)

Musculoskeletal and connective tissue 14 10 (35.7) 3 3 (10.3) 6 5 (16.1)

CD4 lymphocyte decrease or other* 42 21 (75.0) 43 22 (75.9) 4 3 (9.7)

General disorders and administration** 16 7 (25.0) 18 8 (27.6) 1 1 (3.2)

Endocrine disorders 1 1 (3.6) 1 1 (3.4) 7 3 (9.7)

Infections and infestations 14 9 (32.1) 9 7 (24.1) 16 9 (29.0)

Gastrointestinal disorders 7 5 (17.9) 5 3 (10.3) 6 6 (19.4)

Surgical and medical procedures 1 1 (3.6) 0 0 (0) 1 1 (3.2)

Psychiatric disorders 7 2 (7.1) 1 1 (3.4) 0 0 (0)

Injury, poisoning, and procedural complications 4 1 (3.6) 2 2 (6.9) 5 5 (16.1)

Nervous system disorders 4 4 (14.3) 11 4 (13.8) 5 2 (6.5)

Metabolism and nutrition disorders 7 4 (14.3) 4 2 (6.9) 4 4 (12.9)

Vascular disorders 0 0 (0) 2 2 (6.9) 1 1 (3.2)

Neoplasms: benign, malignant, and unspecified 0 0 (0) 1 1 (3.4) 1 1 (3.2)

Respiratory, thoracic, and mediastinal 2 2 (7.1) 3 2 (6.9) 1 1 (3.2)

Blood and lymphatic system disorder 1 1 (3.6) 1 1 (3.4) 2 2 (6.5)

Cardiac disorders 1 1 (3.6) 0 0 (0) 0 0 (0)

Ear and labyrinth disorders 1 1 (3.6) 0 0 (0) 0 0 (0)

Total 161 28 (100) 152 29 (100) 67 31 (100)

Data are n or n (%). *75% of the events were decreased lymphocytes. Others listed were decreased neutrophils, decreased white blood cells,
increased alanine aminotransferase, increased alkaline phosphatase, and increased bilirubin. **Mostly fever and flu-like symptoms.

Table 3—Adverse events grades 3 and 4

Adverse effect category

ATG and GCSF ATG only Placebo

Events Patients Events Patients Events Patients

All immune system disorders 14 12 (42.9) 15 15 (51.7) 0 0 (0)
Serum sickness only 12 12 (42.9) 15 15 (51.7) 0 0 (0)
Cytokine release syndrome only 2 2 (7.1) 0 0 (0) 0 0 (0)

CD4 lymphocyte decrease or other* 24 18 (64.3) 23 17 (58.6) 0 0 (0)

General disorders and administration** 4 2 (7.1) 1 1 (3.4) 1 1 (3.2)

Endocrine disorders 0 0 (0) 0 0 (0) 5 1 (3.2)

Infections and infestations 0 0 (0) 0 0 (0) 1 1 (3.2)

Gastrointestinal disorders 1 1 (3.6) 0 0 (0) 0 0 (0)

Surgical and medical procedures 0 0 (0) 0 0 (0) 1 1 (3.2)

Psychiatric disorders 3 1 (3.6) 0 0 (0) 0 0 (0)

Injury, poisoning, and procedural complications 2 1 (3.6) 1 1 (3.4) 1 1 (3.2)

Nervous system disorders 1 1 (3.6) 1 1 (3.4) 1 1 (3.2)

Metabolism and nutrition disorders 3 2 (7.1) 0 0 (0) 2 2 (6.5)

Neoplasms: benign, malignant, and unspecified 0 0 (0) 1 1 (3.4) 0 0 (0)

Blood and lymphatic system disorder 0 0 (0) 1 1 (3.4) 0 0 (0)

