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Abstract

Background This study was performed to satisfy a US Food and Drug Administration post-marketing requirement to compare
the dose responses for Technosphelre® Insulin (TT; MannKind Corporation, Westlake Village, CA, USA) and subcutaneous
insulin lispro (LIS) across a wide range of doses.

Objectives This single-center, open-label, randomized, cross-over study defined the pharmacokinetic/pharmacodynamic
curves for inhaled TI vs subcutaneous LIS in persons with type 1 diabetes mellitus.

Methods Each volunteer received six treatments while undergoing euglycemic clamps: three doses of TI (10, 30 and 120 U)
and LIS (8, 30, and 90 U). Primary endpoint was area under the glucose infusion rate vs time curve from start of treatment
administration to end of clamp. Key secondary endpoints included readouts of insulin exposure and timing of pharmacoki-
netic/pharmacodynamic profiles.

Results Insulin exposure was more than dose proportional, increasing with dose'%® for LIS and dose'-*® for TI. Time to
reach 10% of the maximum glucose infusion rate was 7 to 15 min for TI vs 21 to 38 min for LIS. End of effect was dose
dependent for both treatments, ranging from 2 to 6 h (TI) and 5 to 10 h (LIS). Glucose infusion rate exhibited saturation
for both treatments. Technosphere Insulin produced a lesser total effect per unit insulin than LIS due to its faster absorption
and correspondingly shorter duration of exposure. The difference was large enough to require significantly different doses
to achieve the same total effect.

Conclusions Technosphere Insulin has a considerably faster onset and shorter duration of action than LIS. Consequently,
the overall effect of TI is smaller than that of LIS and unit-for-unit dose conversion is not appropriate.

Clinical Trial Registration ClinicalTrials.gov, NCT02470637; 12 June, 2015

1 Introduction of subcutaneous (SC) regular human insulin (RHI), insu-
lin exposure (area under the concentration vs time curve
Technosphere® Insulin (TI; MannKind Corporation, West- ~ [AUC]) was dose proportional, but area under the glucose

lake Village, CA, USA) is a dry-powder formulation of ~ infusion rate (GIR) vs time curve (GIR AUC) from 0 to
recombinant human insulin adsorbed onto Technosphere 4 h was less than dose proportional [3]. The US Food and
microparticles for oral inhalation and is approved for the =~ Drug Administration was concerned that the pharmacody-
treatment of both type 1 and type 2 diabetes mellitus in the ~ namic (PD) effect of TI could be saturating at high doses
USA and Brazil [1, 2]. In an earlier glucose clamp study and imposed a post-marketing requirement for a euglycemic
comparing TI doses between 10 and 80 U against 15 U clamp study comparing the pharmacokinetic (PK)/PD curves

for TI and SC rapid-acting analog across a wide range of

doses.
04 Marshall Grant The current study was intended to identify the doses of
mgrant@mannkindcorp.com TI and SC insulin in which saturation in GIR was evident.
. . . . Aspects of the study design such as sample size (N = 30),
MannKind Corporation, 30930 Russell Ranch Rd, Suite 300, | lati ith 1 diab d
Westlake Village, CA 91362, USA sample population (persons with type 1 diabetes), and num-

ber of doses (three of each treatment) were negotiated with

Profil, Neuss, German .. .
Y the Food and Drug Administration to ensure the study would
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When the pharmacodynamic response is saturable,
doubling a high dose (concentration) does not double the
effect.

Faster absorption of the drug produces higher concentra-
tions and shorter durations, further reducing the effect.

For insulin, the response to ultrarapid absorption, such as
for intravenous bolus or inhaled Technosphere Insulin, is
so different from subcutaneously injected regular human
insulin and rapid-acting analogs that much higher doses
are required for the same total effect.

meet the post-marketing requirement. Weaknesses of the
previous study were addressed by (1) extending the GIR
measurement until GIR returned to zero, (2) switching the
reference treatment from RHI to SC insulin lispro (LIS), and
(3) employing more than one dose of reference treatment.
GIR AUC from 0 to 4 h from the TI study and GIR AUC
from O to 12 h from a study of an SC rapid-acting analog
[4] were fit to maximum effect (E,,) models as a function
of dose. Doses corresponding to approximately 25%, 50%,
and 80% of E,, were selected: 10, 30, and 120 U of TI and
8, 30, and 90 U of SC LIS.

