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Abstract

Hyperglucagonemia contributes to hyperglycemia in patients with type 1 diabetes (T1D); however,
novel therapeutics that block glucagon action could improve glycemic control. This phase 2 study
evaluated the safety and efficacy of volagidemab, an antagonistic monoclonal glucagon receptor
antibody, as an adjunct to insulin therapy in adults with T1D. The primary endpoint was change in
daily insulin use at week 12. Secondary endpoints included change in hemoglobin Alc (HbAlc)
at week 13, change in average daily blood glucose concentration and time within target range as
assessed by CGM and seven-point glucose profile at week 12, , incidence of hypoglycemic events,
proportion of subjects who achieve HbA1c reduction of > 0.4%, volagidemab drug concentrations,
and incidence of anti-drug antibodies. . Eligible participants (n=79) were randomized to receive
weekly subcutaneous injections of placebo, 35 mg volagidemab, or 70 mg volagidemab.
\olagidemab produced a reduction in total daily insulin use at week 12 (35 mg volagidemab:
=7.59 U (95% CI: —-11.79, -3.39; p=0.040 vs placebo; 70 mg volagidemab: —6.64 U (95% CI:
-10.99, -2.29; p=0.084 vs placebo; placebo: —=1.27 U (95% CI: -5.4, 2.9)) without meeting the
prespecified significance level (p<0.025). At week 13, the placebo-corrected reduction in HbAlc
percentage was —0.53 (95% CI = -0.89 to —0.17, nominal p=0.004) in the 35 mg volagidemab
group and —0.49 (95% CI = -0.85 to —0.12, nominal p=0.010) in the 70 mg volagidemab group.
No increase in hypoglycemia was observed with volagidemab therapy; however, increases in
serum transaminases, LDL-cholesterol, and blood pressure were observed. Although the primary
end point did not meet the prespecified significance level, we believe that the observed reduction
in HbAlc and tolerable safety profile provide a rationale for further randomized studies to define
the long-term efficacy and safety of volagidemab in patients with T1D. NCT03117998

Editor summary:

A phase 2 study testing glucagon receptor antagonist volagidemab as an adjunct to insulin therapy
in patients was found to be safe and tolerable. Although the primary endpoint of reduction in daily
insulin usage was not met, volagidemab therapy was associated with improved glycaemic control
compared to placebo.

Introduction

Type 1 diabetes (T1D) is caused by autoimmune destruction of pancreatic p-cells that
results in insulinopenia. However, the pathophysiology of T1D involves both an absence of
insulin and an increase in post-prandial glucagon concentrations. Increases in glucagon
concentrations have been linked to deterioration of glucose control?. Excess glucagon
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increases endogenous glucose production, raises plasma glucose concentrations, and
contributes to the hyperglycemic burden. Correcting hyperglucagonemia represents an
approach for the development of novel therapeutics to improve glycemic control in patients
with T1D.

The physiological importance of glucagon in T1D has been demonstrated in animal models.
In the setting of complete insulin deficiency, glucagon receptor (GCGR) knock-out mice
maintain normal blood glucose concentrations and glucose tolerance®#. These mice also
have normal body weight, food intake, and energy expenditure. In addition, administration
of a glucagon receptor antagonist in mice with absolute insulin deficiency restores
euglycemia®. Accordingly, blocking glucagon action could have considerable therapeutic
effects on glycemic control in patients with T1D.

\olagidemab is a human 1gG2 monoclonal antibody that binds to the human GCGR and
competitively blocks GCGR interaction with glucagon, inhibiting downstream receptor
functions®8. In a phase 1 study, a single dose of volagidemab given to participants with
T1D decreased average glucose concentrations by ~27 mg/dl and reduced exogenous insulin
requirements by 26%/. The present study was a randomized, blinded, placebo-controlled
trial conducted to evaluate the efficacy, safety, and pharmacodynamics of chronic dosing
with volagidemab (35 mg or 70 mg given subcutaneously once weekly for 12 weeks)

in patients with T1D who are unable to achieve adequate glycemic control with insulin
treatment alone.

Study participants

Men and women between 18 and 65 years of age with T1D who had a fasting C-peptide
<0.7 ng/mL and hemoglobin Alc (HbAlc) >7% and <10% were eligible to participate in
this trial. Participants were required to be on a stable insulin treatment regimen, with either
multiple daily insulin injections or continuous subcutaneous insulin infusion, for at least 8
weeks before screening. Other inclusion and exclusion criteria are provided in Methods.

