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The effect of GLP-1RA exenatide on idiopathic
intracranial hypertension: a randomized
clinical trial

James L. Mitchell,%#? Hannah S. Lyons,* Jessica K. Walker,! Andreas Yiangou,'?
Olivia Grech,! ®Zerin Alimajstorovic, Nigel H. Greig,* Yazhou Li,*
Georgios Tsermoulas,® Kristian Brock,® ®Susan P. Mollan®”’
and ®Alexandra J. Sinclair’?

Therapeutics to reduce intracranial pressure are an unmet need. Preclinical data have demonstrated a novel strategy
to lower intracranial pressure using glucagon-like peptide-1 (GLP-1) receptor signalling.

Here, we translate these findings into patients by conducting a randomized, placebo-controlled, double-blind trial to
assess the effect of exenatide, a GLP-1 receptor agonist, on intracranial pressure in idiopathic intracranial hyperten-
sion. Telemetric intracranial pressure catheters enabled long-term intracranial pressure monitoring. The trial en-
rolled adult women with active idiopathic intracranial hypertension (intracranial pressure >25cmCSF and
papilloedema) who receive subcutaneous exenatide or placebo. The three primary outcome measures were intracra-
nial pressure at 2.5 h, 24 h and 12 weeks and alpha set a priori at less than 0.1.

Among the 16 women recruited, 15 completed the study (mean age 28 + 9, body mass index 38.1 + 6.2 kg/m?, intracra-
nial pressure 30.6 + 5.1 cmCSF). Exenatide significantly and meaningfully lowered intracranial pressure at2.5h -5.7 +
2.9 cmCSF (P=0.048); 24 h —6.4 + 2.9 cmCSF (P =0.030); and 12 weeks —5.6 + 3.0 cmCSF (P = 0.058). No serious safety sig-
nals were noted.

These data provide confidence to proceed to a phase 3 trial in idiopathic intracranial hypertension and highlight the po-
tential to utilize GLP-1 receptor agonist in other conditions characterized by raised intracranial pressure.
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Introduction

Glucagon-like peptide-1 (GLP-1) is a gut neuropeptide secreted by
the distal small intestine in response to a meal.” GLP-1 receptor
agonists are existing therapeutic agents used in the treatment of
diabetes. GLP-1 stimulates glucose-dependent insulin secretion
and inhibits glucagon release, thereby lowering blood glucose but
not causing hypoglycaemia.”? GLP-1 receptor agonists also signal
at the hypothalamus to regulate satiety and weight.? This has led
to GLP-1 receptor agonists being licensed to promote weight loss
in the setting of obesity.*

Relevant to this trial is the role of GLP-1 receptor agonists in
regulating fluid secretion. GLP-1 receptor agonists have been
shown to reduce sodium reabsorption and promote diuresis
through actions in the renal proximal tubule.>® GLP-1 receptors
are expressed in the choroid plexus, the predominant
CSF-secreting structure in the brain.”® Our preliminary data have
shown that GLP-1 receptor agonism reduces CSF secretion and
intracranial pressure (ICP) in an in vivo rodent model with elevated
ICP.” The reduction in ICP was of a greater magnitude to that ob-
served with the commonly used drugs in idiopathic intracranial
hypertension (IIH).

IIH is characterized by increased ICP with no identifiable cause.
Recent weight gain is the major risk factor for development of the
condition and its occurrence is most commonly observed in women
of reproductive age with obesity.'®'! Weight loss is disease modify-
ingand if maintained can induce remission.'**® As the incidence of
IIH is rising**™® in line with global obesity trends,” targeted treat-
ments are an unmet clinical need.

Visual loss is observed in greater than 90% of those with IIH"®
with up to 25% suffering marked visual impairment.’® Chronic dis-
abling headaches occur in the majority and have adverse impact on
quality of life.?*?* Cognitive deficits linked to raised ICP have been
documented.?? Currently, there is no licenced therapy for IIH.*
The most commonly used off-label medicine is acetazolamide;
other medicines have included topiramate, frusemide, spironolac-
tone and octreotide.?® Owing to side effects and treatment failures
new therapies are needed. Patient groups have highlighted the im-
portance of prioritizing novel targeted treatments for ITH.**

The aim of the IIH:Pressure trial was to translate the preclinical
data demonstrating efficacy of GLP-1 receptor signalling to reduce
ICP into patients with raised ICP by conducting a randomized, placebo-
controlled, double-blind trial in ITH. The trial aimed to evaluate both
acute effects on ICP as well as effects over a 3-month time horizon.

