C LI NI CA L

RE SE AR CH

A RT IC LE

Attenuation of Insulin Action by an Allosteric Insulin
Receptor Antibody in Healthy Volunteers
Kirk W. Johnson,1 Ann Neale,1 Allan Gordon,1 Julie Roessig,1 Padma Bezwada,1
Sabine Vukelich,1 Ira Goldfine,1 and Paul Rubin1
1

Research and Development, XOMA Corporation, Berkeley, California 94710

Background: XOMA 358 (X358) is a fully human monoclonal antibody to the insulin receptor that
acts as a negative allosteric modulator of insulin signaling. It is being developed as a novel treatment
of hyperinsulinemic hypoglycemia. This report describes pharmacokinetic (PK) and pharmacodynamic (PD) data from a first-in-human clinical trial.
Methods: A double-blind, placebo-controlled, single-ascending-dose study was performed with 29
healthy adult males randomized to intravenous infusion of placebo or X358 at 0.1-, 0.3-, 1-, 3-, 6-, or
9-mg/kg dose levels. The primary objective was to assess safety and tolerability, and secondary
objectives included PK and PD analyses. A short insulin tolerance test (ITT) was implemented in the 3to 9-mg/kg dose cohorts at baseline and postinfusion.
Results: There were no deaths, serious adverse events (AEs), or subject discontinuations due to AEs.
There were no clinically meaningful safety findings. X358 exhibited dose-proportional PK with a
half-life of 21 days. Dose-dependent elevations of circulating insulin levels, likely related to reduced
insulin clearance via monoclonal antibody action at receptors, represented a sensitive biomarker of
X358 exposure. X358-dependent increases in postprandial glucose levels and fasting homeostatic
model assessment of insulin resistance values were observed and persisted for at least 1 week at the
higher dose levels. In all the ITT cohorts, the slope for glucose lowering was substantially attenuated
after X358 infusion of a similar magnitude, but with increasing duration with rising dose level.
Conclusion: Single X358 infusions were well tolerated and resulted in a dose-dependent reduction
in insulin sensitivity. Clinical development of X358 in hyperinsulinemic, hypoglycemic conditions is
proceeding. (J Clin Endocrinol Metab 102: 3021–3028, 2017)

T

he treatment and prevention of hyperinsulinemic
hypoglycemia (HH) remains a serious unmet medical
need. Hypoglycemia due to elevated or dysregulated
circulating insulin levels spans all age groups. It may be
transitional or persistent in neonates, infants, and children, or in adults with postgastric surgery or it may occur
following insulin and insulin secretagogue administration
in types 1 and 2 diabetes patients of all ages (see refs. 1–10
for recent reviews and guidance). Despite progress on
pharmacological treatment options, drug approvals and
validated new approaches are limited, particularly for

persistent HH in congenital hyperinsulinism (CHI) and
post-gastric-bypass patients (3, 4, 6, 8, 11–14).
The observation about 30 years ago of autoantibodies to
the human insulin receptor (InsR) that imparted insulin
resistance (15, 16) has supported a novel pharmacological
approach utilizing monoclonal antibodies (mAbs) to attenuate insulin-mediated hypoglycemia (17, 18). A clinical
development candidate, XOMA 358 (X358, also known as
XMetD), has been identified that is a fully human immunoglobulin G2 mAb that acts in an allosteric manner to bind
to InsRs and to attenuate the action of insulin on target cells
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(17). The pharmacology of X358 has been studied in both
in vitro and in animal model systems with demonstrated
efficacy in ameliorating postprandial and fasting hypoglycemia in hyperinsulinemic conditions (17). The following report describes the first clinical evaluation of X358
in phase 1, single-administration, double-blind, placebocontrolled, ascending-dose studies in healthy adults.

described later. Safety was determined at frequent intervals by
evaluating physical examinations, vital signs, electrocardiograms
(ECGs), clinical laboratory parameters, glucose monitoring, infusion site reaction, and adverse events (AEs).

Inclusion and exclusion criteria
Eligibility criteria were typical of phase 1 clinical trial protocols
with inclusion of nonsmoking healthy subjects 18 to 45 years of
age with body mass index (BMI) $18.0 and #29.0 kg/m2 and
weight $40 kg and #90 kg at screening. Subjects were without
clinically significant medical histories, vital signs, ECGs, chest
X-rays, and physical examinations, as deemed by the investigator.
Clinical laboratory tests, at screening, included HbA1c #5.6%,
fasting plasma glucose ,100 mg/dL (on 2 separate days), and
liver and kidney function tests within the normal reference range.
Candidates were excluded if they had a first-degree relative with
type 2 diabetes mellitus; positive results for urine drug, alcohol, or
nicotine; positive tests for HIV, hepatitis C virus, or HBsAg; major
surgery or other drug trial participation in the past 90 days; supine
blood pressure greater than 140/90 mm Hg; heart rate lower than
40 bpm or higher than 99 bpm; and abnormal ECG.