A total of 79 participants were enrolled between 23 January 2019 and 14 July 2020.
Participants were randomized 1:1:1 to one of three treatment groups: placebo, 35 mg
volagidemab, or 70 mg volagidemab, administered by subcutaneous injection once weekly
(Figure 1). All study treatment doses were administered in the research clinic. All
participants (n=79) were included in the safety analysis; clinical efficacy was evaluated in 78
participants because one participant in the placebo group discontinued the study early due
to non-compliance. Baseline characteristics of participants are provided in Table 1. Overall,
in all participants, median age was 42 years (interquartile range [IQR]: 28-52 years) and
55.7% of participants were female. Median time since diagnosis of T1D was 19.5 years
(IQR: 11.4-33.5 years). Mean average daily total insulin dose at baseline was 42.6 units
(SD=15.4), 47.1 units (SD=17.1), and 50.0 units (SD=17.9) in the 35 mg volagidemab, 70
mg volagidemab, and placebo arms, respectively, and mean HbAlc at baseline was 8.1%
(SD=0.92), 7.9% (SD=0.80), and 7.8% (SD=0.60), respectively.
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Efficacy Analyses

Daily Insulin Use—The primary endpoint was change from baseline at week 12 in daily
insulin use. At week 12, the least-squares (LS) mean change in total daily insulin dose
was 7.59 U (95% CI: -11.79, —3.39; p=0.040 vs placebo) in the 35 mg volagidemab group
and 6.64 U (95% CI: -10.99, —2.29; p=0.084 vs placebo) in the 70 mg volagidemab group
compared with —1.27 U (95% CI: -5.4, 2.9) in the placebo group (Figure 2A). However,
the observed reductions did not meet the prespecified significance level (i.e., both p-values
must be <0.05 or the smaller p-value must be <0.025, Methods), precluding further formal
statistical comparisons. Percentage change in total, basal, and bolus insulin dosing are
shown in Figure 2B-D.

Hemoglobin Alc (HbA1c)—The results for the prespecified secondary endpoint of
change in HbAlc at week 13 are shown in Figure 3. The LS mean change in HbAlc at week
13 was —0.64% (95% CI: —0.89, —0.39; p=0.004 vs placebo) in the 35 mg volagidemab
group and —0.60% (95% CI: —-0.86, —0.34; p=0.010 vs placebo) in the 70 mg volagidemab
group compared with —0.11% ( 95% CI: —0.35, 0.13) in the placebo group.

The proportion of participants who achieved a 0.4% or greater reduction in HbAlc (a
noninferiority margin accepted by the FDAS8) from baseline to week 13 was 54.2% (95%
Cl: 34.2, 74.2) for 35 mg volagidemab (13 of 24 participants; p=0.15 vs placebo), 54.5%
(95% CI: 33.5, 75.5) for 70 mg volagidemab (12 of 22 participants; p=0.14 vs placebo), and
30.8% (95% ClI: 12.8, 48.8) for placebo (8 of 26 participants).

Blood Glucose—Seven-point blood glucose profiles were used to assess the effect of
volagidemab on glycemic control, with change from baseline at week 12 in average daily
glucose concentration and time within target range analyzed as a prespecified secondary
endpoint. Seven-point profiles were obtained for 3 consecutive days before Day 1 of study
treatment and for 3 consecutive days after study drug dosing during weeks 4, 8 and 12; all
timepoints within each of the time periods were combined to determine the average percent
of blood glucose readings that were within the target range (70-180 mg/dl), below the target
range (<70 or <55 mg/dl) and above the target range (>180mg/dl). Changes from baseline
in these variables are shown in Figure 4. At week 12, there was a reduction in average

daily glucose concentration, an increase in the percent of blood glucose readings within the
target range, and a decrease in the percent above the target range in the volagidemab groups
compared with the placebo group, though the p-values were <0.05 and the differences
observed at 12 weeks were not as great as at weeks 4 and 8. The percent of blood glucose
readings that were below the target range was similar between the volagidemab groups and
the placebo group across all timepoints.

Continuous blood glucose monitoring (CGM) was also used to assess the effect of
volagidemab on glycemic control. Participants wore a blinded Dexcom G6 for a minimum
of 1 week at baseline (before the Day 1 study visit) and for 1 week after the week 4, 8, and
12 study visits. However, a large amount of CGM data was lost due to device and sensor
malfunction resulting in a small number of complete datasets that included baseline and
week 4, 8, and 12 results (n=12-16 in each group). The data for this limited evaluation are
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generally consistent with the findings from the 7-point profile and are provided in Extended
Data Figure 1. As the product of the ratio of average glucose (week 12/baseline) and ratio
of average insulin use (week 12/baseline) is derived from the CGM data, the results of the
product of the ratios could not be reported.

Body Weight—Change in weight from baseline was evaluated as a pre-specified
exploratory outcome. Mean (xSD) change from baseline in body weight at week 12

was 1.0 kg (x1.23), 0.8 kg (£2.31), and 0.4 kg (+2.57), in the 35 mg volagidemab, 70

mg volagidemab, and placebo groups, respectively. P-values for the differences in weight
change among the three groups were >0.05.

Post-hoc Analyses—A post-hoc analysis of the proportion of participants who achieved
a HbAlc level of 7.0% or less at week 13 was performed. The proportion of participants
who achieved an HbAlc level of 7.0% or less at week 13 was 50.0% (95% ClI: 30.0, 70.0)

in the 35 mg volagidemab group (12 of 24 participants; p=0.11 vs placebo), 36.4% (95% ClI:
16.4, 56.4) in the 70 mg volagidemab group (8 of 22 participants; p=0.11 vs placebo) and
15.4% (95% CI: 1.4, 29.4) in the placebo group (4 of 26 participants) (Extended Data Figure
2).