Materials and methods

The trial was a prospective, randomized, parallel group, placebo-
controlled trial in women with active IIH. Patients with a diagnosis
of active IIH were identified and recruited from a single tertiary re-
ferral hospital (University Hospitals Birmingham NHS Foundation
Trust). This study was approved by the West Midlands—Solihull
Research Ethics Committee (17/WM/0179) and all subjects provided
written informed consent according to Declaration of Helsinki prin-
ciples. The trial was registered with ISTCRN (12678718).

Women aged 18-60 years who met the diagnostic criteria for IIH
were recruited.”® All had normal brain imaging, including magnetic
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resonance venography or CT venography (apart from radiological
signs of raised ICP). All eligible patients had optic nerve head swel-
ling in at least one eye and ICP >25 cmCSF. Those with significant
comorbidities, prior CSF diversion procedures, those currently
using GLP-1 receptor agonists or dipeptidyl-peptidase 4 (DPP-4) in-
hibitors or taking drugs that were thought to reduce ICP were ex-
cluded. Those taking drugs that might influence ICP discontinued
these at least a month prior to enrolment. Pregnant patients or
those planning pregnancy were excluded, urine human choroid go-
nadotrophin (HCG) was checked at each study visit. Detailed enrol-
ment criteria are provided in Supplementary Table 1.

Following enrolment, a 28-day headache diary was completed [cap-
turing monthly headache days, headache severity (0-10 numerical
rating scale), monthly analgesia days|. A telemetric ICP catheter
(Raumedic) was implanted prior to the baseline visit through a
4 mm burr hole into the right frontal lobe.

Atbaseline, medical history, examination (including blood pres-
sure and heart rate) and body mass index [BMI; calculated using the
formula: BMI=weight (kg) / height (m)?] were recorded and a urine
pregnancy test performed. Visual assessments included logarithm
of the minimum angle of resolution (logMAR) visual acuity and in-
traocular pressure as measured with the iCare IC200 (Main-line);
perimetric mean deviation (PMD) using the Humphrey visual field
analyser [24-2 Swedish Interactive Threshold Algorithm (SITA)
standard test pattern using a size III white stimulus].
Papilloedema was confirmed on a dilated slit lamp examination
by a neuro-ophthalmologist. It was quantified by spectral domain
optical coherence tomography (OCT; Spectralis, Heidelberg
Engineering) using the global peripapillary retinal nerve fibre
layer (RNFL). Patient-reported outcome measures were assessed
[Headache Impact Test-6 (HIT-6)%° and 36-item short from survey
(SF-36) Rand version].”” Assessments were repeated at 12 weeks.
Drug compliance was monitored based on the remaining exenatide
in the pen injector device.

Blood samples were collected at baseline pre-dose and post-
doseat2.5h,6h,11h,22h and 24 h, at 2 weeks (pre- and 2.5 h post-
dose) and 12 weeks (pre- and 2.5 h post-dose), to evaluate safety
blood tests, pharmacokinetics and antidrug antibodies.

ICP was recorded using a transdermal telemetric ICP monitoring
system (Raumedic) at baseline, 2.5 h, 24 h and 12 weeks. In the
planned exploratory analysis ICP was measured continuously for
the first 2.5 h after dosing and then between 24.00 and 07.00 h over-
night following the first dose. ICP data were collected at a frequency
of 5 Hz and the mean ICP was calculated from each 30 min of con-
tinuous ICP monitoring over the first 2.5 h and each hour overnight.
ICP was recorded with the MPR-1 monitor (Raumedic) in a standar-
dized supine position as previously described.?® The schedule of as-
sessments is detailed in Supplementary Table 2.