Materials and Methods
Study design
This was a two-part randomized, double-blind, placebocontrolled, single-ascending-dose study. The primary objective
was to assess the safety and tolerability of single intravenous (IV)
doses of X358 when administered to healthy adult subjects. The
first part included X358 dose levels from 0.1 to 3 mg/kg and was
restricted to males. The second part included 6- and 9-mg/kg dose
levels and was open to male and female enrollment. Secondary
objectives included assessment of pharmacokinetics (PKs) and
pharmacodynamic (PD) including changes in glucose, insulin,
and C-peptide. Limited whole-blood ketone (b-hydroxybutyrate)
and serum glucagon analyses were performed. Each dosing cohort included either one to two placebo-infused or three to five
X358-treated subjects (Table 1). A short insulin tolerance test
(ITT) procedure was implemented for the 3-, 6-, and 9-mg/kg
dose cohorts to evaluate insulin sensitivity.
For each cohort, subjects underwent screening procedures
within 14 days prior to check-in. Subjects were admitted to the
clinical research unit on day –2 for the non-ITT cohorts, or on
day –3 for the ITT cohorts. Subjects remained in the clinical
research unit through completion of all scheduled postdose
procedures on day 8. Subjects returned for a follow-up visit at 9,
14, 17 (61 day), 21, 28, 35, and 42 days. Standard phase 1
breakfast, lunch, and dinner meals totaling ;2500 calories per
day were administered. PD procedures included short ITTs as

Table 1.
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Insulin sensitivity test
A short (;17-minute) ITT procedure in the higher dose test
cohorts was performed on day –1 (baseline) and days 2, 3, and 5
for the 3-mg/kg X358 cohort and with later days (days 11, 22,
and 29) included for the 6- and 9-mg/kg dose cohorts. The ITT
procedure (19) followed a 12-hour overnight fast followed by a
bolus IV injection of 0.1 U/kg insulin (Humulin R®). Blood
samples for glucose and insulin determinations were taken
approximately 5 minutes prior to the insulin dose and approximately 3, 6, 9, 12, and 15 minutes after insulin dose.
Within a few minutes of the last sampling, subjects received an
IV dose of approximately 15 g of glucose to terminate the ITT.
Morning “fasting” PD markers were always 8 to 12 hours
following a nighttime meal or snack and postprandial PD

Summary of Subject Demographics and Treatment Disposition
Treatment Cohort

Trait

0.1 mg/kg
(N = 4)

0.3 mg/kg
(N = 3)

1 mg/kg
(N = 3)

3 mg/kg
(N = 4)

6 mg/kg
(N = 5)

9 mg/kg
(N = 3)

Placebo
(N = 7)

Overall
(N = 29)

Sex
Male
100%
100%
100%
100%
100%
100%
100%
100%
Ethnicity
Hispanic
25%
67%
67%
25%
0
66.7%
71.4%
44.8%
Not Hispanic
75%
33%
33%
75%
100%
33.3%
28.6%
55.2%
Race
Black
50%
0%
33%
0%
100%
66.7%
28.6%
37.9%
White
50%
100%
67%
100%
0%
33.3%
71.4%
62.1%
Age,a y
Mean
28.8
37.0
36.3
28.8
30.0
25.0
30.3
30.6
Range
27 to 31
30 to 43
27 to 45
18 to 38
26 to 40
23 to 29
21 to 39
18 to 45
Weight,b kg
Mean
80.0
74.9
77.3
69.7
70.3
71.6
75.0
74.0
Range
73.8 to 83.3 64.0 to 87.2 73.6 to 80.0 58.7 to 82.9 62.6 to 81.9 65.1 to 75.3 to 59.1 to 82.9 58.7 to 87.2
BMI, kg/m2
Mean
25.8
26.2
25.4
24.0
23.3
22.5
24.4
24.4
Range
24.0 to 27.4 23.2 to 28.3 21.1 to 28.6 22.3 to 28.0 18.8 to 28.0 19.9 to 25.7 20.5 to 28.7 18.8 to 28.7
a

Age at time of consent.

b

Weight at time of screening.
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markers included 2-hour postdinner sampling on baseline and
postinfusion days.