In 1994, euglycemic clamp studies by Howey et al. dem-
onstrated that the rate of insulin absorption affected its PD
effect [5]. Intravenous (IV) RHI (10 U), with 100% bio-
availability and nearly instantaneous absorption, produced
insulin AUC that was 42% higher than SC LIS (10 U) or SC
RHI (10 U) but a total PD effect (GIR AUC) that was 38%
lower than either SC treatment. Faster insulin absorption
was associated with higher peak concentrations and shorter
durations of exposure. If GIR were proportional to plasma
insulin concentration or concentration in the effect compart-
ment, the same insulin AUC would produce the same GIR
AUC over a shorter period. In Howey et al.’s study, GIR was
saturable (exhibited an E,,, behavior) such that a 30-fold
range in peak insulin concentrations generated less than a
two-fold range in maximum GIR (GIR ).

Until recently, there was little interest in the effects of fast
absorption rates on PD because there was no way to achieve
them except by IV infusion. With the development of TI,
however, much faster absorption is possible. For example, in
a comparison of IV RHI, TI, and SC RHI, time to maximum
concentration (C,,,,) of insulin occurred 5 min after the start
of administration of IV RHI, 13 min after administration of
TI, and 121 min after administration of SC RHI [6].

In this paper, summary PK/PD parameters based on
administered doses of TI and LIS are compared to address
the concerns behind the post-marketing requirement. The
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effects of PK parameters (AUC from time O to the last
measurable concentration [AUC,, ], C,,, of insulin, and
mean residence time [MRT]) on PD response were also
investigated.

2 Methods
2.1 Study Design and Population

This was a single-center, open-label, randomized, con-
trolled, cross-over study in which volunteers received the
three different doses of each treatment over a series of six
euglycemic clamps (Electronic Supplementary Material
[ESM]). The study was conducted in Neuss, Germany, after
approval by the Independent Ethics Committee (Arztekam-
mer Nordrhein) and the Bundesinstitut fiir Arzneimittel und
Medizinprodukte (Federal [German] Institute for Drugs and
Medical Products). The trial was registered at ClinicalTrials.
gov (NCT02470637).

Volunteers were eligible if they were between 18 and
65 years old, had a clinical diagnosis of type 1 diabetes for
> 12 months, and were receiving a stable insulin regimen
for > 2 months before the study. Additional inclusion criteria
were body mass index between 18.5 and 29.0 kg/m? and both
a forced expiratory volume in 1 second and a forced vital
capacity > 70% of predicted values in pulmonary function
tests (ESM).

Technosphere Insulin was supplied as a dry powder for
pulmonary delivery using the Gen2 (“Dreamboat”) inhaler
[7]. Technosphere Insulin was administered as combinations
of 10-U and 20-U cartridges totaling 10, 30, and 120 U of
insulin. Single SC injections of 8, 30, and 90 U of LIS were
administered by syringe horizontally 5 cm right and left of
the umbilicus using a standardized skin-fold technique. Both
treatments were administered under fasted conditions.

2.2 Euglycemic Clamp Procedure

Volunteers taking long-acting insulin switched to interme-
diate-acting or short-acting insulin products 48 h before
dosing; those taking intermediate-acting insulin switched
to short-acting insulin 24 h before dosing; and those receiv-
ing continuous insulin infusions discontinued pump therapy
6 h before dosing. The last allowed dose of prandial insulin
was 12 h before dosing with TT or LIS, although small doses
of short-acting analogs (< 6 U) were permitted up to 8 h
before dosing.

The clamp procedure was performed using the
ClampArt® device (Profil, Neuss, Germany). A 20% glu-
cose solution was infused to keep the individual’s blood glu-
cose at the determined target level of 100 mg/dL. A second
infusion pump delivered 0.9% of sodium chloride solution
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to keep the line unobstructed. Heparin (heparin 10,000 U
per 100 mL of saline) was infused into the double-lumen
catheter at a rate of approximately 2 mL per hour to pre-
vent blood clotting in the ClampArt double-lumen catheter.
Blood glucose and GIR were continuously recorded during
the clamp procedure.

Insulin glulisine, which exhibits less cross-reactivity with
immunoasssays for human insulin than other analogs [8],
was infused as needed to obtain a blood glucose concentra-
tion of 5.5 mmol/L (100 mg/dL); infusion of insulin gluli-
sine was discontinued 20 min before treatment administra-
tion. When blood glucose levels had been stable for > 1 h
without any glucose infusion, TI or LIS was administered.
Dosing occurred between 2.5 and 6.5 h after the start of the
clamp procedure, and the clamps were planned for dura-
tions of 8-20 h post-dose (ESM). Clamps were terminated
early if blood glucose values were > 11.1 mmol/L (200 mg/
dL) for 30 min in the absence of a glucose infusion. At the
conclusion of the clamp, volunteers were disconnected from
the device, received a meal with their usual prandial insu-
lin therapy, and were advised on how to resume their prior
insulin therapy.