Dual energy X-ray absorptiometry (DEXA) was performed using a
total-body scanner (QDR 4500; Hologic), as previously de-
scribed,?*° on a subset of patients. The scans were conducted by
a clinical scientist and trained radiographer. In this study no parti-
cipants were excluded due to having metal prosthetics or implants.
Scans were checked for accuracy of fields of measurement.
Regional fat mass was analysed as described previously.?>*° The
precision of total fat mass measures in terms of coefficients of
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variation (CV) was less than 3%, and for regional fat analyses it was
less than 5%. All subjects were analysed on the same DEXA scanner.

Participants were randomized in a 1:1 ratio to either active treat-
ment with exenatide (Byetta) or placebo using a computer-
generated randomization list generated by the Birmingham
Clinical Trials Unit. Treatment allocation was blinded to patient
and investigators. A double check of allocation was performed by
an unblinded nurse and pharmacist. The first dose was a loading
dose of subcutaneous exenatide 20 pg or equivalent volume of sub-
cutaneous 0.9% saline placebo. Subjects were then dosed for
12 weeks (self-administered at home) with either subcutaneous ex-
enatide 10 pg or equivalent volume of placebo twice daily. There
was no provision for access to treatment after the study concluded.

The following fasted blood tests were processed at the hospital la-
boratory: creatinine (umol/l), alanine aminotransferase (ALT; IU/1),
high-density lipoproteins (HDL; mmol/l), total cholesterol (mmol/l),
triglycerides (TG; mmol/l), haemoglobin Alc (HbA1C; mmol/mol).
Samples not analysed immediately were centrifuged (10 min at
1500g at 4°C) aliquoted and stored at —80°C. All samples only under-
went a single freeze-thaw cycle.

Fasting insulin (Mercodia) was measured using a commercially
available assay, according to the manufacturer’s instructions.
Homeostasis model assessment of insulin resistance (HOMA2-IR)
was calculated using the program HOMA calculator v2.2.3.3*

Exenatide concentration was evaluated by ELISA. ELISA was per-
formed on serum samples from seven patients receiving the active
drug. Serum was collected at 10 time points: baseline, 2.5h, 6 h,
11 h, 22 h and 24 h, Week 2 at baseline and 2.5 h post-dose, Week
12 at baseline and 2.5 h post-dose. An exenatide fluorescent ELISA
(Phoenix Pharmaceuticals Inc) was used. This was a competitive
enzyme immunoassay wherein the primary antibody is competi-
tively bound by either a biotinylated peptide or the targeted peptide
in samples. All samples were run in triplicate. The assay was per-
formed according to the manufacturer’s protocol.*?

In the light of reports of the development of anti-exenatide anti-
body in human studies administering exenatide in type 2 diabetes
mellitus®*=* (with anti-exenatide titres peaking between 6 and 22
weeks), as well as their presence in preclinical studies,?*>*
vestigated whether such antibodies developed in our clinical study.
As the trial lasted for a period of 12 weeks, we evaluated serum
anti-exendin-4 antibody levels in 16 patients at baseline (prior to
exenatide treatment), and at Weeks 2 and 12 of the trial by employ-
ing a previously developed sandwich ELISA.** All Weeks 2 and 12
serum samples were obtained before exenatide administration
for the day, and serial dilutions of each serum samples were used
in the ELISA. A brief protocol for the ELISA is as follows: plates
were coated with exenatide (exendin-4; 2 pg/ml concentration in
coating buffer; AnaSpec Inc) at 4°C overnight. Thereafter, following

we in-
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blocking and washing steps, standards (mouse monoclonal
anti-exendin-4 antibody; Abcam ab23407) and unknown samples
with serial dilutions were added to the plate and incubated at
room temperature for 1h. After washing, biotinylated-exendin-4
(2 pg/ml concentration; AnaSpec Inc) was added and followed by
washing and SA-HRP detection (KPL). The titres of the anti-
exenatide antibody within the samples were then estimated by ser-
ial dilution of the serum (to a maximum dilution of 1:125).

The primary outcome was ICP at 2.5 h, 24 h and 12 weeks post-drug
administration. ICP was recorded with p-Tel telemetric ICP catheter
and MPR-1 reader (Raumedic). ICP was recorded continuously for
30-min periods at specified time points in a standardized supine
position. For the first 2.5 h post-dosing, mean ICP was calculated
from each 30 min of continuous ICP monitoring. For the overnight
recording the mean ICP was calculated from each hour of continu-
ous ICP monitoring. ICP was sampled at 5Hz. Recordings were
downloaded and analysed in Dataview version 1.2 (Raumedic).
ICP was recorded in mmHg (conversion factor to cmCSF was 1.36).