Ethics and reporting
This protocol was reviewed by an institutional review board
constituted and operated in accordance with the US Code of
Federal Regulations [(CFR) 21 CFR Part 56] and was International Conference on Harmonization compliant. The
study was carried out in accordance with the protocol, US Code
of Federal Regulations, Good Clinical Practice, 21 CFR Parts
50, 56, and 312, the ethical principles set forth in the Declaration of Helsinki, and the International Conference on Harmonization harmonized tripartite guideline regarding Good
Clinical Practice (E6 Consolidated Guidance, April 1996). Informed consent included a description of the purpose of the
study, the procedures to be carried out and the potential hazards
to the subjects. Subjects read, signed, and dated an informed
consent form summarizing the discussion at screening, and were
assured that they may withdraw from the study at any time
without jeopardizing their medical care. Subjects retained a
copy of their informed consent form. The study design and
contact information were not posted on any website including
ClinicalTrials.gov.

Results
Study population
A total of 29 subjects, ultimately all males, entered the
study and were randomized to study treatment. A summary of subject demographics and disposition is depicted
in Table 1. In summary, the mean age was 30 years, with a
mean weight of 74 kg and BMI of 24 kg/m2. The subjects
were 45% Hispanic and 38% African American.
Safety
There were no deaths, serious AEs, or subject discontinuations due to AEs in this study. There were no
clinically significant safety results in laboratory, ECG, or
physical examinations during the study. There was no
evidence of trends in treatment-emergent AEs in the X358
vs placebo treatment groups. The most common events
reported during the study were headache and hyperhidrosis (10%)—equivalent in placebo and 358 treatment
groups—and muscle spasms in only the 3-mg/kg dose
cohort. All AEs resolved by the end of the study.
PKs
X358 was infused intravenously over 30 minutes
and serial blood samples for serum collection and bioanalysis was performed for at least 28 days. The serum
drug concentration vs time profile in at each dose level
exhibited curvilinear decay and is depicted in Fig. 1.
Analysis for PK parameters (Supplemental Table 1)
revealed characteristics typical of many human mAbs
including low variability, dose-proportionality, and relatively low clearance and volume of distribution. A
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Figure 1. Serum X358 concentration vs time following IV
administration of X358 (mean 6 SEM). Depicted is the plot of log
mean (6SEM) serum drug levels (mg/mL) vs linear time (days)
following IV infusion for each dose cohort according to the legend.
SEM, standard error of the mean.

consistent elimination half-life across all dose cohorts and
averaged 21 days. There were no notable trends in PK
parameters observed in this population based on age,
weight, or BMI.
PD
The primary PD endpoints monitored were fasting
glucose and insulin levels. Analyses of C-peptide and limited
ketone and glucagon levels were additionally performed.
The 2-hour after dinner change in glucose and insulin levels
was informative as a postprandial measure across the study
period. The ITTs represented a stringent PD test of subject
sensitivity to insulin-induced glucose disposal.
Morning fasting glucose, insulin, and C-peptide levels
were monitored throughout the study week. Detailed
data are depicted for baseline (day –1) and days 1 to 3 and
6 (days 4 and 5 differed minimally from days 3 or 6 across
all biomarkers). Morning fasting glucose levels are shown
in Table 2 at the same time each morning, equivalent to
;1 hour after infusion on day 1 (and non-ITT days), or
equivalent to the time point right before insulin infusion
on ITT days. On day 1, shortly after X358 infusion,
glucose levels were transiently increased in a roughly
dose-related manner and significantly so in the 3-, 6-, and
9-mg/kg dose cohorts. Thereafter, morning fasting glucose levels were largely unchanged from baseline or
placebo at dose levels below 3 mg/kg. Following the Day
1 trend for elevated glucose levels at 3, 6, and 9 mg/kg, the
morning fasting Day 2 glucose values were actually
transiently lowered midweek in these dose groups and
then returned to levels at or above baseline for the remainder of the week.
The morning fasting insulin levels are shown in Table 3.
On Day 1, shortly after X358 infusion, insulin levels were
increased in a dose-dependent manner up to ninefold over
baseline. Significantly elevated insulin levels generally
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Fasting Glucose Levels (Mean 6 SEM)
Day –1

Day 1

Day 2

92.5 (1.7)
88.1 (2.9)
92.9 (8.0)
92.1 (3.5)
88.6 (1.2)
84.7a (2.2)
93.2a (5.3)

93.0 (1.5)
91.5 (1.2)
101.1 (5.3)
101.2 (5.4)
108.2b (3.3)
106.8b (4.0)
130.0b (9.3)

91.4 (1.7)
85.0 (1.4)
87.2 (4.3)
85.5 (4.4)
80.1c (2.1)
75.2c (3.3)
84.0c (3.0)

