The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Teplizumab and B-Cell Function in Newly
Diagnosed Type 1 Diabetes

Eleanor L. Ramos, M.D., Colin M. Dayan, M.B., B.S., Ph.D.,
Lucienne Chatenoud, M.D., Ph.D., Zdenek Sumnik, M.D., Ph.D.,
Kimber M. Simmons, M.D., Agnieszka Szypowska, M.D., Ph.D.,

Stephen E. Gitelman, M.D., Laura A. Knecht, M.D.,
Elisabeth Niemoeller, M.D., Wei Tian, Ph.D., and Kevan C. Herold, M.D.,
for the PROTECT Study Investigators*

ABSTRACT

BACKGROUND

Teplizumab, a humanized monoclonal antibody to CD3 on T cells, is approved by
the Food and Drug Administration to delay the onset of clinical type 1 diabetes
(stage 3) in patients 8 years of age or older with preclinical (stage 2) disease.
Whether treatment with intravenous teplizumab in patients with newly diagnosed
type 1 diabetes can prevent disease progression is unknown.

METHODS

In this phase 3, randomized, placebo-controlled trial, we assessed B-cell preserva-
tion, clinical end points, and safety in children and adolescents who were assigned
to receive teplizumab or placebo for two 12-day courses. The primary end point
was the change from baseline in B-cell function, as measured by stimulated C-
peptide levels at week 78. The key secondary end points were the insulin doses
that were required to meet glycemic goals, glycated hemoglobin levels, time in the
target glucose range, and clinically important hypoglycemic events.

RESULTS

Patients treated with teplizumab (217 patients) had significantly higher stimulated
C-peptide levels than patients receiving placebo (111 patients) at week 78 (least-
squares mean difference, 0.13 pmol per milliliter; 95% confidence interval [CI],
0.09 to 0.17; P<0.001), and 94.9% (95% CI, 89.5 to 97.6) of patients treated with
teplizumab maintained a clinically meaningful peak C-peptide level of 0.2 pmol
per milliliter or greater, as compared with 79.2% (95% CI, 67.7 to 87.4) of those
receiving placebo. The groups did not differ significantly with regard to the key
secondary end points. Adverse events occurred primarily in association with ad-
ministration of teplizumab or placebo and included headache, gastrointestinal
symptoms, rash, lymphopenia, and mild cytokine release syndrome.

CONCLUSIONS
Two 12-day courses of teplizumab in children and adolescents with newly diag-
nosed type 1 diabetes showed benefit with respect to the primary end point of
preservation of B-cell function, but no significant differences between the groups
were observed with respect to the secondary end points. (Funded by Provention
Bio and Sanofi; PROTECT ClinicalTrials.gov number, NCT03875729.)
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YPE 1 DIABETES IS AN AUTOIMMUNE DIS-

ease characterized by T-cell mediated de-

struction of insulin-producing pancreatic
B-cells. The loss of endogenous B-cell function
necessitates administration of exogenous insulin
for metabolic control and survival.! Disease pro-
gression is most rapid in children. Despite ad-
vances in insulin analogues, insulin delivery sys-
tems, and glucose monitoring,** the burden of
disease management is substantial,* and glycat-
ed hemoglobin levels fail to reach the targets
recommended by the American Diabetes Asso-
ciation® in many patients®” — especially in
young people.? Glycemic control is particularly
challenging in young people.®® Therefore, treat-
ment of the underlying pathophysiology is an
important, unmet need.>!