An additional post-hoc analysis was performed to examine HbAlc reduction in the subset
of participants with baseline HbAlc >7.5%. In these participants, the LS mean reduction
in HbAlc was —0.93% (95% Cl: -1.27, —=0.59) in those treated with 35 mg volagidemab
(n=16; p=0.003 vs placebo), —0.54% (95% CI: -0.87, —0.21) in those treated with 70 mg
volagidemab (n=17; p=0.094 vs placebo), and -0.12% (95% CI: —0.48, 0.24) in those
treated with placebo (n=15).

Pharmacokinetic Assessment

Plasma concentrations of volagidemab at week 13, after administration of multiple doses by
SC injection, were approximately dose-proportional, with a mean plasma concentration of
7,040 ng/mL (coefficient of variance [CV] = 40.6%) in the 35 mg volagidemab group and
15,700 ng/mL (CV = 27.8%) in the 70 mg volagidemab group (Supplementary Table 1).

Anti-Drug Antibodies

A small proportion of participants (2 participants in each treatment group) had low levels
of pre-existing (pre dosing) anti-volagidemab antibodies. No increase in the proportion
of participants with anti-volagidemab antibodies was observed with volagidemab dosing
through the end of the study (Day 162) (Supplementary Table 2).

Safety and Tolerability

Overall, volagidemab was well-tolerated. Adverse events of any grade occurred with similar
frequencies in the volagidemab and placebo treatment groups (69.2% in both 35 mg and 70
mg volagidemab and 74.1% in placebo). Upper respiratory tract infection was reported at

a higher incidence in the volagidemab treatment groups compared with the placebo group
(Table 2). Most adverse events were grade 1 or 2 as reported by the Investigator based on
Common Terminology Criteria for Adverse Events (CTCAE) version 4.03. CTCAE grade 3
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or higher adverse events were reported in 3.8%, 11.5%, and 11.1% of participants treated
with 35 mg volagidemab, 70 mg volagidemab, and placebo, respectively. The only Grade =3
event reported in more than 1 participant was hypoglycemia.

Hypoglycemia of any grade was reported as an adverse event by the Investigator with similar
frequency in volagidemab and placebo treatment arms, occurring in two participants treated
with 35 mg volagidemab (7.7%), one treated with 70 mg volagidemab (3.8%), and two
treated with placebo (7.4%) (Table 2). Two of these events were CTCAE grade 3 (defined as
<40 mg/dL): in one participant treated with 70 mg volagidemab (3.8%) and one participant
(3.7%) treated with placebo. One of these grade 3 events required a visit to the emergency
room and was considered a serious adverse event possibly related to study treatment.
Hypoglycemia levels defined by the American Diabetes Association (ADA, i.e., levels 1-3)
were not reported because the current study was designed before the development of the
ADA classification.

Abnormal laboratory values and vital signs observed previously with other GCGR inhibitors
were analyzed as AEs of special interest, and included increases in serum ALT and AST
activity, low-density lipoprotein (LDL) cholesterol, and blood pressure (Extended Data
Figure 3). Increases in serum ALT and AST activity were greater in participants treated with
volagidemab compared with placebo-treated participants (Extended Data Figure 3A -B).
Mean increases in ALT and AST activity tended to peak between week 5 and week 7 at
approximately 2-fold above baseline values and then trend toward the normal range with
continued volagidemab dosing. Peak mean ALT activity was 40U/L (95% ClI: 28.0, 52.0)

at week 7 in the 35 mg volagidemab group and 46 U/L (95% CI: 31.7, 60.3) at week 5 in
the 70 mg volagidemab group; peak mean AST activity was 39 U/L (95% ClI: 29.5, 48.5)

at week 13 in the 35 mg vola group and 38 U/L (95% CI: 31.9, 44.1) at week 5 in the

70 mg volagidemab group). Volagidemab treatment was rarely associated with transaminase
increases that were more than 3 x upper limit of normal (ULN) and transaminase increases
did not result in any participant discontinuing therapy. An ALT value that was =3 x ULN
was observed in one participant at weeks 2 and 3 in the 35 mg volagidemab group and in
one participant at weeks 3-9 in the 70 mg volagidemab group. An AST value =3 x ULN
was observed in one participant at weeks 7 and 13 in the 35 mg volagidemab group and in
one participant at week 13 in the 70 mg volagidemab group. No participant met criteria for
Hy’s Law of drug induced liver injury, which is defined as ALT and/or AST >3 x ULN and
concomitant bilirubin =2 x ULN®. All abnormal transaminase activity returned to normal at
the follow-up visit conducted at 12 weeks after discontinuation of therapy (Extended Data
Figure 3A-B).