Group
Placebo (N = 7)
0.1 mg/kg (N = 4)
0.3 mg/kg (N = 3)
1 mg/kg (N = 3)
3 mg/kg (N = 4)
6 mg/kg (N = 5)
9 mg/kg (N = 3)

Day 3
91.0
80.4
88.3
84.5
83.0
90.0
95.7

(1.1)
(3.0)
(4.1)
(1.6)
(2.8)
(3.3)
(3.2)

Day 6
84.9
77.6
86.7
81.9
85.7
89.8
89.3

(2.9)
(3.8)
(4.9)
(2.3)
(2.8)
(2.9)
(7.1)

Data shown in mg/dL.
SEM, standard error of the mean.
a

Combined days –2 and –1. The two part 2 placebo subjects were likewise averaged for those days.

b
c

P , 0.05 vs day –1 and placebo.

P , 0.05 vs placebo.

persisted throughout the week in the 3-, 6-, and 9-mg/kg
dose treatment groups.
Morning fasting C-peptide levels were monitored
throughout the study week and are depicted in Table 4.
The time points and days depicted are consistent with
the fasting glucose and insulin data shown in Tables 2
and 3. In contrast to insulin changes, the only apparent
treatment-related change was on Day 1, shortly after
X358 infusion, wherein ;1.5-fold elevations from
baseline were observed in the 3-, 6-, and 9-mg/kg dose
groups. This transient elevation coincided with the
transient glucose elevation in the high-dose cohort. On
other days and dose groups, serum C-peptide levels were
comparable to baseline and placebo. C-peptide lowering
on day 2 for some of the higher dose groups correlated
with some glucose lowering in those groups on that
morning. Hence, fasting C-peptide changes tended to
mirror fasting glucose changes. Elevations in insulin
levels did not correlate with C-peptide increases. In fact,
C-peptide/insulin ratios dose-dependently decreased with
increasing X358 dose. For example, 24-hour areas under
the curve (AUCs) on day 1 yielded a C-peptide/insulin
ratio = 0.19 6 0.03 [mean 6 standard error of the mean
Table 3.

(SEM)] for the placebo group vs 0.09 6 0.02 at 0.3 mg/kg
and 0.05 6 0.01 (P , 0.05) at 3 mg/kg.
Analysis of lipid-related or counter-regulatory factors
was limited to analyses of morning fasting ketones
(b-hydroxybutyrate) in placebo and 0.1- to 3-mg/kg dose
recipients, and morning fasting serum glucagon levels on
days –1, 1, and 6 in placebo and 6- to 9-mg/kg dose
recipients. As shown in Supplemental Table 2, there were
no notable changes following X358 treatment (0.1
through 3 mg/kg) on ketone levels aside from a transient
increase on day 2 postdose in the 3-mg/kg dose group.
Glucagon levels in the placebo, 6-, and 9-mg/kg dose
volunteers ranged from 6 to 19 pg/mL on day –1 and did
not notably change in a time- nor dose-related manner
after X358 (data not shown).
Postprandial changes in glucose and insulin levels were
selected on day 3 for analysis 2 hours after standard dinner
meals as a stable, representative study day (Supplemental
Table 3). X358 treatment led to increased postprandial
glucose (PPG) levels relative to placebo in a dose-related
manner between 0.3- to 9-mg/kg dose levels and significantly so at 3, 6, and 9 mg/kg. The magnitude of elevated
PPG appeared to plateau at 3 mg/kg. Postprandial insulin

Fasting Insulin Levels (Mean 6 SEM)
Day –1

Day 1

Day 2

Day 3

Day 6

7.0 (0.6)
4.6 (1.0)
6.0 (2.8)
8.4 (3.1)
6.2 (0.9)
5.0a (0.7)
9.0a (2.2)

7.5 (1.2)
13.7 (2.8)
21.7 (7.7)
36.0 (25.7)
40.5b (7.2)
56.3b (11.2)
84.0b (16.5)

7.0 (0.9)
7.9 (1.0)
21.2 (8.1)
15.5 (5.6)
15.1b (2.1)
27.1b (5.6)
56.4b (6.6)

8.5 (0.9)
9.1c (0.9)
18.8 (10.0)
27.4 (13.8)
23.8b (5.4)
73.2b (22.5)
106.1b (11.4)

6.2 (2.6)
7.6 (1.9)
8.1 (2.1)
16.9 (6.5)
26.2b (3.7)
63.7b (12.9)
66.9b (11.9)

Group
Placebo (N = 7)
0.1 mg/kg (N = 4)
0.3 mg/kg (N = 3)
1 mg/kg (N = 3)
3 mg/kg (N = 4)
6 mg/kg (N = 5)
9 mg/kg (N = 3)
Data shown in uIU/mL.
SEM, standard error of the mean.
a

Combined days –2 and –1. The two part 2 placebo subjects were likewise averaged for those days.

b
c

P , 0.05 vs day –1 and placebo.

