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Context. Postprandial hyperglycemia remains a challendggpe 1 diabetes (T1D) due, in part,
to dysregulated increases in plasma glucagon |afds meals.

Objective. This study was undertaken to examine whether &dka of therapy with pramlintide
or liraglutide might help to blunt postprandial leyglycemia in T1D by suppressing plasma
glucagon responses to mixed meal feedings.

Design. Two parallel studies were conducted in which pgréints underwent mixed meal
tolerance tests (MMTTs) without premeal bolus imsatdministration before and after 3-4
weeks of treatment with either pramlintide (8 papants aged 20+3yrs,;46.9£0.5%) or
liraglutide (10 participants aged 22+3yrg,cX.6+0.9%).

Results. Compared to pre-treatment responses to the MME&afrirent with pramlintide reduced
the peak increment in glucagon from 32 % 16 to 22ug/mL (p<0.02). In addition, the
incremental area under the plasma glucagon cuove @120 minutes(Glucagon IAWG20 mi)
dropped from 19881590 to 737x577 pg/mL*min (p<@Q@hich was accompanied by a
similar reduction in the meal-stimulated increasée plasma glucose curve (Glucose iIA§JC
120 minp from 11963+1424mg/dL*min pre-treatment vs 24934 8ng/dL*min after treatment
(p<0.01). In contrast, treatment with liraglutidedmo effect on plasma glucagon and glucose
responses during the MMTT.

Conclusions. Adjunctive treatment with pramlintide may provide effective means to blunt
post-meal hyperglycemia in T1D by suppressing dydeded plasma glucagon responses. In
contrast, plasma glucose and glucagon responsesunwehanged after 3-4 weeks of treatment
with liraglutide.
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We examined the effect of pramlintide or liraglutide as adjunctive therapy on postprandial glucagon and
glucose response to mixed meal feedings in youths with type 1 diabetes.

1. Introduction

Postprandial hyperglycemia remains a challenggpe i diabetes (T1D) due to a number of
factors that include delays in the absorption artoba of pre-meal boluses of insulin from the
subcutaneous space and dysregulated glucagonigeéretesponse to mixed meal feedings.(1-
5) In non-diabetic individuals, plasma glucagorelswxchange very little after eating a mixed
meal that includes protein and carbohydrate becthsstimulation of glucagon secretion by
increases in plasma amino-acids is off-set by tippression of glucagon secretion by increases
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in plasma glucose levels. In contrast, it has lmlsnonstrated that children with type 1 diabetes
have higher plasma glucagon responses after a rmeadifeedings compared to healthy peers.
(3) Moreover, plasma glucagon responses to mixea feeding increase over time, presumably
due to the progressive loss of residgraell function. (1,6)

Due to the adverse impact of postprandial hypegsgtyia on overall glycemic control and
on the risk of complications, (7,8) it has beengasged that treatment with agents approved for
use in T2D may be effective in lowering post-prahdiucose peaks in TID by mechanisms
independent of stimulation of insulin secretiorl(®, Specifically, SGLT2 inhibitors reduce
plasma glucose by lowering the renal thresholdyfocose excretion; (11) whereas, it has been
suggested that the glucose-lowering effects of podimlintide (an analog of amylin) and
liraglutide (a GLP1 agonist) are due, in part,ltavéng of gastric emptying and suppression of
exaggerated post-meal increases in plasma glucét®i3) In two parallel studies, we used a
full-closed loop insulin delivery system to contpmst-meal glucose excursions before and after
3-4 weeks of treatment with pramlintide and lirdgla at maximally recommended doses. Those
studies showed durable slowing of gastric emptyiitg pramlintide but not with liraglutide.

(14) In those studies, we also performed mixed rwatance tests (MMTTS) in the morning
following 24-hours of closed—loop control to examand compare whether after 3-4 weeks of
treatment with pramlintide or liraglutide suppegsneal-stimulated increases in plasma
glucagon in T1D. (14) The results of these MMT Te i@ported herein.
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2. Material and Methods

A. Participants

Participants were eligible to enroll in the praritie and liraglutide studies if they had a clinical
diagnosis of type 1 diabetes for at least 1 yea % (<75mmol/mol) and a normal
hematocrit and serum creatinine level. Participartee excluded if they had a history of an
eating disorder, celiac disease, gastroparesishandisorder of intestinal absorption or motility,
a history of a hypoglycemic seizure in the pastdditins, another chronic medical condition
(except treated hypothyroidism), current use of icaans (other than insulin) known to affect
blood glucose level or gastrointestinal motilitydgsrior adverse reactions to the drug under
study. Female participants could not be pregnatdatating. The studies were reviewed and
approved by the Yale University Human Investigat@mmittee and written informed consent
was obtained by adult participants. Parental canséh participant assent were obtained for
participants <18 years.