Secondary outcomes included: monthly headache days, head-
ache severity and monthly analgesia days, logMAR visual acuity
measured using the Early Treatment Diabetic Retinopathy Study
(ETDRS) charts; PMD using Humphrey 24-2 SITA central threshold
automated perimetry; BMI and health-related quality of life (mea-
sured by SF-36 and HIT-6). Evaluations were at baseline 2.5 h, 24 h
and 12 weeks (with additional blood sampling at 2 weeks).

Adverse events were recorded as was drug compliance (unused
medication in the injector pens documented).

In a study of 25 patients, Sinclair et al.*® showed that the cross-

sectional sample standard deviation (SD) of ICP is 4.9-5.1 cmCSF,
measured at baseline and immediately before and after a longitu-
dinal intervention (low-energy diet). There are very few trials in
IIH and the minimal clinically important change for lumbar punc-
ture pressure is not established and may vary with individual pa-
tients. Seeking significance at least a <0.1 and power at least 80%
using equal group sizes, a total sample size of 14 patients was re-
quired, i.e. seven patients randomized to receive active treatment
and a further seven to receive control. This calculation assumed
an effect size of 6.5cmCSF with an SD of 5.1 cmCSF, the upper
end of the range observed previously. Allowing for 10% drop-out,
the proposed recruitment was eight patients per arm and 16 pa-
tients in total.

All primary analyses (primary and secondary outcomes including
safety outcomes) were evaluated by intention-to-treat (ITT) ana-
lysis. Analysis was completed on received data, with every effort
made to follow-up participants to minimize potential for bias.
Final analyses were conducted after the final visit of the final pa-
tient of the main trial once the data had been cleaned and locked,
then unblinded. No imputation of missing data was conducted.
The analysis of visual data included data from the most affected
eye at baseline as defined by PMD, analysis of intraocular pressure
was performed on the mean average of both eyes. Statistical
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analysis was performed in R v4.0.0 (R Foundation for Statistical
Computing, Vienna, Austria). Data were reported as means and
SD [with median and interquartile range (IQR) for non-normal
data], and standard error (SE) and 95% CI where appropriate.
Hierarchical linear regression models were used to analyse re-
peated measures of the primary and secondary outcomes and to es-
timate differences adjusted for baseline values. In these models,
population-level effects (also known as fixed effects) comprised
the intercept, time as a factor variable and the two-way interaction
of treatment arm and time as a factor variable to model changing
treatment effects over time. Group-level effects (also known as ran-
dom effects) comprised patient-level adjustments to the intercept.
The threshold for statistical significance was pre-specified at 0.1.

Data availability

Anonymized individual participant data will be made available
along with the trial protocol and statistical analysis plan.
Proposals should be made to the corresponding author and will
be reviewed by the Data Sharing Committee in discussion with
the Chief Investigator. A formal Data Sharing Agreement may be re-
quired between respective organizations once release of the data is
approved and before data can be released.

Results
Patients

Between 1 November 2017 and 17 September 2018, 18 participants
were screened, 16 enrolled and 15 randomly assigned to either
the exenatide group (n=7) or the placebo group (n=38) (Fig. 1).

Adherence to the protocol

One participant was withdrawn before randomization due to dis-
ease progression requiring urgent CSF shunting (Fig. 1). All rando-
mized patients completed the 12-week duration of the trial;
however, one patient experienced telemeter failure prior to Week
12 and therefore ICP data were not recorded; all other data for
Week 12 were collected for this patient. There was full adherence
to protocol with no crossover and no significant protocol deviation,
except blood tests for pharmacokinetics, which were missed on
four occasions.