P , 0.05 vs day –1.
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Fasting C-Peptide Levels (Mean 6 SEM)

Group

Day –1

Placebo
(N = 7)
0.1 mg/kg
(N = 4)
0.3 mg/kg
(N = 3)
1 mg/kg
(N = 3)
3 mg/kg
(N = 4)
6 mg/kg
(N = 5)
9 mg/kg
(N = 3)

1.7 (0.2) 1.7 (0.2)

1.7 (0.3) 1.7 (0.3) 1.6 (0.3)

1.5 (0.4) 1.7 (0.2)

1.3 (0.2) 1.4 (0.2) 1.4 (0.2)

1.9 (0.5) 2.4 (0.5)

2.4 (0.5) 1.5 (0.4) 1.4 (0.3)

1.9 (0.5) 1.7 (0.2)

1.1 (0.2) 1.9 (0.6) 1.2 (0.3)

1.6 (0.3) 2.2 (0.5)

1.1 (0.2) 1.4 (0.2) 1.5 (0.2)

Day 1

Day 2

Day 3

3025

Day 6

0.9 (0.1) 1.5 (0.3) 0.6b (0.2) 1.2 (0.3) 1.3 (0.2)
1.3 (0.1) 2.6c (0.4) 1.0 (0.3) 1.9 (0.5) 1.7 (0.3)

Figure 2. Change in plasma glucose vs time during ITTs for the
cohort at baseline and following 3 mg/kg X358 administration.
Depicted are the results from the short ITT wherein plasma glucose
levels were monitored every 3 to 4 minutes for over 17 minutes
following 0.1 U/kg IV insulin administration. Plasma glucose values
(mean 6 SEM) are expressed as percentage of preinsulin control
levels at baseline (blue) vs days 2, 3, and 5 per legend.

Data shown in ng/mL.
SEM, standard error of the mean.
a

Combined days –2 and –1. The two part 2 placebo subjects were
likewise averaged for those days.
b
c

P , 0.05 vs placebo.

P , 0.05 vs day –1.

levels were elevated up to approximately 10-fold placebo
levels in the 6- and 9-mg/kg dose treatment groups. And
the elevated postprandial insulin levels appear to be
approaching a plateau at 6 to 9 mg/kg.
The potential for X358 infusion to impart insulin
resistance in test subjects was addressed indirectly via
analysis of fasting glucose and insulin levels for homeostatic model assessment of insulin resistance
(HOMA-IR) and directly via short ITT procedures in the
3-mg/kg dose test group. As shown in Supplemental
Table 4, relative to baseline or to placebo controls, X358
infusion resulted in dose-dependent increases in HOMAIR that were most profound shortly postinfusion: day 1
HOMA-IR values were dose-dependently increased and
ranged from moderate (at 0.1 mg/kg) to severe (at all
other dose levels) and essentially peaked at the 9-mg/kg
dose. These measures of moderate to severe insulin resistance tended to persist throughout the week and
gradually diminished in a dose-related manner.
With indications of X358 dose-related biological activity including the noted changes in insulin and PPG
levels in the 0.1-, 0.3-, and 1-mg/kg dose cohorts, an ITT
was incorporated into test procedures, per protocol, for
the 3-, 6-, and 9-mg/kg dose cohorts. The procedure was
based upon that originally published by Bonora et al. (20)
and involved a bolus IV injection of 0.1 U/kg insulin
(Humulin-R®) with the baseline performed on day –1 and
postadministration tests on various days after X358 infusion. Addition of later test days was amended into the
study following the observed responses at 3 mg/kg.
The ITT results for the 3-mg/kg dose cohort are shown
in Fig. 2, wherein all subjects and test days could be
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combined with glucose changes expressed as % change
from day 1 baselines. Importantly, the slope of insulininduced glucose lowering was lowered after X358 infusion vs baseline controls in each treated subject, and
this shift—reflecting attenuated insulin action—was
similar on days 2, 3, and 5. Indeed, the deduced rate
constants for plasma glucose elimination (KITT), shown
for all ITT tests in Supplemental Table 5, were significantly altered on all post-X358 test days relative to the
baseline average (3.3) or placebo subject average (2.9).
The reduced glucose disposal effect of X358 treatment
was therefore clearly apparent by day 2 at 3 mg/kg,
largely unchanged through day 5, and was not tested
at any later time points. Interestingly, a similar magnitude
of KITT change (i.e., imparted insulin resistance) was
observed in the 6- and 9-mg/kg dose treatment groups,
but the duration for KITT lowering was dose related
extending through day 11 at 6 mg/kg and day 22 at 9 mg/
kg (Supplemental Table 5). An estimation of altered insulin clearance dynamics following X358 treatment
could be obtained by analyzing the very early serum
insulin changes following IV insulin administration in the
ITTs before and after 358. For example, the AUC 0 to
14 minutes for the 3-mg/kg dose cohort on day –1 was
4.98 6 1.01 (mean 6 SEM) vs 8.55 6 0.47 (P , 0.05) on
day 3 (after X358). Hence, insulin clearance (dose/AUC)
was reduced nearly twofold. And yet X358 inhibited the
action of even the increased insulin AUC based on the
post-X358 elevated ITT glucose levels.