Increases in mean LDL-cholesterol concentrations were observed in participants treated with
volagidemab compared with placebo (Extended Data Figure 3C). Mean LDL-cholesterol
concentrations were 111 mg/dL (95% CI: 99.6, 122.4) and 111 mg/dL (95% CI: 103.4,
188.6) at baseline in the 35 mg and 70 mg volagidemab-treated participants, respectively.
Peak mean increases of 11 mg/dL (95% ClI: 3.6, 18.4) and 17 mg/dL (95% ClI: 9.6, 24.4)

in participants treated with 35 mg volagidemab and 70 mg volagidemab, respectively, were
observed at week 3 and tended to be lower at the next visit at week 5. At week 13,

the differences relative to baseline were 2.7 mg/dL (95% CI: -3.9, 9.3) and 8.5 mg/dL
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(95% CI: 1.9, 15.1) in participants treated at 35 mg volagidemab and 70 mg volagidemab,
respectively.

Systolic and diastolic blood pressure increased from baseline in the volagidemab groups
compared with the placebo group, with a maximum mean increase in systolic pressure of 4
mm Hg (95% CI: 0.0, 8.0) at week 2 in participants treated with 35 mg volagidemab and

5 mm Hg (95% CI: 0.8, 9.4) at week 5 in participants treated with 70 mg volagidemab
(Extended Data Figure 3D-E).

Circulating amino acid (AA) concentrations were evaluated in a subset of participants.
Alanine, arginine, citrulline, glutamate, glutamine, glycine, ornithine, and proline were
measured in the fasting state at baseline, end of treatment (week 13), and follow up (week
24). All AAs were elevated with treatment by 1.4-2.3 fold. In general, elevations were
numerically higher with the 70 mg dose compared to 35 mg. AA concentrations returned to
baseline values after drug discontinuation by week 24 (Supplementary Table 3).

Discussion

Volagidemab is a monoclonal antibody antagonist that competes with glucagon for binding
at the active site of the glucagon receptor. This phase 2, randomized controlled trial of
volagidemab as an adjunct to insulin dosing in patients with T1D did not meet the primary
endpoint of changes in daily insulin dosing at 12 weeks compared with placebo. No increase
in hypoglycemia was observed with volagidemab therapy; however, increases in serum
transaminases, LDL-cholesterol, and blood pressure were observed.

Reduction of insulin dose was chosen as the primary endpoint as hyperinsulinemia has

been associated with increases in insulin resistance, endothelial dysfunction, and obesity in
T1D10-12 Reducing hyperinsulinemia might ultimately be a novel target in the management
of patients with T1D. Although a nominal reduction in daily insulin requirement at 12
weeks was observed in the 35 mg volagidemab group compared to placebo, the p-value

was not significant (p=0.040) and the reduction observed may not have varied greatly

from the reduction observed in the 70 mg volagidemab group compared with placebo
(p=0.084). We believe these dose reductions are clinically significant; however, they are

not of the magnitude that would be predicted by the so-called glucagon-centric view of
diabetes!3. Preclinical work has shown that either knocking out the glucagon receptor or
treating with a glucagon receptor antagonist in mouse models of T1D can eliminate the
need for exogenous insulin to maintain euglycemia®#. By contrast, we report non-significant
insulin dose reductions of up to —7.59U in patients with T1D. Several potential reasons
could explain the lack of larger insulin dose reductions observed in our study. First,
glucagon blockade has been shown to increase functional beta cell mass in mouse models of
T1D4. The mechanism for this increased beta cell mass is believed to occur via alpha cell
hyperplasia with resulting alpha to beta cell transdifferentiation. In humans, however, there
is no evidence that this transdifferentiation occurs. Second, human islets have been shown
to have markedly different cell composition, relative alpha cell content, and architecture
compared with murine islets>17. These species differences could explain the observed
differential effects of glucagon receptor antagonist treatment in this study.

Nat Med. Author manuscript; available in PMC 2023 April 03.
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Although the observed reductions in insulin dosing for either dose of vola were not
statistically significant, we observed improvements in glycemic control (HbAZLc) in patients
treated with volagidemab. The mean decrease in HbAlc from baseline was ~0.5% greater

in the volagidemab groups than in the placebo group. HbA1lc reductions were larger in
participants with higher baseline HbAlc values. Specifically, in participants with baseline
HbA1c >7.5%, 35 mg volagidemab reduced HbA1c by 0.93%. The available results of the
seven-point profile provide additional evidence for an improvement in glycemic control with
volagidemab therapy and demonstrated an increase in the percent of blood glucose readings
within the target range at selected timepoints in participants treated with volagidemab versus
placebo. No differences in the percent of blood glucose readings below the target range (<55
or <70 mg/dL) were observed with either dose of volagidemab compared with placebo. We
plan to confirm the effects of volagidemab treatment on HbAlc in larger, phase 3 studies.

Considering the current treatment landscape, we consider the reductions in HbAlc observed
in this study to be clinically meaningful. Other tested adjunctive therapies in T1D include
sodium glucose cotransporter-2 inhibitors (SGLT-2i) and glucagon-like peptide-1 receptor
agonists (GLP-1 RAs). While these compounds achieve very robust HbAlc reductions in
patients with T2D, their results in T1D are much more modest. Large trials in patients

with T1D have demonstrated HbAlc reductions of 0.2-0.4% for both SGLT-2i and GLP-1
RAs!8, Furthermore, GLP-1 RA therapy was associated with higher rates of hypoglycemia
and hyperglycemia with ketosis; similarly, SGLTi therapy increased rates of diabetic
ketoacidosis'921. Thus, neither therapy is actively being pursued in patients with T1D,

and a large unmet need to help patients achieve glycemic targets still exists.