Therapies that block cytokine signaling'*!* or
target T or B cells’*? have been evaluated but
involve continuous administration of medication
or lead to long-term depletion of immune cells,
which raises safety concerns, particularly in chil-
dren. Before being studied in humans, anti-CD3
antibody administration was studied in non-
obese diabetic mice and was shown to induce
long-term disease remission without leading to
chronic immunosuppression.’® In 2022, teplizu-
mab (an Fc receptor-nonbinding anti-CD3 mono-
clonal antibody) was approved by the Food and
Drug Administration (FDA) to delay the onset of
clinical (stage 3) type 1 diabetes in patients 8
years of age or older with preclinical (stage 2)
type 1 diabetes.”® However, the effects of tepliz-
umab treatment may vary, depending on the
stage of type 1 diabetes and the B-cell reserve
when treatment is initiated.* One 14-day
course of teplizumab delayed the median time
to disease progression from stage 2 to stage 3
type 1 diabetes by 32.5 months and improved
B-cell function.?>® Previous studies in patients
with stage 3 type 1 diabetes indicated that a
short course of teplizumab preserved p-cell
function without long-term safety effects.??* In
the present phase 3 PROTECT trial (Provention
Bio’s Type 1 Diabetes Trial Evaluating C-Peptide
with Teplizumab), we evaluated whether two
courses of teplizumab would preserve B-cell
function and improve clinical variables in chil-
dren with newly diagnosed type 1 diabetes.

METHODS

TRIAL DESIGN AND OVERSIGHT

We conducted this multicenter, double-blind,
randomized, placebo-controlled trial at 61 sites
(34 in the United States, 3 in Canada, and 24 in
Europe) from March 2019 through May 2023.
Eligible patients were randomly assigned, in a
2:1 ratio, to receive teplizumab or matching pla-
cebo, administered intravenously, for two 12-day
courses. Randomization was stratified accord-
ing to the peak C-peptide level (0.2 to 0.7 pmol
per milliliter vs. >0.7 pmol per milliliter) and
age (8 to 11 years vs. 12 to 17 years). An inde-
pendent data monitoring committee reviewed
clinical and safety data and provided trial over-
sight. A medical monitor, who was unaware of
the group assignments, reviewed all safety data.
The protocol, available with the full text of this
article at NEJM.org, was reviewed by the FDA,
individual European health authorities, and in-
stitutional review boards and ethics committees.
The trial was conducted according to Interna-
tional Council for Harmonisation Good Clinical
Practice guidelines and the ethical principles of
the Declaration of Helsinki. Informed consent
was obtained from patients’ parents or caregiv-
ers, and assent was obtained from patients. Both
Provention Bio and Sanofi participated in the
collection of the data and writing the manu-
script. The last author wrote the first draft of the
manuscript. The first and last authors vouch for
the completeness and accuracy of the data and for
the fidelity of the trial to the protocol. All the au-
thors participated in the interpretation of the
results and in the drafting and approval of the
manuscript.

PATIENTS

We enrolled male and female patients 8 to 17
years of age with stage 3 type 1 diabetes that
had been diagnosed within 6 weeks before ran-
domization according to the criteria of the Amer-
ican Diabetes Association. Eligible patients had
at least one autoantibody associated with type 1
diabetes (antibodies against glutamic acid decar-
boxylase, zinc transporter 8, insulin, islet cells,
or islet antigen 2) and a peak stimulated C-pep-
tide level of 0.2 pmol per milliliter or greater.
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Key exclusion criteria were major systemic ill-
nesses, active infection, or a history of chronic
infection. The trial was conducted during the
coronavirus disease 2019 (Covid-19) pandemic;
vaccination against severe acute respiratory syn-
drome coronavirus 2 was not required. Full inclu-
sion and exclusion criteria can be found in the
Supplementary Appendix (available at NEJM.org).

TRIAL PROCEDURES
Patients in the teplizumab group received the
drug in two 12-day courses, 26 weeks apart;
teplizumab was administered in an outpatient or
inpatient setting by means of a daily intravenous
infusion (106 ug per square meter of body sur-
face area on day 1, 425 g per square meter on
day 2, and 850 ug per square meter on days 3
through 12) for a total cumulative dose of 9 mg
per square meter. In the placebo group, placebo
was administered intravenously in matching vol-
umes and according to the same schedule. Pa-
tients received premedication with ibuprofen or
acetaminophen, an antihistamine (e.g., diphen-
hydramine), an antiemetic (e.g., ondansetron), or
all three for at least the first 5 days of each
course. Because of Covid-19 pandemic restric-
tions, the protocol was amended, on the basis of
safety and efficacy data from earlier studies,**
to allow patients to delay the second 12-day
course to approximately week 52, if necessary.