Discussion
The results of the healthy volunteer study described
herein represent the first report for a fully human mAb
drug candidate targeting the InsR. X358, a selective
negative allosteric modulator, was administered intravenously at single, ascending doses. In this study
group, it was safe and well tolerated, exhibited a long
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half-life, and imparted insulin resistance lasting at least
several days postinfusion.
For many patients with persistent HH including CHI,
postgastric bypass hypoglycemia (PGBH), and malignant
insulinomas, pharmacotherapy to prevent hypoglycemic
episodes is a mainstay of medical management (3, 4, 11,
12, 14, 21). At the same time, few drugs are actually
approved for such conditions and new options that are
both effective and well tolerated are needed (14, 22, 23).
Diazoxide acts at the pancreatic KATP channel to reduce
insulin secretion, is indicated for hypoglycemia due to
hyperinsulinism, and is first-line in CHI, but is not effective in the ;50% of patients with KATP channel
mutations (3, 4). Variable efficacy is apparent in PGBH
(13). Side effects of diazoxide include fluid retention,
edema, hypertrichosis, and hirsutism resulting in abnormal facial features in children (24). The somatostatin
analog, octreotide, and the longer-acting variant, lanreotide, have been used off-label with mixed success in
HH (3, 13, 22, 25). These somatostatin analogs can stunt
growth in children and incidents of cholestasis and
necrotizing enterocolitis have also been reported (26).
Glucagon is short acting and has GI side effects. In serious
cases of HH often unresponsive to other medications,
glucocorticoids may be administered chronically, but is
associated with edema and protein catabolism with the
features of Cushing’s syndrome. a-Glucosidase inhibitors
(e.g., acarbose) and calcium channel blockers (e.g.,
verapamil)—alone or in combination—have shown some
utility in PGBH (13). Side effects include gastrointestinal
distress (acarbose) or hypotension and edema (verapamil).
The only novel drug candidate in development for HH, to
our knowledge, is the peptide GLP-1 antagonist Exendin
(9–39), which has been tested with continuous IV infusions
and has attenuated fasting- or meal-induced blood glucose
declines in CHI (23) and PGBH (27), respectively.
Since the 1990s, antibodies to the InsR have been
reported that block insulin signaling and may even induce
hyperglycemia (16). Hence, therapeutic antibodies that
inhibit InsR signaling could be used as a treatment for
diseases of HH. X358 is a fully human, allosteric mAb
that binds with nanomolar affinity to human InsR isoforms A and B, has similar binding properties between
multiple species, and appears quite selective including
little or no interaction with the insulin-like growth factor1 receptor (17, 18). In cultured cells, X358 markedly
inhibits downstream insulin signaling and only weakly
affects the binding of insulin to its receptor. Injection of
the mAb into hyperinsulinemic hypoglycemic mice, normalizes their fasting glucose levels in a dose-dependent
fashion (17, 18). Moreover, X358 was studied in an animal model of CHI, the SUR-12/2 mice, and mAb administration was shown to normalized fasting glucose
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levels (D. DeLeon, personal communication). To our
knowledge, X358 is the first fully human monoclonal
anti-InsR antibody to be advanced into clinical testing.
In this healthy volunteer population, X358 administration appeared generally safe and well tolerated
throughout the ascending dose cohorts. The PKs were
dose proportional with low intersubject variability and
with serum drug concentrations and elimination halflives greater than anticipated from rat and monkey
studies and yet comparable to other human immunoglobulin G mAbs administered IV to humans (28,
29). The average calculated half-life was 21 days
(range = 17 to 25) and did not appear to vary across the
dose levels.
Dose-dependent pharmacological activity of X358
was clearly evident from glucose and insulin measurements under various normal daily conditions as well
as during specific insulin sensitivity testing. Preclinical
studies suggested that two of the more sensitive PD
changes following X358 treatment might include elevations of PPG levels and increases in circulating insulin
under fasting and postprandial conditions. Indeed, as