JCEM

B. Procedures

Dose Titration Phase:

Participants in the studies underwent two 24 hewiogs of closed-loop glucose control before
and after 3-4 weeks of treatment with pramlintidéiraglutide. (14) During outpatient

treatment, the dose of pramlintide was uptitratechf30 to 60 ug given 15 minutes prior to each
meal and the once daily dosing of liraglutide beforeakfast was uptitrated from 0.6 to 1.8
mg/day. In both studies, insulin doses were adjljste needed, by frequent telephone contacts
with the study participants.

Mixed Meal Tolerance Tests (MMTTSs):

In each study, the participants underwent two mixeal tolerance tests, the first performed
before therapy with pramlintide or liraglutide aie second performed after 3-4 weeks of
treatment with one of the drugs. All MMTTs werefpemed at ~8 AM in the morning after an
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8-12 hour overnight fast, during which glucose Isweere regulated with a Medtronic closed-
loop system. (14) The CL system used in both e$estudies consisted of four components: a
Medtronic Paradigm 715 insulin pump, a MedtronieiMink REAL-Time transmitter (MMT-
7703) adapted for 1-min transmission, a Medtropittibuous glucose sensor (Sof-sensor in the
pramlintide study and Enlite sensor in the liraigletstudy), and the Medtronic external
Physiological Insulin Delivery (ePID) algorithm nibdd to include insulin feedback, which was
on a laptop computer.

An intravenous catheter was used for frequentdgaompling during the MMTTSs. At the
start of the 4 hour MMTTSs, baseline samples for sneament of plasma glucose and plasma
glucagon were obtained, the closed loop systenmshatsoff and participants were placed back
on their usual open loop basal rate settings. djaatits then consumed 6ml/kg of Boost High
Protein 6¢cc/kg to a maximum dose of 360mL. Addisiloblood samples for measurements of
plasma glucose and plasma glucagon were obtaireg €8-30 min for 240 minutes following
ingestion of Boost High Protein; (3) the macro-rarit content per100 ml of Boost High Protein
is protein 6.3g, carbohydrate 13.9g and fat ZZaging the second MMTT for each participant,
pramlintide (60 mcg) or pramlintide (1.8 mg) wageated just prior to meal ingestion.

The primary outcome of the two parallel studiesoregd here was the difference in the
incremental area under the curve in plasma glucégais from baseline to 120 mi@lucagon
IAUC.120 min- Secondary outcomes included tBkicagon iIAUGC;20-240 minGlucose 1AUG.120 min
and Glucose iAUG20-240 min Changes in peak plasma glucagon and peak pldsitasg levels
and the time-to-peak for glucagon and glucose 248rminutes.

THE JOURNAL OF CLINICAL
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Breakfast during closed loop.

Participants in the liraglutide group had theiragilgon and glucose response to breakfast
assessed during the 24-hr closed loop admissioealsMvere self-selected and were not limited
by calorie or carbohydrate content. Samples wetairndd every 15-30 min for 180 minutes
after the breakfast to assess both glucose andgpndevels. Closed loop insulin delivery was
maintained during the meal test.

C. Laboratory measurements

Plasma glucose was analyzed using the YSI 2300 $H1AJ glucose analyzer (YSI Life
Sciences, Yellow Springs, OH). Glucagon was meaishiyea double antibody
radioimmunoassay (EMD Millipore, RIA assay, GL-32Klhe lower limit of detection of
plasma glucagon was 20 pg/mL and the higher lifihe standard assay curve was 400 pg/mL.
The accuracy of the assay was 97+0.8%.