The safety profile of volagidemab was consistent with other GCGR antagonists?2:23, There
was no change in weight or increase in hypoglycemia. However, treatment did increase
liver transaminase levels, blood pressure, and LDL cholesterol. We observed an increase

in serum ALT and AST concentrations with volagidemab treatment which subsided over
time. These increases were usually transient and were not associated with an increase in
serum bilirubin concentration, which is a sign of severe drug-induced liver injury. Indeed,
we are not aware of any reports that have found drugs that block glucagon signaling cause
changes in liver biochemistries meeting the criteria for Hy’s law, which is an index of severe
drug-induced liver injury. Treatment with a small molecule GCGR antagonist, LY2409021,
has been associated with increases in serum transaminase and intrahepatic triglyceride in
patients with type 2 diabetes®. It is possible that the increase in serum transaminase activity
that was observed with volagidemab therapy in our participants was also due to changes

in amino acid metabolism and represent a physiologic adaptation, rather than a pathologic
effect, of GCGR blockadel. Future, phase 3 studies will utilize MRI-PDFF examinations to
determine if elevations in AST/ALT are associated with increases in hepatic fat.

Volagidemab therapy was also associated with increases in serum LDL-cholesterol
concentration and blood pressure. A similar effect on serum LDL-cholesterol has

been observed previously with other GCGR antagonists?425. The increase in serum
LDL-cholesterol concentrations declined after reaching a peak value despite continued
volagidemab therapy, suggesting a transient effect. An increase in systolic and diastolic
blood pressure was also observed previously with other GCGR antagonists?®. One potential
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explanation for this effect is that the excess glucagon from secondary hyperglucagonemia
may increase cardiac ionotrophy2?. The variance of blood pressure data collected in our
participants was high. A larger data set with ambulatory blood pressure monitoring is
necessary to fully define the effect of GCGR blockade on blood pressure.

This study also has several limitations. Device malfunction resulted in a substantial loss

of CGM data, which makes it difficult to make meaningful assessment of those data.

The study was only 12 weeks in duration, so we are unable to determine the effect

of longer-term therapy. We excluded patients with T1D who had a history of severe
symptomatic hypoglycemic and, therefore, cannot assess the effect of volagidemab therapy
on hypoglycemia in that high-risk population. Glucagon is an important counterregulatory
hormone in the treatment of severe hypoglycemia, however, this study did not address

the question of how patients receiving volagidemab therapy would respond to exogenous
glucagon administration in the event of a severe hypoglycemic reaction and no participants
received glucagon rescue therapy during the study. A separate study is currently being
designed to answer this clinical question. During the study, participants were seen weekly to
provide careful monitoring of AEs. Weekly visits do not reflect real world care of patients
with T1D, and it is possible this close monitoring could have affected the observed treatment
effects.

Our study represents the largest cohort of individuals with T1D treated with a glucagon
receptor antagonist to date. Although the primary endpoint of reductions in daily insulin
dosing at 12 weeks was not met, we did observe reductions in HbAlc in patients with T1D
treated with volagidemab. Once-weekly subcutaneous injections of volagidemab were safe
and well tolerated, with adverse events being generally mild and dissipated. We believe that
these data support the ongoing development of volagidemab as an adjunct to insulin for
patients with T1D.

Online Methods

Study Design

This study (R477-202) was a randomized, placebo-controlled, double-blind study to
evaluate the efficacy, safety, and PD of multiple doses of volagidemab in participants with
T1D who had inadequate glycemic control with insulin treatment.

The primary endpoint was the change from baseline in daily insulin use at week 12.
Secondary endpoints included change from baseline at in HbAlc week 13, the proportion
of participants who achieved target HbA1c reduction (= 0.4%), time-in-range, incidence
of hypoglycemic events, and safety/tolerability (incidence of adverse events and clinically
relevant changes in medical history, physical examination, laboratory safety values,

and ECGs). The proportion of participants who achieved HbA1c reduction to a target
concentration of <7.0% and HbA1c reduction in the subset of participants with baseline
HbA1c =7.5% were analyzed as post-hoc analyses.

The study was conducted at 11 sites in the United States from 23 January 2019 through
05 March 2021, at which time the study was complete. The study was conducted in
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accordance with ICH guidelines, the principles of good clinical practice (GCP), and all
applicable regulatory requirements. The protocol was approved by an institutional review
board (IRB) for each study site: University of California, San Diego — Human Research
Protections Program, Washington University Research Protection Office, WCG IRB (for
University of Colorado), and Advarra IRB (for all other sites). No major protocol deviations
occurred during the study. All participants provided written informed consent. Participants
received compensation in the form of a travel stipend. The study was registered with
ClinicalTrials.gov (NCT03117998).

Participants

This study was conducted in 79 patients with T1D who met the following eligibility criteria.

Inclusion criteria:
1.

10.
11.