Trial investigators were instructed to main-
tain intensive glycemic control in patients by
administering treatment to them to reach rec-
ommended target glucose levels.® All patients
used a standard, unblinded continuous glucose
monitoring device (Dexcom GO0), with data cap-
tured at seven defined time points during the
trial; continuous glucose monitoring was used
for 14 days before clinical visits. Time in the
target glucose range (70 to 180 mg per deciliter
[3.9 to 10 mmol per liter]) and other continuous
glucose monitoring metrics, including time
above the target range (>180 mg per deciliter)
and time below the target range (<70 mg per
deciliter) were recorded. Patients and their par-
ents or caregivers recorded their insulin doses
and clinically important hypoglycemic events in
an electronic diary (eDiary).

Patients and their parents or caregivers com-

pleted quality-of-life assessments, and the change
from baseline was assessed at week 78. The mea-
sures included the Pediatric Quality of Life Inven-
tory Diabetes Module and Family Module (scores
range from 0 to 100, with higher scores indicat-
ing a better outcome), Hypoglycemia Fear Scale
(scores range from 0 to 4, with lower scores indi-
cating a better outcome), and Diabetes Treatment
Satisfaction Questionnaire (scores range from 0
to 48, with higher scores indicating greater satis-
faction).”?° Additional details can be found in the
Supplementary Appendix. Adverse events were
monitored and reported by investigators in elec-
tronic case-report forms.

END POINTS AND ASSESSMENTS

The primary end point was the change from base-
line in C-peptide levels at week 78. C-peptide
levels were determined from the area under the
concentration-time curve (AUC) during a 4-hour
mixed-meal tolerance test* and calculated with
the use of the trapezoidal rule. The primary analy-
sis tested the superiority of teplizumab to placebo,
adjusted for age and the baseline C-peptide level.
Unless otherwise specified, the C-peptide level
from the AUC was analyzed with the use of the
natural logarithm (In[AUC+1]). The four key
clinical secondary end points that were included
in the prespecified plan to adjust for multiple
testing and that were assessed at week 78 were
the following: the mean of patients’ daily insulin
dose (units per kilogram per day), the mean
daily percentage of time in the target glucose
range, and the change from baseline in the mean
glycated hemoglobin level, as well as clinically
important hypoglycemic events (defined as a
blood glucose level <54 mg per deciliter [3.0 mmol
per liter]), severe cognitive impairment requiring
assistance for recovery, or both) at week 78.

We also assessed the following composite
exploratory end point as a measure of clinical
remission: a glycated hemoglobin level of 6.5%
or less and a daily insulin dose of 0.25 units per
kilogram per day or less. This glycated hemoglo-
bin level is the diagnostic threshold for diabetes,
and this insulin dose was previously defined as
the dose indicating remission.>** The data from
the quality-of-life questionnaires were analyzed
as the change from the baseline score.
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STATISTICAL ANALYSIS

Efficacy analyses were conducted in the intention-
to-treat population, which comprised all patients
who underwent randomization. The safety pop-
ulation included all patients who underwent
randomization and received at least one dose of
teplizumab or placebo.

The trial was designed to show a difference
between the groups of 40% or more in C-peptide
levels at week 78. We estimated that a sample
size of 300 patients would provide 90% power,
assuming a two-sided alpha error of 0.05, a 2:1
randomization ratio, and a 10% dropout rate. A
pattern-mixture model was used to impute miss-
ing data for primary and secondary end points
under the assumption that data were not miss-
ing at random. The trial was not powered to
detect differences between teplizumab and pla-
cebo with regard to the secondary end points.
The tertiary and exploratory end points were not
adjusted for multiplicity; therefore, only point
estimates and the associated 95% confidence
intervals are presented and should not be used
to infer definitive treatment effects.