2.3 Serum Insulin Concentrations

Serum concentrations of human insulin and LIS were meas-
ured using radioimmunoassays (Human Insulin-Specific RI;
Millipore (Burlington, MA, USA), catalog number HI-14K;
LisPro Insulin RIA; Millipore, catalog number LPI-16K)
with a validated lower limit of quantification of 8 pU/mL.
Blood samples for determination of serum insulin concen-
trations after administration of TI or LIS were collected on
day 1 of each treatment period at 15 and 30 min pre-dose,
directly pre-dose, and at specified timepoints for the dura-
tion of the clamp.

2.3.1 Endpoints

The primary PD endpoint was area under the GIR curve
from start of treatment administration to end of clamp (GIR
AUC). Key secondary PD endpoints included GIR,,, time
to GIR .« (tgrrmay)»> time to onset of effect (t,,..; estimated
as the time required to reach 10% of GIR,,,), and time to
end of effect (tgrenq; taken to be the end of glucose infu-
sion). Pharmacokinetic endpoints calculated from baseline-
corrected insulin profiles included C,,,,, time to C,,,, and
AUClast'

Mean residence time, a standard PK metric, was also cal-
culated for each treatment:

AUMC _ [ 1+ Cat

MRT = =—
AUC [, Cat

ey

where AUC is area under the concentration vs time curve
for insulin and AUMC is area under the concentration first-
moment curve [9, 10]. Mean residence time quantifies the
sum of average absorption time and average systemic resi-
dence time. Insulin is known to follow flip-flop kinetics,
where the terminal decline in insulin concentration is gov-
erned by the rate of absorption, not systemic clearance [9,
10]. Once insulin is available systemically, its disposition
is generally considered to be independent of administra-
tion route. Thus, differences in MRT reflect differences in
mean absorption time, with lower MRT indicating faster
absorption.

2.4 Safety

All volunteers exposed to TI or LIS were included in the
safety population. Clinical laboratory tests, vital signs,
physical examinations, adverse events (including serious
adverse events), hypoglycemic events, and 12-lead elec-
trocardiograms were assessed. As TI is an inhaled drug,
pulmonary function testing and assessment of cough were
also performed. Pulmonary function tests included spirom-
etry (forced expiratory volume in 1 second and forced vital
capacity) at the screening and end-of-study visits.

2.5 Statistical Analysis

Pharmacokinetic parameters C,,,,, time to C,,,,, and AUC
last Were computed from individual PK profiles after base-
line subtraction. The lower limit of quantification (8 pU/
mL) and baseline subtraction precluded an accurate calcu-
lation of the terminal half-life. Estimations of AUC,, and
AUMC,,; were calculated using the trapezoid rule and used
to calculate MRT from Equation 1. The GIR,, and tgrmax
were obtained from individual GIR profiles fit by locally
estimated scatterplot smoothing with a smoothing factor of
0.06; GIR._, . was fit to

max

X7
Y =E XL X7 2)
where E\ = Epgnis + TIA Engerr Xso = Xso s +
TIAXsg 11, ¥ = 14+Ay; 15+ TIAygy, X = dose (D) or Cy,,, and
T1 is the indicator variable for treatment (equal to 1 if TI
was the treatment and 0 otherwise). All possible combina-
tions of parameters were evaluated and the model with the
lowest value of the Akaike information criterion (AIC) was
selected.

The dependence of the “Y” variables AUC,, GIR AUC,
MRT, and tgg.,q ON treatment and insulin dose or exposure
was analyzed by linear regression on log-transformed vari-
ables with a maximal model of
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InY = (B + B TI) + (B, + B5TI)InX + (B, + BsTI)In>X
3
where X = D or AUC,,,. The quadratic term was added to
account for curvature. All combinations of #,—f5 were evalu-
ated and the best model was identified based on AIC.
The GIR AUC was also fit to the maximal model

In(GIR AUC) =4, + f,InAUC,, + f,In’AUC,,,

2 “
+ §;InMRT + f,In>MRT

and the best combination of #,—f, was identified by AIC.