Men and women between the ages of 18 and 65 years old, inclusive, at the time
of screening;

Females of non-childbearing potential must be > 1 year post-menopausal
(confirmed by a serum follicle-stimulating hormone (FSH) concentrations =

40 1U/mL) or documented as being surgically sterile. Females of childbearing
potential must agree to use two methods of contraception during the entire study
and for an additional 3 months after the end of dosing with the investigational
product;

Male participants must be willing to use clinically acceptable method of
contraception during the entire study and for an additional 6 months after the
end of the treatment period;

Body mass index between 18.5 and 32 kg/m2, inclusive, at screening (note that
the subject’s total daily insulin should be < 1.0 unit/kg);

Diagnosed with Type 1 diabetes based on clinical history or as defined by the
current American Diabetes Association (ADA) criteria;

HbAlc > 7% and < 10% at screening;
Fasting C-peptide < 0.7 ng/mL;

Treatment with a stable insulin regimen for at least 8 weeks before screening
with MDI or CSII

Willing to use study-dedicated CGM system (e.g. DexCom) throughout the
study, participants may continue to use personal CGM systems during the study
but must be on stable use for at least 3 months prior to Screening;

ALT and/or AST < 1.5x ULN at screening;

Able to provide written informed consent approved by an Institutional Review
Board (IRB).
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Exclusion criteria:

1. History or evidence of clinically-significant disorder or condition that, in the
opinion of the Investigator, would pose a risk to participant safety or interfere
with the study evaluation, procedures, or completion;

2. Significant organ system dysfunction (e.g., clinically significant pulmonary
or cardiovascular disease, anemia [Hemoglobin < 10.0 g/dL], known
hemoglobinopathies, and renal dysfunction [eGFR < 60 ml/min]);

3. Any severe symptomatic hypoglycemic event associated with a seizure or
requiring help from other people or medical facility in the past 6 months;

4. Myocardial infarction, unstable angina, revascularization procedure, or
cerebrovascular accident < 12 weeks before screening;

5. History of New York Heart Association Functional Classification I11-1V cardiac
disease;
6. Current or recent (within 1 month of screening) use of diabetes medications

other than insulin — participants on an SGLT2 inhibitor should discontinue the
SGLT2 inhibitor during the Screening Period, at least 2 weeks prior to the start of
the Lead-in Period,;

7. Use of steroids and/or other prescribed or over-the-counter medications that
are known to affect the outcome measures in this study or known to influence
glucose metabolism;

8. Smokes > 10 cigarettes/day and/or is unwilling to abstain from smoking during
the admission periods;

9. Known sensitivity to mammalian-derived drug preparations, recombinant
protein-based drugs or to humanized or human antibodies;

10.  History of illicit drug use or alcohol abuse within the last 6 months or a positive
drug urine test result at screening;

11.  History of pancreatitis, pancreatic neuroendocrine tumors or multiple endocrine
neoplasia (MEN) or family history of MEN; 12. History of pheochromocytoma,
or family history of familial pheochromocytoma;

12.  Known or suspected susceptibility to infectious disease (e.g. taking
immunosuppressive agents or has a documented inherited or acquired
immunodeficiency);

13.  Known history of positive for human immunodeficiency virus (HIV) antibodies,
hepatitis B surface antigen (HbsAg), or hepatitis C antibodies (HepC Ab);

14.  Participation in an investigational drug or device trial within 30 days of screening
or within 5 times the half-life of the investigational agent in the other clinical
study, if known, whichever period is longer;

15.  Blood donor or blood loss > 500 mL within 30 days of Day 1;
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16. Women who are pregnant or lactating/breastfeeding;

17.  Unable or unwilling to follow the study protocol or who are non-compliant with
screening appointments or study visits;

18.  Any other condition(s) that might reduce the chance of obtaining study data, or
that might cause safety concerns, or that might compromise the ability to give
truly informed consent.

Study Treatment

Enrolled participants were randomized 1:1:1 into one of three treatment groups: placebo,
35 mg volagidemab, or 70 mg volagidemab. Participants were randomized in a double-
blind fashion based on the sequential order in which they met eligibility using a
randomization block size of 3. A blinded central randomizer was used assign a unique
subject randomization number for each subject randomized into this study. Randomization
was based on a randomization schedule prepared by the contract research organization’s
designated unblinded biostatistician and provided to the unblinded site pharmacist or
designee before the start of the study. Participants, study investigators, and all staff
associated with the study conduct were blinded, with the exception of the unblinded
pharmacist at each site and the biostatistician preparing the randomization schedule.

Prior to initiating study treatment, a minimum 1-week Lead-In period was required for all
participants, during which participants were required to wear a CGM device and to record
daily insulin use. Study-provided CGM devices were “blinded” (i.e., CGM data was not
available to participants or Investigators). All participants could monitor glucose values by
fingerstick or their own CGM, if these modalities were part of their usual care before the
study.