Demographics and baseline characteristics

Baseline characteristics confined a cohort of patients with active
IIH (Supplementary Table 3). Age, BMI and ICP at baseline were
well-matched between groups. Median [IQR time from surgical im-
plantation of ICP monitor to baseline visit was 10 days (16.5);
Supplementary Table 3]. At baseline there was a significant differ-
ence in monthly headache days between arms, exenatide 21.6
(5.2) [mean (SD)] and placebo 10.3 (8.5); there was also a significant
difference in PMD, exenatide —0.6 (1.0) dB [mean (SD)] and placebo
—2.7 (1.9) dB (Supplementary Table 4).

Primary outcome measure

The primary clinical outcome was the difference in ICP between ex-
enatide and placebo, as measured by telemetric ICP monitoring at
2.5 h, 24 h and 12 weeks. The difference in ICP between arms at
2.5h was -4.2 (2.1) [mean (SD) mmHg], P=0.048 and at 24 h was
—4.7 (2.1), P=0.030. The effect was sustained at 12 weeks with an
ICP difference of —4.1 (2.2), P=0.058 (Table 1 and Fig. 2). This was
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equivalent to 5.7 (2.9) cmCSF [mean (SD)] at 2.5h, 6.4 (2.9) cmCSF
at 24 h and 5.6 (3.9) cmCSF at 12 weeks.

Secondary clinical outcomes

The key secondary outcome was monthly headache days, which re-
duced significantly in the exenatide arm, -7.7 (9.2) days [mean
(SD)], P=0.069 compared to the placebo arm -1.5 (4.8) days,
P=0.404 (Fig. 3), although there was no significant difference be-
tween arms at 12 weeks. Changes in monthly analgesia days
showed a trend to improvement in the exenatide arm, but not in
the placebo arm (Fig. 3 and Supplementary Table 4). There was no
significant change in headache severity (Supplementary Table 5).
Headache disability measured by HIT-6 was significantly higher
in the exenatide arm at baseline 62.9 (3.2) versus 55.8 (6.9) [mean
(SD)], P=0.041, and there was no significant change over the course
of the trial (Fig. 3 and Supplementary Table 6).

Vision

Visual acuity significantly improved in the exenatide arm com-
pared to the placebo arm —0.1 (0.05) logMar units, P=0.036. There
was no significant change in PMD, difference between arms 1.0

(0.8) dB, P=0.188. OCT RNFL did not change significantly between
arms, —40.2 (47.2) pm, P=0.396 (Fig. 3 and Supplementary Table 4).

Intraocular pressure

There was no significant change in intraocular pressure, difference
between arms —0.1 (1.1), P=0.910 (Supplementary Table 4).

Quality of life

Analysis of quality of life, using the SF-36, showed no significant
changes in either the physical or mental component scores
(Supplementary Table 4).

Body mass index

BMI in the placebo arm baseline was 38.6 (4.7) kg/m? and 38.1(4.9)
kg/m? at 12 weeks, whereas in the exenatide arm baseline was
37.6 (7.9) kg/m? and 37.5 (7.4) kg/m? at 12 weeks. There was no sig-
nificant difference in BMI between arms at 12 weeks, P=0.854
(Fig. 3 and Supplementary Table 4).

Safety blood test results

No significant changes were seen in the safety monitoring blood
tests (Supplementary Table 7).

Adverse events

Twelve adverse events were reported during the trial. Eight adverse
events occurred in the exenatide arm, seven of which were nausea re-
lated to exenatide initiation. Four adverse events occurred in the pla-
cebo arm. One unrelated serious adverse event, thyrotoxicosis, was
reported in the placebo arm. No patients withdrew due to adverse
events (Supplementary Table 8). All participants remained compliant
with assigned treatment as monitored by returned medication.

Anti-exenatide antibodies

No anti-exenatide antibodies were detected in samples collected at
baseline. In total, two of the seven patients on exenatide developed
antibodies by Week 12. At Week 2 one patient had antibodies
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Figure 1 Consort diagram. Consort diagram describing the numbers and disposition of study subjects.

present (> 0.1pg/ml) and these were also present at 12 weeks
(> 0.1 pg/ml). A further patient was noted to have antibodies at
12 weeks (>1.0 pg/ml).