indicated in Table 3, and Supplemental Table 3, increases in fasting insulin and both PPG and insulin
levels relative to predose controls and/or placebo were
evident even at 0.3 mg/kg and extended through day 6,
depending on the dose. X358-dependent fasting or
postprandial insulin elevations were apparent within a
few hours of dosing on day 1. Clearly, despite substantial X358-related increases in insulin levels, PPG
levels were still increased following treatment, thus
implying marked inhibition of insulin activity.
Importantly, C-peptide changes followed, in a normal
physiological manner, glucose changes in terms of timing
and relative magnitude vs insulin changes following
X358 administration. Prior analyses and the sets of data
herein suggest that post-X358, elevated insulin levels are
related predominantly to reduced InsR-mediated insulin
clearance vs beta-cell hypersecretion or displacement of
insulin binding to receptors. We have previously reported
on the allosteric nature of the mAb and limited effect on
displacement of insulin binding (17, 18). Supportive data
for X358-attenuated insulin clearance noted in the Results section includes the following: (1) sustained periods
of C-peptide levels at or below pre-X358 levels wherein
insulin levels are elevated, (2) 24-hour C-peptide/insulin
ratios that dose-dependently decrease at a magnitude
comparable to that for the insulin increase, and (3)
the deduced reduction of serum insulin clearance in a
very early period (first 14 minutes) in the ITT on day 3
post-358 vs baseline. Indeed, precedence for altered
insulin disposal following receptor modulation includes humans with an InsR mutation that compromises
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receptor-mediated insulin internalization resulting in
reduced insulin clearance and elevated circulating insulin levels (30).
Unlike PPG, fasting glucose levels were not substantially affected following X358 administration aside
from a transient elevation shortly postdosing at the higher
X358 dose levels. Fasting insulin levels were significantly
elevated in a dose incremental manner and duration of
such was likewise dose related. As noted previously, these
results strongly implicate insulin resistance following
X358 administration. Accordingly, a classic HOMA-IR
data analysis supported this interpretation with postdose
values consistent with severe insulin resistance apparent
even on day 1 and lasting at least through day 6 at the 3to 9-mg/kg dose levels. A PK–PD relationship is apparent
as lowering serum drug levels generally correlated with a
reduction in HOMA-IR values across the test period.
Ketone levels analyzed were generally unaltered with the
exception of the 3-mg/kg dose cohort, wherein a transient
elevation was observed on days 2 to 3 and may have
reflected X358-mediated attenuation of insulin action at
the liver.
A short ITT was included in the prospective study
design to stringently test insulin resistance in the higher
dose cohorts. Indeed, on days 2, 3, and 5 following
X358 infusion at 3 mg/kg, the slope of the serum insulin
elimination curves was significantly reduced after X358
treatment relative to baseline or placebo results. The
blunting of insulin-induced glucose lowering by drug
administration was evident in all the drug recipients and
this hallmark of in vivo insulin resistance appeared as
good at day 5 as at any earlier time point. Similar KITT
changes were observed in the 6- and 9-mg/kg dose
X358-treated subjects and with the imparted insulin
resistance apparent in the 9-mg/kg dose treatment group
3 weeks postdose.
A working model accounting for certain postdose
changes in glucose, insulin, and C-peptide is as follows:
intravenously-administered X358 may first impact hepatic InsR action such that at least insulin clearance is
reduced and receptor activity is attenuated within ;1
hour of dosing. Insulin levels are promptly and significantly elevated, and glucose levels transiently and
modestly rise under fasting conditions. The partitioning
of the mAb into the muscle and adipose takes longer
and is proportionally less than liver, like other mAbs
(19, 31, data not shown). The trend for some transient glucose lowering ;24 hours post-X358 infusion
(morning fasting day 2) could be consistent with incomplete partitioning of mAb into muscle, wherein the
X358-elevated insulin levels are not yet fully inhibited
as is evident by the morning of day 3 and later
where glucose values are at or above control. A more