An analysis of covariance (ANCOVA) model
was used to assess treatment differences in the
C-peptide level (measured as In[AUC+1]), the
insulin dose, glycated hemoglobin levels, and
the percentage of time in the target glucose
range at week 78. Prespecified subgroup analy-
ses of the change from baseline in C-peptide
AUC levels at week 78 were analyzed according
to age, sex, race, geographic region, insulin
dose, baseline glycated hemoglobin level, and
HLA type (DR3 or DR4). We determined that the
four key clinical secondary end points would be
assessed with the Hochberg method to adjust for
multiplicity if the primary end point reached
significance (P<0.05). Adverse events were sum-
marized according to system organ class and
preferred term with the use of the Medical Diction-
ary for Regulatory Activities, version 26.0. The sever-
ity of adverse events and their relationship to
teplizumab or placebo were assessed by the in-
vestigators. All statistical analyses were per-
formed with the use of SAS, version 9.4, in a
secure environment that was validated as com-
pliant with the Code of Federal Regulation, Part
11. Additional details can be found in the Sup-
plementary Appendix.

RESULTS

PATIENTS

A total of 328 children and adolescents were
enrolled in the trial and were randomly assigned
to receive teplizumab (217 patients) or placebo
(111 patients). Demographics and baseline char-
acteristics were generally balanced between the
treatment groups (Table 1). The mean (+SD)
time since patients received a diagnosis of type
1 diabetes was 5.3+0.8 weeks. Two patients as-
signed to the teplizumab group and 4 assigned
to the placebo group had a history of ketoacido-
sis. In total, 32 patients withdrew from the trial
(22 in the teplizumab group and 10 in the pla-
cebo group) and 45 patients suspended treat-
ment but continued with follow-up (30 in the
teplizumab group and 15 in the placebo group)
(Fig. S1). Owing to Covid-19 pandemic restric-
tions, 16 patients taking teplizumab and 12 tak-
ing placebo received their second course of
teplizumab or placebo at approximately week 52.

EFFICACY

Teplizumab treatment resulted in a significant
difference from placebo at week 78 in the mean
change from baseline in C-peptide AUC levels in
the intention-to-treat population (least-squares
mean difference, 0.13 pmol per milliliter; 95%
confidence interval [CI], 0.09 to 0.17; P<0.001)
(Table 2), which represents a 59.3% difference
between the groups, favoring teplizumab. Mean
C-peptide AUC levels from baseline to week 78
are shown in Figure 1A. A prespecified explor-
atory analysis showed that 94.9% (95% CI, 89.5
to 97.6) of patients who were treated with tepliz-
umab had a clinically meaningful peak C-pep-
tide level of 0.2 pmol per milliliter or greater at
week 78 as compared with 79.2% (95% CI, 67.7
to 87.4) of those receiving placebo (Fig. S2). In
prespecified subgroup analyses, the effect of
teplizumab was generally consistent across sub-
groups (Fig. 2).

Significant differences were not shown with
respect to the secondary end points, which were
assessed to understand the effect of teplizumab
treatment on clinical variables. The mean gly-
cated hemoglobin level was rapidly controlled in
both groups and did not differ between the
groups through week 78 (Table 2 and Fig. S3).
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Table 1. Demographic and Clinical Characteristics of Patients at Baseline.*
Teplizumab Placebo Total

Characteristic (N=217) (N=111) (N=328)
Mean age —yr 12.0+2.5 12.3+2.6 12.1+2.5
Age group — no. (%)

8-11yr 90 (41.5) 46 (41.4) 136 (41.5)

12-17 yr 127 (58.5) 65 (58.6) 192 (58.5)
Male sex — no. (%) 119 (54.8) 69 (62.2) 188 (57.3)
Race or ethnic group — no. (%)

White 189 (87.1) 94 (84.7) 283 (86.3)

Black 5(2.3) 6 (5.4) 11 (3.4)

Asian 4(1.8) 3(2.7) 7 (2.1)

Other 19 (8.8) 8(7.2) 27 (8.2)
Hispanic or Latino ethnic group — no. (%)t 14 (6.5) 4 (3.6) 18 (5.5)
Body-mass indexi:

Mean 18.9+3.5 19.1+3.6 18.9+3.5

Z score 0.063+1.072 0.056+1.096 0.060+1.079
Body weight — kg 46.7+15.0 49.2+15.9 47.5+15.3
Peak C-peptide level — no. (%)

0.2-0.7 pmol/ml 91 (41.9) 47 (42.3) 138 (42.1)

>0.7 pmol/ml 126 (58.1) 64 (57.7) 190 (57.9)
C-peptide AUC — pmol/ml 0.745+0.365 0.724+0.319 0.738+0.350
Glycated hemoglobin level — % 8.90+1.73 9.18+1.92 9.00+1.80
Insulin dose — units/kg/day 0.447+0.309 0.383+0.254 0.426+0.293

* Plus—minus values are means +SD. AUC denotes the area under the concentration—time curve.