Following the Lead-In Period, participants received once weekly subcutaneous (SC)
injections of placebo, 35 mg volagidemab, or 70 mg volagidemab for 12 weeks (12 total
doses). All visits were outpatient. Each dose was divided into two blinded 0.5 mL volume
SC injections administered to the subject’s anterior abdominal wall, for a total dose volume
of 1 mL. Participants randomized to placebo received two 0.5 mL SC injections of blinded
placebo on each scheduled day of dosing; participants randomized to 35 mg volagidemab
received one 0.5 mL SC injection of 70 mg/mL volagidemab and one 0.5 mL SC injection
of placebo on each scheduled day of dosing; participants randomized to 70 mg volagidemab
received two 0.5 mL SC injections of 70 mg/mL volagidemab on each scheduled day of
dosing. To mitigate a potential risk of hypoglycemia, participants with HbA1C < 8.0% at
screening, could reduce their total insulin dose by 10-20% on the day of randomization, at
the discretion of the investigator.

After completion of the 12-week dosing, participants were followed for an additional 12
weeks during washout in the Safety Follow-up Period.

Study Assessments

Participants were evaluated for daily insulin requirements, measures of glycemic control,
and safety at baseline and regularly throughout the treatment period and during the 12-
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week Safety Follow-up Period. Daily insulin requirements were assessed through the use
of dosing diaries. Measurements of blood HbAlc concentrations, CGM, and seven-point
glucose profiles were conducted to assess the effect of volagidemab versus placebo on
glucose variability and metabolic control. Blood samples were collected on Days 1, 8,
29, 57, 85, and 106 and assayed for volagidemab serum concentration. Anti-volagidemab
antibody samples were collected pre-dose on Days 1, 85, and at the End of Study Visit
(Day 162). Safety assessments included physical examinations, measurement of vital
signs, clinical laboratory tests, and electrocardiograms (ECG). Participants were assessed
for adverse events and event severity was graded by Common Terminology Criteria for
Adverse Events (CTCAE) version 4.03. Medidata Rave EDC version 2016.4.1 was used for
electronic data capture and review.

Statistical Analyses

Statistical analyses were performed using Statistical Analysis Software (SAS®) version 9.4.

For the analysis of the primary endpoint, a sequential stepwise hypothesis and a Hochberg
testing procedure were used to allow for multiple testing while preserving the overall
significance level of the trial. A repeated measures analysis of covariance (ANCOVA)
was used to compare the changes (as the primary analysis) and percentage changes (as a
sensitivity analysis) from baseline in daily insulin use between treatment groups for each
timepoint. The LS mean for each treatment and the difference between treatments was
presented for each timepoint with 95% Cls and p-values as applicable based on following
sequential testing methods:

. Step 1: Effect of Vblagidemab. The Hochberg procedure was used to assess
(2) the superiority of 70 mg volagidemab compared to placebo and (2) the
superiority of 35 mg volagidemab compared placebo. If the larger of the two
p-values was less than the significance level (ie, 0.05), then both tests were
considered to have reached statistical significance. Otherwise, if the smaller of
the two p-values was less than half of the significance level (ie 0.025), then the
corresponding test was considered to have reached statistical significance.

. Step 2: Dose Comparison. If at least one of the two doses of volagidemab was
found to be superior to placebo, then the two doses of volagidemab were to be
compared using the same significance level as that used to claim significance of
either dose of volagidemab.

The power calculation for the primary endpoint (difference in the change from baseline

in daily insulin use) was based on the assumption that daily insulin requirement would

not change in the placebo group and would decrease in the volagidemab treatment group.
Based on expected coefficient of variation of the daily insulin requirement of ~36%, it was
estimated that = 22 subjects in each group (treatment and placebo) would be sufficient to
detect a difference of at least 30% with a power of 0.8, and an alpha value of 0.05. To ensure
statistical power, and to avoid inadequacy due to unanticipated subject dropout, enroliment
of 25 participants per group was planned.
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Descriptive statistics (including means, medians, standard deviations, and/or ranges for
continuous data and frequency counts for categorical data) are provided for selected
demographics, safety and PD data.

For selected measures of glycemic control, least squares means with standard error

are provided and nominal P-values were calculated based on differences between each
volagidemab group versus the placebo group. For comparison of proportion of subjects that
achieve HbA1c reduction of = 0.4% in the volagidemab and placebo groups, a chi-square
test was conducted. All statistical tests were 2-sided.
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Extended Data Figure 1. Blood glucose concentrations from continuous glucose monitoring
Blood glucose concentration data from available continuous glucose monitoring data are

presented as least square means with error bars representing 95% confidence intervals for
participants treated with placebo (n=27), 35 mg volagidemab (n=26), or 70 mg volagidemab
(n=25). Change in a, average daily glucose; b, percent of samples in target range (70-180
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mg/dL); c, percent of samples below target range (<70 mg/dL); d, percent of samples below
target range (<55 mg/dL); e, percent samples above target range (>180 mg/dL).
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Extended Data Figure 2. Proportion of patients who reached target hemoglobin Alc <7.0
The proportion of patients who reached a target HbAlc level of <7.0 are presented for

participants treated with placebo (n=27), 35 mg volagidemab (n=26), or 70 mg volagidemab
(n=25). Error bars represent 95% confidence intervals.
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Extended Data Figure 3. Adverse events of special interest
Adverse event data are presented as arithmetic means with error bars representing 95%

confidence intervals for participants treated with placebo (n=27), 35 mg volagidemab
(n=26), or 70 mg volagidemab (n=26). Change in a, serum alanine aminotransferase (ALT);
b, serum aspartate aminotransferase (AST); ¢, low-density lipoprotein (LDL) cholesterol; d,
systolic blood pressure (SBP); and e, diastolic blood pressure (DBP).
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FOLLOW-UP ALLOCATION ENROLLMENT
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Figure 1. Patient disposition
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Figure 2. Daily insulin use
Daily insulin use data are presented as change