Downloaded from https://academic.oup.com/jcem/article-abstract/102/8/3021/3865691
by Stanford University Libraries user
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steady-state effect is evident by day 3 wherein X358imparted insulin resistance is clearly evident as fasting
and postprandial insulin levels are substantially elevated, and yet glucose levels are minimally affected
(fasting conditions) or are significantly elevated postmeal wherein the liver probably plays a greater role in
insulin-mediated glucose disposal and wherein X358
inhibitory potential may be greatest. Regardless, attenuation of both liver and muscle InsR activity must be
well engaged because of the impact of X358 on IV
insulin in the ITTs on days 2+ and clamp studies have
indicated muscle participation in glucose disposal in
these tests (19).
Although the current study supports the concept of
X358 utility in inhibiting insulin action in vivo (with
potential pharmacologic utility in certain conditions of
HH), some limitations are notable. This was a study only
in males and with a relatively low number of healthy
volunteers in each cohort. Moreover, the dynamics of
insulin and glucose changes were followed only after
single administration vs more steady state drug level
conditions. Lastly, more quantitative metabolism analyses that may improve an understanding of drug action,
such as clamping studies, were not performed. For
translation to disease conditions, dose response and PD
changes must be carefully studied in patient populations
wherein glucose-regulating processes are aberrant.
Nonetheless, these preliminary results establishing initial
safety/tolerability, PK, and PD parameters for X358
support its continued development as a first-in-class
modulator of insulin action.
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3. Güemes M, Hussain K. Hyperinsulinemic hypoglycemia. Pediatr
Clin North Am. 2015;62(4):1017–1036.
4. Lord K, De León DD. Monogenic hyperinsulinemic hypoglycemia:
current insights into the pathogenesis and management. Int J
Pediatr Endocrinol. 2013;2013(1):3–9.
5. Rozance PJ. Update on neonatal hypoglycemia. Curr Opin
Endocrinol Diabetes Obes. 2014;21(1):45–50.
6. Patti ME, Goldfine AB. The rollercoaster of post-bariatric hypoglycaemia. Lancet Diabetes Endocrinol. 2016;4(2):94–96.
7. Lee CJ, Clark JM, Schweitzer M, Magnuson T, Steele K, Koerner O,
Brown TT. Prevalence of and risk factors for hypoglycemic
symptoms after gastric bypass and sleeve gastrectomy. Obesity
(Silver Spring). 2015;23(5):1079–1084.
8. Singh E, Vella A. Hypoglycemia after gastric bypass surgery. Diabetes Spectr. 2012;25(4):217–221.
9. Heller S, Amiel SA, Khunti K; International Hypoglycaemia Study
Group. Hypoglycaemia, a global cause for concern. Diabetes Res
Clin Pract. 2015;110(2):229–232.
10. Cryer P. Hypoglycemia during therapy of diabetes. In: DeGroot LJ,
Beck-Peccoz P, Chrousos G, Dungan K, Grossman A, Hershman
JM, Koch C, McLachlan R, New M, Rebar R, Singer F, Vinik A,
Weickert MO, eds. Endotext. South Dartmouth, MA: MDText.
com; 2015:1–16.
11. Arnoux JB, Verkarre V, Saint-Martin C, Montravers F, Brassier A,
Valayannopoulos V, Brunelle F, Fournet JC, Robert JJ, Aigrain Y,
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Congenital hyperinsulinism in Polish patients: how can we optimize
clinical management? Endokrynol Pol. 2015;66(4):322–328.
McMahon AW, Wharton GT, Thornton P, De Leon DD.
Octreotide use and safety in infants with hyperinsulinism. Pharmacoepidemiol Drug Saf. 2017;26(1):26–31.
Salehi M, Gastaldelli A, D’Alessio DA. Blockade of glucagon-like
peptide 1 receptor corrects postprandial hypoglycemia after gastric
bypass. Gastroenterology. 2014;146(3):669–680.e2.
Lobo ED, Hansen RJ, Balthasar JP. Antibody pharmacokinetics
and pharmacodynamics. J Pharm Sci. 2004;93(11):2645–2668.
Ternant D, Bejan-Angoulvant T, Passot C, Mulleman D, Paintaud
G. Clinical pharmacokinetics and pharmacodynamics of monoclonal antibodies approved to treat rheumatoid arthritis. Clin
Pharmacokinet. 2015;54(11):1107–1123.
Preumont V, Feincoeur C, Lascols O, Courtillot C, Touraine P,
Maiter D, Vigouroux C. Hypoglycaemia revealing heterozygous
insulin receptor mutations. Diabetes Metab. 2017;43(1):95–96.
Yip V, Palma E, Tesar DB, Mundo EE, Bumbaca D, Torres EK,
Reyes NA, Shen BQ, Fielder PJ, Prabhu S, Khawli LA, Boswell CA.
Quantitative cumulative biodistribution of antibodies in mice: effect of modulating binding affinity to the neonatal Fc receptor.
MAbs. 2014;6(3):689–696.