7 Race and ethnic group were reported by the patient. “Other” race categories include American Indian or Alaskan Native
(1 patient in the teplizumab group), Native Hawaiian or Other Pacific Islander (1 patient in the placebo group), mul-
tiple (6 patients in the teplizumab group), other (4 in the teplizumab group and 1 in the placebo group), and not re-
ported (8 in the teplizumab group and 6 in the placebo group).

I The body-mass index is the weight in kilograms divided by the square of the height in meters.

The difference in the percentage of time in the
target glucose range between the teplizumab
and placebo groups was 4.71 percentage points
(95% CI, —1.72 to 11.15) (Table 2); the percent-
age of patients who spent 70% or more time in
the target glucose range is shown in Figure 1B.

At week 78, the estimated mean daily insulin
dose was 0.46 units per kilogram per day in
patients who were treated with teplizumab and
0.59 units per kilogram per day in those receiv-
ing placebo (difference, 0.13 units per kilogram
per day [95% CI, —0.28 to 0.02], calculated with
ANCOVA) (Table 2), and the mean insulin dose
was lower in the teplizumab group than in the
placebo group at all time points after week 12,

as assessed in a prespecified analysis of mixed-
effects model for repeated measures (Fig. 1C).
The use of insulin pumps increased during the
trial in both treatment groups.

The results of our exploratory analyses of the
percentage of patients meeting the prespecified
definition of clinical remission are shown in
Figure S4. Although these results are consistent
with those observed when a definition of remis-
sion that was based on insulin dose alone (£0.25
units per kilogram per day) was used (Fig.
$5),3%31 no firm conclusion can be made from
exploratory analyses. The percentages of pa-
tients who had clinically important hypoglyce-
mic events were similar in the two groups (Ta-
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Table 2. Efficacy (Intention-to-Treat Population).*
Difference in Measure,
Teplizumab Placebo Teplizumab vs. Placebo
Efficacy End Point (N=217) (N=111) (95% Cl)
No. with No. with
Measure Data Measure Data
Primary end point
C-peptide level — pmol/ml
Baseline 0.54+0.20 217 0.53+0.17 111
Week 781 0.46+0.20 188 0.34+0.21 88
LS mean change from baseline -0.09 -0.21 0.13 (0.09to 0.17)%
P<0.001
Key secondary end points{
Glycated hemoglobin level
Baseline 8.90+1.73 217 9.18+1.92 110
Week 78 6.97+1.26 192 7.07+1.45 100
LS mean change from baseline -1.98 -1.89 -0.09 (-0.42 t0 0.24)9
Percentage of time in the target glucose
range|
Week 78t 68.7£19.6 140 64.6+22.4 63
LS mean 67.4 62.7 4.71 (-1.72 to 11.15)
Insulin dose — units/kg/day
Baseline 0.45+0.31 126 0.38+0.25 63
Week 787 0.45+0.27 98 0.60+0.33 50
LS mean 0.46 0.59 -0.13 (-0.28 t0 0.02)q
Clinically important hypoglycemic events 4.66+8.89 217 4.39+9.40 111
— no./patient-yr**
Estimated rate (95% Cl) 4.68 (3.70 to 4.24 (3.06 to 1.10 (0.74 to 1.64) 1%
5.91) 5.89)

Plus—minus values are means +SD. LS denotes least-square.

T Missing data at week 78 were multiply imputed with the use of a pattern-mixture model under the assumption that data were not missing
at random.

I Estimates and the P value were obtained with the use of an analysis of covariance (ANCOVA) model that included treatment, age group at
randomization, and baseline C-peptide level measured as In(AUC+1) as independent variables.

§ For the secondary end points, the widths of the confidence intervals have not been adjusted for multiplicity and may not imply treatment
effects.