3 Results
3.1 Patient Demographics

Thirty volunteers with type 1 diabetes participated in the
study; 29 completed all six treatments and all profiles were
analyzed. Mean age was 42.4 years, and 29 volunteers were
male (96.7%) and White (96.7%). All volunteers had a body
mass index of < 29 kg/m?. Duration of type 1 diabetes aver-
aged 22.5 years (range 3.5-46.5 years) and mean glycated
hemoglobin was 7.4% (range 5.3-9.0%; ESM).

3.2 Safety

The most commonly reported treatment-emergent adverse
event in the study was cough, reported by 10.0% (3/30) of
volunteers for TI 30 U and 17.2% (5/29) of volunteers for TI
120 U; all reported incidents of cough were mild in inten-
sity and occurred within 5 min of dosing. Symptomatic on-
treatment hypoglycemia (defined as occurring during the
time interval from treatment administration through to 11:59
p.m. the following day) was reported for two participants
receiving TI 10 U, one receiving TI 30 U, and one partici-
pant receiving each of the three LIS doses. All the events
occurred > 5.9 h after the end of the clamp and none of the
events was considered to be related to treatment. No deaths,
serious adverse events, or discontinuations due to adverse
events were reported during the study.

3.3 Euglycemic Clamp Quality

Clamp quality was assessed by precision (coefficient of vari-
ation in blood concentrations during the clamp) and control
deviation of blood glucose concentrations from the clamp
target. The mean (standard deviation [SD]) values were less
than 6.28% (1.47%) for precision and 2.21 (1.44) mg/dL for
control deviation. The clamp quality in this study was com-
parable to that achieved in other studies with short-acting
insulins [11, 12].
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3.4 Pharmacokinetics and Pharmacodynamics
3.4.1 Analysis Related to Dose

Mean concentration profiles (Fig. 1a, b) illustrated increases
in peak concentration and insulin exposure with increasing
dose. The mean GIR curves (Fig. 1c, d) exhibited increases
in GIR AUC and GIR,, that were clearly less than dose
proportional. Peak insulin concentration, C,,,,, occurred ear-
lier for TI (1418 min) than for LIS (73-95 min; Table 1).
Mean t ., (estimated as the time required to reach 10% of
GIR,,,,) for TT was 7—15 min vs 21-38 min for LIS; shorter
times were associated with higher doses (Table 1). The dura-
tion of the glucose infusion increased with dose and ranged
from 2 to 6.5 h for TI and from 5 to 10 h for LIS (Fig. lc,
d; Table 1).

Insulin exposure (AUC,,,,) was proportional to D% for
LIS and D' for TI (Fig. 2a) (see ESM for coefficients
from the regression models). The data for LIS and TI did
not exhibit a statistically significant curvature. Exponents
greater than 1 indicated the bioavailability increased with
increasing dose, consistent with linear absorption in parallel
with Michaelis—Menten degradation in the depot. The geo-
metric mean dose-normalized insulin exposure (AUC,, /D)
across doses was 165 min pU/mL/U for TI vs 883 min-pU/
mL/U for LIS, yielding an overall relative bioavailability of
19%, with a range from 13% for the 10-U dose to 26% for
the 120-U dose.

The slopes of the GIR AUC best-fit curves decreased
over the dose range studied, indicating progressively less
incremental effect at higher doses (solid curves, Fig. 2b). On
average, over the dose range studied (dotted lines, Fig. 2b),
GIR AUC ~ D3 for LIS and ~ D'"? for TI. The greater
than dose-proportional increase in TI GIR AUC provided
no evidence of saturation in total effect over the range of
10-120 U. The geometric mean value of the dose-normal-
ized effect, GIR AUC/D, was 66.2 mg/kg/U for LIS vs 10.3
mg/kg/U for TI, yielding an overall relative bioeffect of 16%,
with a dose-dependent range of 9-30%.

If insulin pharmacokinetics followed strict first-order
kinetics, the MRT (Fig. 2¢) would be constant and a plot of
tgirend VS IND (Fig. 2d) would be a straight line with a slope
inversely proportional to the terminal half-life of the effect
[9]. Neither was true in this study. For both treatments, MRT
increased with dose (MRTy ~ D#*% and MRT; ;5 ~ D%'%?),
indicating a slowing of absorption, clearance, or both. A
power-law also fit the dose dependence of tgreng (tgRend T1
~ DO, tGIRend LIS ~D%282) and the plot of tgpeq VS InND was
curved upward, indicating the terminal half-life of the effect
became longer at higher doses.