D. Statistical Considerations

Comparisons between the pre- and during treatmeasarements were calculated using pdired
Student test for continuous variables. Fisher etemttwas adopted for categorical variables.
Changes in plasma glucose and glucagon during &8 were expressed as incremental
values from baseline (0 minutes) to the specifiegpoints. The incremental areas under the
curve (IAUC) and the peak value for both plasmagée and glucagon were calculated as
difference from the baseline measure (0 minutea)al@re expressed as mean+SD. Data were
analyzed using GraphPad Prism 7 software (GrapBBé&diare, Inc., La Jolla, CA).
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3. Results
A. Participants

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. comlj cenl advance-articl e-abstract/doi/10.1210/j c. 2017- 02265/ 4677376

bruary 2018



The Journal of Clinical Endocrinology & Metabolis@ppyright 2017 DOI: 10.1210/jc.2017-02265

Ten out of 11 participants who enrolled in the @udy (14) with liraglutide agreed to undergo
the two MMTTSs, as did 8 of 10 participants from gramlintide study. The clinical
characteristics of the 10 liraglutide and 8 pratdie participants are shown Traeble 1.

B. MMTT Results

B1. Baseline plasma glucagon and glucose levels

As shown inTable 2, in each of the experiments, overnight CL insulitivéey resulted in
baseline fasting plasma glucagon and glucose I¢vatsvere similar in both groups of subjects
both before and during treatment with pramlintidd &raglutide.

B2. Increments in plasma glucagon and glucose bedad during treatment with pramlintide
The patterns of incremental changes in plasma glucand glucose before and during treatment
with pramlintide are shown iRigure 1A and 1B, respectively. During the first 2 hours of the
MMTTSs, treatment with pramlintide markedly redudbd rise in plasma glucagon levels
following meal ingestionKigure 1A) and increases in plasma glucose levels werebhlsted
(Figure 1B). Moreover, between 2-4 hours, glucagon levelsaieed suppressed during
treatment with pramlintide<gure 1A), even in the face of a delayed rise in plasmaaga
levels Figure 1B). As shown inTable 3, adjunctive therapy with pramlintide markedly
suppressed the glucagon iIAW&0 minand the peak increment in plasma glucagon, asasdhe
glucose iIAUGy.120 min, Glucose 1AUG 20-240 minand the peak increment in glucose. Pramlintide
treatment also delayed the time to peak glucagdrglutose levelsT@ble 3).

THE JOURNAL OF CLINICAL
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B3. Increments in plasma glucagon and glucose bedod during treatment with liraglutide

The incremental changes in plasma glucagon armbggubefore and during treatment
with liraglutide are shown iRigure 1C and1D. As seen in these Figures, after 3-4 weeks of
liraglutide treatment, there were no significarftatences in the plasma glucagon and glucose
responses during the first 120 min and second liRGatiowing Boost ingestion. As shown in
Table 3, the peak increment in plasma glucagon, the tongetk glucagon and the iIAUC for
glucagon were not significantly different beforelaturing treatment with liraglutide.
Furthermore, there were no significant changebempeak increment in plasma glucose, time to
peak glucose and iAUC for glucose after treatmetit livaglutide.

C. Plasma glucagon and glucose responses during closed loop insulin deivery before and during
treatment with liraglutide

To validate that a liquid meal response would hecgve of the physiologic changes in
glucagon and glucose following a standard meal uocdetrolled insulin delivery conditions, a
self-selected breakfast was provided to particgdating both closed loop admissions. The
average macronutrient content of the standardizeakfiast was 75 + 49 grams of carbohydrates,
24 + 16 grams of protein, and 17 +14 grams of@atroborating the findings demonstrated
during the MMTT, no difference in the glucagon arapse response was appreciated in the 3-
hours following the standardized breakfast me&jyre 2 andSupplemental Table).

4. Discussion

=
L
U
-
L
—l
S
—
oC
<
LL
O
Z
<
>
Qo
<

Pramlintide and liraglutide have been widely inigegied as adjunctive therapies aimed at
limiting post-meal hyperglycemia in T1D (9,12,14)2fie to putative modes of action that
include the ability to suppress dysregulated glocagsponses to mixed meal feedings, slowing
of gastric motility and earlier satiety. (9,26,23hould be noted, however, that clinical studies
have demonstrated differences between the two anuggucose control, glucagon secretion and
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gastric emptying (14,16,18,19,22,28-30) with litsggle surprisingly increasing the glucagon
responses to mixed meal feedings after chroni¢niresat in type 2 diabetes and pramlintide
being highly effective in delaying gastric emptyiogt with conflicting effects on glucagon
secretion in T1D. (14,24)

Our parallel studies of the use of pramlintide hAradjlutide as adjunctive agents to improve
control of post-prandial glucose excursions dudluged-loop insulin delivery provided a
unique opportunity to examine and compare the tffetcthese agents on dysregulated increases
in plasma glucagon levels after meals. (14) Conseityy the most important findings of the
current study are that we were unable to obseryeappressive effects of liraglutide on plasma
glucagon responses to mixed meal feedings or aggestion of a delay in gastric emptying after
only 3-4 weeks of treatment. In contrast, markgepsession of 2-hour-plasma glucagon, as well
as reduced and delayed increases in plasma gllexade were sustained after the same duration
of treatment with pramlintide.