9 Estimates were obtained with the use of an ANCOVA model that included treatment, age group at randomization, the peak C-peptide level
at screening, and the glycated hemoglobin level at baseline as independent variables.

| Glucose levels were measured with the use of continuous glucose monitoring.

*#* Clinically important hypoglycemic events were defined as a glucose level less than 54 mg per deciliter (3.0 mmol per liter), severe cogni-
tive impairment requiring assistance for recovery, or both. The event rate was calculated for each patient as the number of events divided
by total trial follow-up time. More analysis of clinically important hypoglycemic events can be found in Table S1.

i Estimates were obtained with the use of a negative binomial regression model with the rate of hypoglycemic episodes as a dependent
variable and treatment, age group at randomization, and screening peak C-peptide level as independent variables.

i1 The data shown here are the estimated rate ratio (95% Cl).

ble 2). The rate ratio for the comparison of the for Adverse Events, version 5.0), between the
incidence per patient-year of severe hypoglyce- teplizumab and placebo groups was 0.29 (95%
mic adverse events (according to the National CI, 0.13 to 0.62) (Table S1).

Cancer Institute Common Terminology Criteria Analyses of subjective quality-of-life question-
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Figure 1. Efficacy End Point over the Course
of the Study.

Panel A shows the area under the concentration-time
curve (AUC, measured as In[AUC+1]) for stimulated
C-peptide levels over time. The data are presented as
least-squares means; I bars represent 95% confidence
intervals. Panel B shows the percentage of patients
whose glucose levels were in the target glucose range
for 70% or more of the time. Panel C shows the mean
daily insulin dose over time. The data are presented as
least-squares means; I bars represent 95% confidence
intervals. Estimates were obtained from a mixed-effects
model for repeated measures with treatment group,
visit, and age group at randomization as fixed effects,
and a treatment-by-visit interaction term. The widths
of the confidence intervals have not been adjusted for
multiplicity and may not imply treatment effects.

naires (Fig. S6) showed that teens in the tepliz-
umab group had diabetes-control scores of 9.2
at baseline and 7.8 at week 78, and those in the
placebo group had scores of 9.1 at baseline and
7.3 at week 78 (least-squares mean difference
between the groups in the change from baseline,
1.1 [95% CI, 0.0 to 2.1]). Scores of parents’ sat-
isfaction with their teens’ treatment (as measured
by the Diabetes Treatment Satisfaction Question-
naire, parent version) were 35.7 at baseline and
38.5 at week 78 in the teplizumab group and
34.6 at baseline and 36.3 at week 78 in the pla-
cebo group (least-squares mean difference, 2.4
[95% CI, 0.3 to 4.5]).

SAFETY

Adverse events occurred in 99.5% of patients in
the teplizumab group and in 97.3% of those in
the placebo group (Table S2). Most events oc-
curred in association with administration of
teplizumab or placebo and were mild or moder-
ate (grade 1 or 2) in severity, transient, and
manageable. In the teplizumab group, 96.3% of
patients had grade 1 events and 86.6% had grade
2 events; in the placebo group, 92.8% of patients
had grade 1 events and 77.5% had grade 2
events. The percentage of patients who had ad-
verse events that led to treatment discontinua-
tion was 6.9% in the teplizumab group and 2.7%
in the placebo group (Table 3). In the teplizu-
mab group, most treatment discontinuations
occurred because of results of protocol-specified
laboratory investigations but were asymptomat-
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ic. Most adverse events leading to treatment specified and occurred in 29% of patients

discontinuation were nonserious, except for two treated with teplizumab and in 21.6% of pa-

cytokine release syndrome events in the tepliz- tients receiving placebo (Table S2). The most

umab group (both resolved within 7 days) and common adverse event of special interest was

one device-related bacteremia event in the pla- severe hypoglycemia, which occurred in 13.4%

cebo group (which resolved in 12 days). of patients in the teplizumab group and in 16.2%
Adverse events of special interest were pre- of those in the placebo group.