The two patients with anti-exenatide antibodies at 12 weeks had
higher (3- and 6-fold higher) than predicted exenatide concentra-
tions at 12 weeks and were excluded from the 12 weeks data ana-
lysis. At baseline, Week 2 and Week 12, there was a sharp
increase in exenatide concentrations in patient serum at 2.5 h fol-
lowing subcutaneous administration of exenatide. This was fol-
lowed by a sharp decline in peptide concentrations at 6 h. The
mean exenatide concentrations at 2.5 hours are higher at baseline
than at Week 2 and Week 12 (575.4, 380.7 and 205.4 pg/ml, respect-
ively), which is expected as 20 pg of exenatide was administered at
baseline, compared to 10 pg administered at Weeks 2 and 12
(Supplementary Table 9 and Supplementary Fig. 1). The number
of participants was insufficient for meaningful analysis of the rela-
tionship between pharmacokinetics and efficacy.

No hypoglycaemia was encountered during the trial. There was no
significant difference in fasted glucose and fasted insulin between

the two trial arms at 12 weeks (Supplementary Table 10 and
Supplementary Fig. 2).

Blood pressure and heart rate were stable during the trial, mean ar-
terial pressure was lower at 12 weeks in the exenatide group com-
pared to placebo, —6.7 mmHg (3.6), P=0.088, but there was no
significant change within arms between baseline and 12 weeks
(Supplementary Table 4).

We looked in more detail at the changes in ICP in the first 2.5 h fol-
lowing drug administration. ICP was significantly lower in
recordings taken over time points 90-120 min [mean (SD): —4.6
(2.1) mmHg, P=0.028] and 120-150 min [mean (SD) -4.2 (2.1)
mmHg, P=0.042] (Fig. 4A and Supplementary Table 11).

ICP was then measured overnight between 24.00 and 07.00 h on
the first day of dosing (Fig. 4B and Supplementary Table 12). ICP is
observed to rise progressively overnight in IIH.*® In the placebo
arm the ICP rose overnight as expected by 3.1 (4.1) mmHg,
P=0.13. In the exenatide arm, the overnight rise in ICP was su-
pressed to 0.1 (3.2) mmHg, P=0.97. There was a significant
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Table 1 Primary outcome measures
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ICP at baseline,

ICP at time point,

Difference in ICP baseline to

Difference in ICP between arms at

mean (SD) mean (SD) time point, mean (SD); 95%CI, P time point, mean (SE); 95%CI, P
ICP 2.5 h (mmHg)
Exenatide (n=7) 22.3(3.6) 21.8 (3.4) —-0.5 (1.9); (2.3, 1.2), P=0.485 -4.2 (2.1); (-8.4, 0.0), P=0.048
Placebo (n=28) 24.6 (4.1) 26.0 (3.4) 1.4 (1.8); (0.1, 2.9), P=0.060
ICP 24 h (mmHg)
Exenatide (n=7) 22.3(3.6) 18.9 (5.3) —3.4 (3.5); (-6.6, —0.2), P=0.042 —-4.7 (2.1); (-8.8, -0.5), P=0.030
Placebo (n=38) 24.6 (4.1) 23.5 (4.5) -1.0 (3.3); (-3.8, 1.7), P=0.406
ICP 12 weeks (mmHg)
Exenatide (n=7) 22.3 (3.6) 21.4 (4.0) —-0.9 (2.7); (-3.3, 1.6), P=0.410 —-4.1(2.2); (-8.4, 0.1), P=0.058
Placebo (n=7) 24.6 (4.1) 26.0 (4.4) 1.2 (5.1); (-3.5, 5.8), P=0.565
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Figure 2 Primary outcomes. Mean change (SEM) of ICPin (A) ICP at 2.5 h; (B) ICP at 24 h; (C) ICP at 12 weeks. *P < 0.1 (significant level setat P < 0.1). Diurnal

variability in ICP reflected in changes in ICP readings at different times of day observed in the placebo arm.
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difference in the ICP measurement between the exenatide and pla-
cebo arms at the last reading of the night [06.00-07.00 h; mean
(SD) ICP difference between arms was 5.0 (2.5) mmHg; equivalent
to 6.8 (3.4) cm CSF; P=0.04].

We determined that ITH patients had a similar fat mass, lean mass
and android-gynoid ratio in those treated with exenatide as com-
pared to those on placebo with no significant differences detected
at 12 weeks (Supplementary Table 13).