These findings are consistent with previous stuttiassupported approval of pramlintide for
use as an adjunctive agent in T1D (12,22,23,3@&@8d)more recent phase 3 studies of liraglutide
that indicted little improvement in metabolic caitin patients with T1D. (16,17,20) Our results
are also consistent with previous reports, indngathat liraglutide is a less effective drug of its
class in modulating the gastric motility, with mgm@nounced action from short-term GLP-1
analogues, like exenatide or lixisenatide. (26/A2noted in our previous publication in this
groups of patients (24) and by others, (19,33yluade may be of benefit to overweight or
obese patients with T1D due to its suppressiomppétte, which may support weight loss and
reductions in insulin doses.(17,27)

A strength of the study, is that the MMTTs werefpened after completion of 24 hours of
closed-loop insulin delivery, including overnigtartrol just prior to the start of the MMTTs
with the last meal being consumed >12 hours eaMest MMTT protocols mandate that
fasting glucose levels between 70-200 mg/dL beeadt prior to meal ingestion. Our use of the
closed loop system ensured that participants had gghter glycemic control, thus minimizing
the potential confounding effects of differencesasting plasma glucose prior to performance of
the procedure. Even plasma glucagon levels weriasiprior to the conduct of the pre- and
post-treatment MMTTs performed. Use of the closmmplsystem also ensured precision in
regards to the insulin delivery prior to the st#rthe MMTTS, eliminating a potential
confounding factor of overinsulinization prior teeal ingestion. Thus, in both sets of
experiments, the only difference between the two™MNlin each participant was the injection
of the study drug prior to the second MMTT.

Compared to the sharp increases in plasma glucagbplasma glucose during the pre-
treatment MMTT, only a slight increase in plasmacgigon and glucose levels was observed
during the first 60 minutes of the MMTT during theeent with pramlintide.Kigure 1D)

However, it is possible that diminished increaseglasma glucagon and plasma glucose during
the first 2 hours of the MMTT were both due to gslan gastric emptying rather than by
suppression of glucagon secretion by pramlintidgufg against this conclusion is the
observation that the relatively flat glucagon resgmfollowing meal ingestion with pramlintide
was present for the full 4-hours of the MMTT, désplelayed absorption of carbohydrate and
amino-acids and corresponding increases in plasucase after meal ingestion. These data
suggest that the ability of pramlintide to mitigatest-meal hyperglycemia is related to both its
ability to delay gastric emptying and to suppres=ll secretion.
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A limitation of the present study was that it wag designed to allow for formalized
comparison between the two agents. However, casgraof the individual treatments prior to
and post treatment in the two separate cohortsestadiows extrapolation of how the two
adjunctive therapies may differ. It should alsmbéed that studies examining physiologic
changes induced by pharmacologic agents often laayer sample size. However, the present
analysis is a sub-study nested within inpatiergeibloop studies that were designed to examine
the feasibility and potential efficacy of adjun@itherapies in conjunction with closed-loop
insulin delivery. Although our sample size is telely small, it was sufficient to show a change
in hormonal response during treatment with prandet While we have no direct means of
assessing participants’ compliance in taking theystrugs during the outpatient phase of the
studies, paricipantts were contacted frequentlielgphone during this time. These phone calls
allowed investigators to encourage compliance asdss for adverse effects of the study
medications. Importantly, all participants in bathdies tolerated the full therapeutic doses of
the drugs during the inpatient studies, which wddde been unlikely if they had not been
compliant in the outpatient dose titration phasealfy, as a surrogate marker for compliance, it
is notable that during both studies participantswegrage had a lowering of their total daily
insulin dose. (24)

Finally, it is possible that use of a standardizezhl instead of a liquid mixed meal would
have provided better approximation of how theseaihies impact day-to-day life. Although not
performed in the pramlintide study, plasma glucaggponses to a standardized breakfast
during closed-loop insulin delivery was assessdtieniraglutide study. Furthermore, the
standard breakfast meal study conducted duringhfredient closed loop admissions provided
the opportunity to see if dynamic insulin delivémpacted the results of meal-stimulated
glucagon and glucose responses. As demonstratbdkingure 2, no difference was
appreciated with the standard meal; thus, proviglistification for assessment of the MMTT in
the present analysisSfpplemental Table 1) and confirming the reliability of the use of
MMTT, instead of a real meal, to assess the efittiie adjunctive therapy on glucagon and
glucose response.