Least-Squares Mean for C-Peptide Levels
Subgroup Teplizumab  Placebo (95% CI)
no. of patients pmol/ml
Overall imputed (primary) 188 88 —e—
Age group
8-11yr 100 42 ———
12-17 yr 88 46 [ S |
Sex
Male 109 57 ——
Female 79 31 e
Race
White 166 77 —e—
Non-White 16 7 I L !
Geographic region
North America 119 51 —e—
Europe 69 37 ——
Baseline insulin use
<0.5 units/kg/day 72 38 ——
=0.5 units/kg/day 34 13+ L {
Baseline peak C-peptide level
0.2-0.7 pmol/ml 47 19 e
>0.7 pmol/ml 141 69 ——
Baseline glycated hemoglobin level
<7.5% 35 19 k 4 {
>7.5% 153 68 —e—
Modified dosing schedule
Yes 16 12 k ® {
No 172 76 —e—
No. of positive type 1 diabetes autoantibodies
1-2 42 14 k ® i
=3 145 74 —e—i
HLA type DR3
Positive 82 45 —e—
Negative 106 41 —e—
HLA type DR4
Positive 120 60 —e—
Negative 67 26 I ® i
BMI Z score
Quartile 1: -6.317 to -0.563 47 22 L e |
Quartile 2: >-0.563 to 0.058 44 23 k L g {
Quartile 3: >0.058 to 0.789 51 17 F L |
Quartile 4: >0.789 to 2.494 46 26 H ® |
—0505 0.00 0.2)5 0.I10 0.I15 O.IZO 0.I25 0.I30 0.I35
Placebo Better Teplizumab Better
Figure 2. C-Peptide AUC Responses to Teplizumab in Subgroups (Intention-to-Treat Population).
Patient numbers do not add up to the total number because of missing data. Missing data at week 78 were multiply
imputed with the use of a pattern-mixture model under the assumption that data were not missing at random. The
widths of the confidence intervals have not been adjusted for multiplicity and may not imply treatment effects.

2158 N ENGLJ MED 389;23 NEJM.ORG DECEMBER 7, 2023

The New England Journal of Medicine
Downloaded from nejm.org at Universite catholique de Louvain on January 8, 2024. For personal use only. No other uses without permission.
Copyright © 2023 Massachusetts Medical Society. All rights reserved.



TEPLIZUMAB AND B—CELL FUNCTION IN TYPE 1 DIABETES

Transient lymphopenia was observed in the
teplizumab group, a finding that was consistent
with previous experience with teplizumab (Fig.
S7). Epstein—Barr virus (EBV) reactivation was
detected in eight patients treated with tepliz-
umab and was asymptomatic in six of these
patients. There was one new case of EBV infec-
tion in each treatment group. All events resolved
without antiviral treatment. Covid-19 was re-
ported in 49 patients (22.6%) in the teplizumab
group and in 26 patients (23.4%) in the placebo
group. None of these patients received antiviral
treatment or were hospitalized. There were no
events of diabetic ketoacidosis. Additional details
about adverse events can be found in Table S2.

DISCUSSION

The present trial showed that two 12-day cours-
es of intravenous teplizumab significantly im-
proved stimulated C-peptide levels, as compared
with placebo, at week 78 in patients with stage
3 type 1 diabetes who had enrolled in the trial
within 6 weeks after diagnosis. There were no
significant differences between the groups in
the key secondary clinical end points — insulin
dose, change in glycated hemoglobin, percent-
age of time in the target glucose range, and
clinically important hypoglycemic events.?*3*

The side effects of teplizumab observed in
the present trial included headache, gastrointes-
tinal symptoms, rash, lymphopenia, and mild
cytokine release syndrome. These findings were
consistent with previous experience,?>** and the
events resolved spontaneously. Reports of EBV
reactivation were low, as was the rate of drug
discontinuation due to adverse events. The inci-
dence of Covid-19 was similar in the two groups,
and the illnesses resolved without additional
therapies, which further supports the notion
that teplizumab is immunomodulatory and not
immunosuppressive.