Discussion

This is the first randomized controlled trial comparing the efficacy
of the GLP-1 receptor agonist exenatide, with placebo to reduce ICP
in patients with active IIH. We have found a significant and clinic-
ally meaningful reduction in ICP in the treatment arm as compared
to the placebo arm both acutely and after 12 weeks of dosing. The
drug was safe and well-tolerated. This trial establishes the success-
ful translation of preclinical data into humans and is the first to
demonstrate a new drug treatment for ITH that significantly reduces
ICP in IIH.

The hallmark of IIH is raised ICP, which causes headaches and
visual loss (through compression of the optic nerve and papilloede-
ma).’*2>% Therefore, to evaluate the efficacy of exenatide the pri-
mary outcome for this trial was chosen as ICP.*® A significant
reduction in ICP was seen acutely at 2.5 h of —4.2 mmHg (equivalent
to —5.7 cmCSF), which corresponds to peak exenatide serum levels.
The reduction in ICP was also noted at 24 h [reduction of 4.7 mmHg
(equivalent to 6.4 cmCSF); Table 1 and Fig. 2]. There are no studies
that have evaluated other drugs (used off-label) to treat IIH that
have shown ICP reduction within the first 24 h of administration.
ITH patients can deteriorate rapidly (over days)®* and hence a drug
with rapid onset of action is clinically advantageous for IIH. A
drug treatment that can rapidly reduce ICP is also of potential rele-
vance for other conditions characterized by raised ICP, such as fol-
lowing traumatic brain injury and stroke.

A significant reduction in ICP was also noted after prolonged
dosing at 12 weeks (4.1 mmHg equivalent to -5.6 cmCSF;
Table 1 and Fig. 2), demonstrating durability of dosing. The minimal
clinically important change in ICP in those with ITH has yet to be de-
termined.*® There have been four previous randomized control
trials in ITH'>*°*2 and one prospective crossover trial."®> Four of
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these have used ICP as an outcome measure, with the magnitude
of treatment effect between trial arms ranging from 5.9 cmCSF
(acetazolamide and diet),** —6.0 (1.8) (by bariatric surgery)'? and
—6.2 cmCSF (through low-calorie diet).™® The efficacy in these stud-
ies is akin to what we have observed following treatment with ex-
enatide for 3 months (-5.6 cmCSF).

Headache is a key disabling feature for IIH patients and listed in
the top 10 priority areas for research by patient groups.?* Headache
is also a key determinant for the significantly reduced quality of life
in IIH.%° In this trial, while not powered to evaluate secondary
outcome measures, there was a significant reduction in monthly
headache days between baseline and 12 weeks among those pa-
tients taking exenatide (-7.7 days); those in the placebo arm did
not have any significant improvement (-1.5 days; Fig. 4 and
Supplementary Table 4). A reduction in monthly headache of
1.5-2 days is regarded as meaningful in chronic migraine rando-
mized controlled trials.***® Improvements in headache in IIH
have been shown in other trials to occur due to reduction in ICP.??
Headache outcomes may show more benefit over a longer trial dur-
ation, as during the relatively short time horizon of this trial other
factors may also have contributed to headache such as medication
overuse and opiate use, which occur in approximately one-third of
ITH patients.*®

There was a significant improvement in visual acuity be-
tween the trial arms at 12 weeks (Fig. 3 and Supplementary
Table 4). In this trial, the magnitude of change (five letters) was
equivalent to aline on the visual acuity chart. In other ocular dis-
eases a change of more than five letters would have >90% prob-
ability of being a real change.”” Changes in visual acuity of five
letters have been noted previously in a prospective crossover co-
hort study evaluating a weight loss intervention where there
was a reduction of ICP by —6.2 cmCSF.*® It is likely that the im-
provement in visual acuity found here may be related to reso-
lution of the hyperopic shift associated with raised ICP and
papilloedema.