In conclusion, this study has highlighted thadiutide did not suppress dysregulated
increases in plasma glucagon responses to mealsaétee a relatively short period of treatment.
We have also confirmed the effect of pramlintidéinmting the early meal-stimulated increases
in plasma glucagon and glucose levels. Howeverndgfeirement for subcutaneous injections of
pramlintide before each meal has limited the ughisfagent in patients with T1D in clinical
practice.
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Figure 1. Glucose and glucagon profile during mixed meal tolerancetest. Glucose profile
before and after the treatment with liraglutide Y BAd pramlintide (1B) during mixed meal
tolerance test; Glucagon profile before and aftertteatment with liraglutide (1C) and
pramlintide (1D) during mixed meal tolerance t€dticose and glucagon are expressed as
incremental value from the baseline.

Figure 2. Change in glucose and glucagon levels duringcfaled loop insulin delivery with a
standardized breakfast prior to and 3-4 weekstpeatment with liraglutide.

Table 1 Baseline characteristics

Liraglutide (n=10) Pramlintide (n=8) p
Clinical Characteristics
Sex (FIM) 6/4 5/3 >0.99
Age (y) [age range] 21.943.5[18-27] 19.6+2.8 [1§-2 0.151
= BMI (kg/m?) 23.5+2.9 23.0+1.5 0.665
3 HbA, at enroliment % (mmol/mol) 7.5+1.0 (58.0+10.9 P (52.045.5) 0.142
= Diabetes’ duration (y) 9.946.5y 9.414.6y 0.85f
g E Weight (kg) 67.1+9.6 70.7+14.6 0.531
o Total daily insulin dose (U/kg/day) 0.8+0.1 0.9+0.3 0.355
k—jg Notes: Data are means (SD) unless otherwise indicated.
|
=i@)
P4
T Z . . . . .
3% Table 2. Baseline glucose and glucagon values prior topasd treatment with adjunctive
=0
wo therapy.
~uw
E Pramlintide
Pre-Treatment Post-treatment p-value
Ll Glucose (mg/dL) 121 + 22 115+ 21 0.586
‘ ’ Glucagon (pg/mL) 42 +22 45+ 19 0.775
Liraglutide
. Pre-treatment Post-treatment p-value
Glucose (mg/dL) 100 + 16 116 + 27 0.124
Glucagon (pg/mL) 52 £19 47 £19 0.563
Lu Notes: Data are means (SD) unless otherwise indicated.
@) Table 3. Outcomes measures
I Liraglutide Pramlintide
Glucagon Pre-treatment Post-tr eatment p Pre-treatment Post-tr eatment p
I I Glucagon iAUCo.120
< (b9 min/ml) 1904 + 651 1801 + 906 0.774 1988 + 590 737 £571 0.0007
Glucagon IAUC:z020 311+ 564 701 £ 860 0248 560807 933 £ 789 0.366
LlJ (pg* min/ml)
Glucagon incremental
peak(pg/mi) 29+16 3520 0.309 32+16 23+12 0.026
O Glucagon time-to-peak (min) 47 + 30 64+ 41 0.281 49 22 173 + 66 0.0097
Z Glucose Pre-treatment Post-tr eatment P Pre-treatment Post-tr eatment p
Glucose iIAUCq.120
; 13001 + 1207 12029 +1500 0.619 11963 + 1424 2493 £ 1854 <0.0001
< (mg*min/dl)
> GlucoseiAUCz0 20 20241+1794 |  1813542580| 0.3  17505+271 1339844 | 0.051
(mg*min/dl)
D %‘éﬁ;ﬁe incremental peak 200 29 171 +47 0.070 181 + 46 150+63 | 0011
< Glucose time-to-peak (min) 132 +41 135+29 0.85 128 + 31 221 +32 <0.001

Notes: Data are means (SD) unless otherwise indicatedlyes in boldface are significant.
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