There are several important features that dis-
tinguish teplizumab from other therapies previ-
ously tested in patients with type 1 diabetes.
First, teplizumab was administered in two de-
fined intravenous courses (12 days each), and a
more rapid recovery of circulating immune cells
occurred after treatment than has been shown
to occur with therapies given continuously or
with those that result in prolonged cell depletion.
The long-term effects of teplizumab do not ap-

Table 3. Adverse Events.*
Teplizumab Placebo
Event (N=217) (N=111)
no. of patients (%)
Adverse events leading to discontinuation 15 (6.9) 3(2.7)
of teplizumab or placebo
Elevations in protocol-specified liver- 9 (4.1) 1(0.9)
function tests
Cytokine release syndrome 4 (1.8) 0
Hypersensitivity 1(0.5) 0
Coronavirus disease 2019 1(0.5) 1(0.9)
Cellulitis 0 1(0.9)
Device-related bacteremia 0 1 (0.
Phlebitis 1(0.5) 0
Adverse events leading to trial withdrawal 5(2.3) 0
Serious adverse events 12 (5.5) 6 (5.4)
Cytokine release syndrome 3(1.4)7 0
Hyperglycemia 1(0.5)
Hypoglycemia 1(0.5) 1(0.9
Psychiatric disorders: 2 (0.9) 1(0
Palpitations 1(0.5)
Gastrointestinal disorders§ 1(0.5) 1(0.9)
Concussion 1(0.5) 0
Nephrolithiasis 1(0.5) 0
Atopic dermatitis 1 (0.5) 0
Infections and infestations€| 0 3277
Syncope 0 1(0.9)

* Shown are adverse events that occurred after the administration of the first
dose of teplizumab or placebo through the end of the trial. A full list of ad-
verse events is shown in Table S2.

T These serious adverse events were deemed possibly or probably related to
teplizumab or placebo administration by investigators.

1 This category includes suicidal ideation, suicide attempt, and anxiety.

§ This category includes vomiting and constipation.

9§ This category includes device-related bacteremia and gastroenteritis.

pear to entail chronic immunosuppression.'>33¢
The clinical evidence for recovery of immune
function was apparent in this trial from the
resolution of EBV reactivation and Covid-19 in
patients treated with teplizumab. Second, the
effects of teplizumab appeared to be prolonged.
Teplizumab is thought to induce partial CD8+
T-cell exhaustion that impedes T-cell function.>”
Such a mechanism may affect certain T cells,
which have relatively weak engagement with their
targets, such as autoreactive cells, and thus, we
speculate, may be more easily modulated. These
features appeared to be consistent with func-
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tional immune tolerance (i.e., the restoration of
unresponsiveness to one’s own tissues [or self-
antigens] while maintaining defensive immune
responses). A recently published integrated anal-
ysis of five trials in patients with stage 3 type 1
diabetes (609 patients) showed that one or two
courses of teplizumab significantly preserved
B-cell function as compared with placebo at 1 and
2 years of follow-up (P<0.0001).® Finally, our
trial focused on children and adolescents, who
represent the age groups most affected by type 1
diabetes and who are considered to have the
greatest need for improved treatment. We also
report the outcomes of quality-of-life question-
naires in this trial of immune therapy. These
results are consistent with those in other explor-
atory investigations.

Our trial had certain limitations. The Covid-19
pandemic complicated the way the trial was
conducted, including our having to account for
missed patient visits and disrupted data collec-
tion. However, the dropout rate was not higher
than anticipated and affected both treatment
groups equally. The patient population was similar
to populations in other clinical trials of type 1
diabetes (Table S3). However, most of the par-
ticipants in our trial were White, which is not
representative of persons who report new-onset
disease in the general population, and our trial
showed lower rates of diabetic ketoacidosis than
those seen in other new-onset cohorts.>!>?3
Complete blinding with this type of biologic

agent is challenging, but our primary end point
was objective and was probably unaffected by
the possible unblinding of the trial data to the
investigators.*1¢3>% Finally, the secondary end
points did not meet thresholds for statistical
significance, and the trial was probably under-
powered to address them.

In this trial involving patients with type 1 dia-
betes, treatment with teplizumab administered
intravenously every day for two 12-day courses re-
sulted in benefits with respect to the primary end
point of maintenance of 3-cell function. However,
it did not result in significant differences with re-
spect to the key secondary end points.
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