Total 52 28 43 29 12 31

Data are n or n (%). *Mostly decreased lymphocytes. Others listed were decreased neutrophils, decreased white blood cells, increased alanine
aminotransferase, increased alkaline phosphatase, and increased bilirubin. **Mostly fever and flu-like symptoms.
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are immunologically distinct from higher-
dose ATG.
As we consider the potential application

of low-dose ATG to future therapeutic
approaches in T1D, we must consider its
limitations. First, the addition of GCSF to
low-dose ATG is associated with muscu-
loskeletal side effects but fails to statis-
ticallypreserveC-peptide.Given the costs,
challenges of 12 weeks of therapy, and the
side effects associated with GCSF, there
seems little rationale, based on the 1-year
data, to consider GCSF as a partner for ATG
in subsequent combination approaches.
Second, the use of low-dose ATG does
not fully eliminate side effects associated
with cytokine release or serum sickness.
That said, the side-effect profile of low-
dose ATG, while not inconsequential, is pre-
dictableandmanageable.Third,giventhat
the severity of serum sickness increases
with repeated exposure, low-dose ATG is
likely best suited as a classic “induction
therapy” followed by “consolidation” and
“maintenance” therapies when consider-
ing future interventions in T1D (28). No-
tably, there are ongoing efforts to develop
humanized ATG products that might, if
effective, markedly reduce if not eliminate
serum sickness (29).
Low-dose ATG should be compared,

both in terms of efficacy and safety, to
other contemporary agents seeking to
preserve C-peptide in T1D. While com-
parisons to all previous T1D interventions
are beyond the scope of this article, we
compare and contrast several recently
studied immunotherapies. The mono-
clonal antibody anti-CD3 has been ex-
tensively studied in new-onset T1D
(3,27,30,31). Initial studies included sub-
jects within 6 weeks of diagnosis who
received 14 daily intravenous infusions
of anti-CD3 hOKT3g1(Ala-Ala). At 1 year,
anti-CD3 treatment provided for signifi-
cant preservation of C-peptide (27). Fe-
ver, anemia, and pruritic urticarial rashes
were common adverse events. Unfortu-
nately, large international studies of anti-
CD3 in new-onset T1D failed to demonstrate
C-peptide preservation (30).
The Type 1 Diabetes TrialNet has also

conducted trials testing anti–B-cell ther-
apy with anti-CD20 (rituximab) and co-
stimulation modification with CTLA4-Ig
(abatacept) in new-onset T1D (32,33).
Rituximab, administered intravenously
in a four-dose course, slowed decline
in C-peptide, reduced HbA1c, and reduced
insulin dose over a period of 1 year

compared with placebo. Abatacept,
given as 27 intravenous doses over 24
months, resulted in 59% higher ad-
justed C-peptide as compared with pla-
cebo at the primary outcome period of
2 years. To compare the relative exper-
imental treatment effects across the
rituximab, abatacept, and ATG/GCSF tri-
als at 1 year, a model was fitted to the
data of all three studies adjusting for
baseline C-peptide, age, and sex. Nota-
bly, low-dose ATG treatment provided
for a 57% increase in AUC C-peptide over
placebo compared with 16% for rituximab
and 23% for abatacept at 1 year. While
the modeling accounts for differences
across studies, it should be noted that
the rate of C-peptide fall in the ATG study
appears to be greater than that in the
rituximab and abatacept trials.

Finally, the fusion protein LFA3-Ig
(alefacept) was studied in new-onset
T1D. Subjects received two 12-week
courses of the study drug separated by a
12-week pause. While failing to meet its
primary endpoint, a 2-hMMTT (P=0.065),
alefacept preserved C-peptide using a
secondary end point, a 4-h MMTT (34).
Importantly, 42.4% of subjects treated with
alefacept experienced grade 3 or 4 ad-
verse events. While alefacept remains wor-
thy of ongoing study, its manufacturer’s
voluntary withdrawal of the drug from
the market challenges its application as
a primary target in future interventional
studies. Collectively, the challenges of com-
paring and contrasting studies with unique
patient populations, end points, and ad-
verse event profiles speaks to the need
for multiarm head-to-head comparisons
of combination T1D immunotherapies.

In conclusion, this phase IIb study
showed that one course of low-dose
ATG (2.5 mg/kg) within 3 months of
clinical diagnosis of T1D slowed decline
of b-cell function and reduced HbA1c
for at least 1 year after therapy. Future
studies should include continuous glu-
cose monitoring to allow assessment of
potential effects on glucose variability.
Long-term follow-up of this study cohort
will determine the duration of protec-
tion affordedby low-doseATG. Low-dose
ATG should be considered, either as a
monotherapy or combination therapy,
as a potential means for preventing T1D.
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