8 12

or percent change from baseline in least

square means with error bars representing 95% confidence intervals for participants treated
with placebo (n=27), 35 mg volagidemab (n=26), or 70 mg volagidemab (n=25). a, Change
in average daily total; b, percent change in average daily total; ¢, percent change basal and;

d, percent change bolus insulin dose.
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Figure 3. Hemoglobin Alc over time
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Percent HbAlc data are presented as change from baseline in least square means with error
bars representing 95% confidence intervals for participants treated with placebo (n=27), 35
mg volagidemab (n=26), or 70 mg volagidemab (n=25).Two-sided p-values are indicated

for differences at Week 13, as assessed by a repeated measures analysis of covariance

(ANCOVA) test.
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Figure 4. Blood glucose concentrations from 7-point profile
Blood glucose concentration data from 7-point profiles are presented as change from

baseline in least square means with error bars representing 95% confidence intervals for
participants treated with placebo (n=27), 35 mg volagidemab (n=26), or 70 mg volagidemab
(n=25).Change in a, average daily glucose; b, percent of samples in target range (70-180
mg/dL); c, percent of samples below target range (<70 mg/dL); d, percent of samples below
target range (<55 mg/dL); e, percent samples above target range (>180 mg/dL).

Nat Med. Author manuscript; available in PMC 2023 April 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pettus et al.

Page 24

Table 1.
Baseline characteristics of study participants
Volagidemab
35mg 70 mg Placebo Overall
(N=26) (N=26) (N=27) (N=79)

Age, years

Median (IQR) 45 (31-51) 40 (23-48) 44 (28-57) 42 (28-52)

Min, max 18, 64 19, 65 20, 65 18, 65
Sex, n (%)

Male 11 (42.3) 9 (34.6) 15 (55.6) 35 (44.3)

Female 15 (57.7) 17 (65.4) 12 (44.4) 44 (55.7)
Race, n (%)

White 21 (80.8) 23 (88.5) 27 (100) 71 (89.9)

Black or African American 3(11.5) 2(7.7) 0 5(6.3)

Asian 0 0 0 0

Native Hawaiian or other Pacific Islander 1(3.8) 0 0 1(1.3)

Other 1(3.8) 1(3.8) 0 2(2.5)
Mean BMI (SD), kg/m? 25.9 (3.38) 26.8 (3.39) 25.9 (3.34) 26.2 (3.35)
Time since T1D diagnosis, years

Median (IQR) 22.4(9.4-32.2) | 16.7 (11.4-29.7) | 23.0 (13.2-35.6) | 19.5 (11.4-33.5)

Min, max 22,385 2.7,48.4 1.9,54.6 1.9,54.6
Mean (SD) average daily insulin use, U

Basal 23.7 (12.3) 25.9 (10.4) 23.4 (10.0) -

Bolus 19.9 (8.3) 21.4 (9.5) 26.3 (12.4) .

Total 42.6 (15.4) 47.1(17.1) 50.0 (17.9) .
Mean (SD) HbAlc, % 8.1(0.92) 7.9 (0.80) 7.8 (0.60) .

Abbreviations: BMT, body mass index; HbA1c, hemoglobin Alc; SD, standard deviation; T1D, Type 1 diabetes; U, units.

Note: An analysis of variance test was used to compare baseline patient characteristics across treatment groups in a post-hoc analysis. P-values

were >0.05 for all between-group differences.
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Most common treatment-emergent adverse events (occurring in =3% of participants overall)

Table 2.

Volagidemab

35mg 70 mg Placebo Total
Participants with Adverse Event, n (%) (N=26) (N=26) (N=27) (N=79)
Any adverse event 18(69.2) | 18(69.2) | 20(74.1) | 56 (70.9)
Upper respiratory tract infection 2(7.7) 6 (23.1) 8(10.1)
Nausea 3(115) | 3(1L5) 6 (7.6)
Dizziness 2(7.7) 2(7.7) 1(3.7) 5(6.3)
Hypoglycemia 2(7.7) 1(3.8) 2(7.4) 5(6.3)
Headache 2(7.7) 2(7.7) 4(5.1)
Food poisoning 1(3.8) 2(7.4) 3(3.8)
Hyperglycemia 2(7.7) 1(3.7) 3(3.8)
Hypertension 2(7.7) 1(3.8) 3(3.8)
Pain in extremity 1(3.8) 2(7.9) 3(3.8)
Rash 1(3.8) 1(3.8) 1(3.7) 3(3.8)
Viral upper respiratory tract infection 1(3.8) 2(7.9) 3(3.8)
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