Weight loss has been shown to reduce ICP in IIH."*** In this
study, there was no significant reduction in body weight at 12 weeks
in the treatment arm, which implies that the reduction in ICP was
likely to have been mediated by a reduction in CSF secretion, the
mechanism demonstrated in preclinical studies, rather than
through weight loss.” Additionally, the significant reduction in
ICP noted at the early time points of 2.5 h and 24 h would have
been too premature to be modulated by weight loss. GLP-1 receptor
agonists such as exenatide can increase satiety and promote
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Figure 4 First 2.5 h, overnight ICP. Mean ICP (SEM) by arm measured (A) continuously over 2.5 h after dose and (B) hourly overnight. *P <0.1 (significant
level set at P<0.1).
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weight loss, but this is generally in a context of a concurrent low-
calorie diet.*®

Exenatide is widely used to treat type 2 diabetes and has an es-
tablished long-term safety record (licensed in 2005).**° In this trial
exenatide was safe and well-tolerated, with no withdrawals due to
drug adverse effects. This is relevant as the drug predominantly
used off-label for IIH, acetazolamide, can be poorly tolerated. In a
previous randomized controlled trial 48% of patients withdrew
over a 3-month period, due to adverse effects.’® Nausea is a known
side effect of GLP-1 receptor agonists,**° and was predicted to oc-
cur in those IIH patients taking exenatide. In this trial seven pa-
tients experienced nausea related to exenatide, but this settled
over the first week. The nausea may, in part, be explained by the ex-
enatide pharmacokinetic profile with high peak levels noted twice a
day with twice daily Byetta dosing.* Our pharmacokinetic data il-
lustrated highest serum levels at 2.5 h post-dose, in keeping with
the established literature on Byetta. Anti-drug antibodies were de-
tected in two participants. The clinical relevance of this is not deter-
mined; however, anti-drug antibodies have not been shown to
impact drug effects in diabetes.>* ITH is known to be a disease of in-
sulin resistance®? and therefore exenatide’s insulin-sensitizing ef-
fects may have additional benefits in this population.

This is the first trial, to our knowledge, to use telemetric intra-
cranial monitoring to measure ICP in ITH. Patient input into the trial
design advocated for telemetric ICP monitoring over multiple lum-
bar punctures to facilitate data validity and reduce patient discom-
fort from multiple lumbar punctures. This has permitted detailed
characterization of ICP changes and the ability to measure ICP for
prolonged periods over several weeks without further invasive pro-
cedures.>® This technology has led to the accurate demonstration of
ICP lowering both with single dosing and with repeated dosing. The
intracranial telemetric catheters were safe, with only one failing to
register by 12 weeks.

This study has several limitations. As an early phase study, it
was powered to the primary end points of ICP reduction with single
and repeated dosing. Thus, the study was underpowered to detect
differences in patient-centred outcomes and secondary clinical
end points such as headache and visual field perimetry. Powering
the study for those end points would have required a large increase
in number of participants; however, telemetric ICP monitors would
not be feasible in large trial cohort. No stratification was used at
randomization and groups were unmatched for baseline headache
days and visual field perimetry. Additionally, patients with min-
imal visual field defects were not excluded as in prior studies,
thus making the study more clinically representative, but visual ef-
fects more difficult to detect due to the ceiling effect of the meas-
urement. With the main side effect of exenatide being nausea,
patients could have been unmasked; however, the primary end
point was a physiological measure, which should minimize this
risk.

The results of this study may have wide reaching implications
for many other diseases of raised ICP as the drug does not target
the specific pathogenesis of ITH, but CSF secretion. Given the toler-
ability of exenatide and its direct and early effect on ICP, it may be
beneficial in other conditions such as hydrocephalus, traumatic
brain injury, raised ICP in stroke and meningitis and space flight-
associated neuro-ocular syndrome. In addition, GLP-1 receptor ago-
nists have been shown to demonstrate neuroprotective properties
and hence may have additional benefits in conditions such as trau-
matic brain injury.>*

We had previously identified a novel pathway to modulate ICP
in an animal model.” This preclinical work has now been translated

J. L. Mitchell et al.

to a population of patients with raised ICP due to IIH. The data de-
monstrated the efficacy of exenatide to significantly lower ICP. A
new efficacious therapy is a clear unmet patient need,?* and this
is the first trial of a new drug treatment for IIH that significantly re-
duces ICP. The data presented here support further evaluation of
exenatide in a large randomized controlled trial, powered to evalu-
ate clinically relevant outcome measures.
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