Direct evidence showing that the dose range was large
enough to demonstrate a saturable glucose effect was pro-
vided by GIR,,, (Fig. 3). When fit as a function of dose

max
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Fig. 1 Pharmacokinetic and

o
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and insulin lispro (LIS). a TI 500 4]\ —— TI10U 500 - —— LIS8U

mean concentration profiles,

b LIS mean concentration
profiles, ¢ TI mean glucose
infusion rate (GIR) profiles and
d LIS mean GIR profiles
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Table 1 Summary of PK/PD parameters by dose
TI LIS
Parameter (SD) 10U 30U 120U 8§U 30U 90U
(n=29) (n =30) (n=129) (n=30) (n=29) (n=29)
Cppax » WU/ML 31.6 (16.2) 110.1 (62.2) 582.3 (254.9) 50.3 (16.6) 154.3 (47.2) 537.7 (250.2)
,, MiN 17.2 (31.6) 14.7 (4.1) 18.6 (5.7) 73.0 (30.4) 79.1 (30.2) 94.7 (24.1)
AUC,, ., min-pU/mL 1337 (766) 5381 (2907) 34,727 (15,562) 6942 (1863) 25,018 (7313) 95,330 (29,723)
MRT, min 37.2(17.8) 46.1 (13.0) 59.6 (12.3) 117.6 (25.9) 143.0 (30.3) 165.2 (42.1)
GIR,,,,. mg/kg/min 22(1.1) 6.1(2.9) 10.8 (2.7) 5.1(2.5) 10.9 (3.3) 14.6 (3.6)
{GIRmax: MiN 33.4(12.7) 42.6 (12.8) 55.0 (18.9) 112.3 (41.2) 148.7 (44.2) 192.0 (60.5)
GIR AUC, mg/kg 107.4 (74.8) 397.1 (201.5) 1581.4 (464.4) 701.1 (355.5) 2306.8 (744.2) 4554.1 (1222.5)
e MiN® 13.5 (11.0) 11.7 (7.0) 6.0 (3.2) 31.9 (21.6) 21.0 (10.7) 213 (10.1)
(n=10) (n=24) (n=28) (n=22) (n=26) (n=24)
tGIRengs MIN 109.0 (61.7) 186.7 (78.2) 384.6 (133.9) 301.0 (75.0) 435.0 (82.6) 589.1 (118.1)

AUC,,,, area under the concentration vs time curve from time O to the last measurable concentration, C,,,, maximum concentration, GIR glucose

infusion rate, GIR,,

2At low doses where GIR

max

max?

max?®

was also low, GIR(t=0) sometimes exceeded 10% GIR

max*

TI Technosphere Insulin, ¢,,
only values >0 minutes were included)

value of n in parentheses is the number of values used to compute the summary statistics

time to C

max> “onset

maximum GIR, LIS insulin lispro, PK/PD pharmacokinetic/pharmacodynamic, SD standard deviation, g, time to end
of effect (taken to be the end of glucose infusion), #;;g;mq. time to GIR
(estimated as the time required to reach 10% of GIR,

t time to onset of effect

These values were excluded from the calculation. The
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Fig.2 Dose dependence of key a 1000000 -
pharmacokinetic/pharmacody- oTl
namic summary parameters. a LIS
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the concentration vs time E
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measurable concentration [AUC £
1ast))» b insulin effect (glucose E
infusion rate area under the ot_"@ 1000 +
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[GIR AUC]), ¢ mean residence < 100 -
time (MRT), and d duration ©
of effect (time to end of effect
[taken to be the end of glucose 10 T
infusion]) [tgrenal- Solid curves 1 10
are best fits calculated on log- Dose (U)
transformed coordinates (InY vs
InDose). LIS insulin lispro, T1
Technosphere Insulin c 300 -
O Tl
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— 200 A
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Fig.3 Maximum effect (E_,,) models for maximum glucose infu-
sion rate (GIR,,,). a GIR,,,, vs dose. Parameter estimates (standard
error): E .. = 17.3 (0.9) mg/kg/min; median effective dose of insulin
lispro (LIS) = 18.2 (3.0) U; median effective dose of Technosphere
Insulin (TI) = 63.8 (8.8) U; y = 1. b GIR,,,, vs maximum concen-
(Fig. 3a), the best fit was obtained with y = 1, a common
value of E_, and a treatment-specific median effective
dose (EDs;). The parameter estimates (standard error) were:
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tration (C,,,,). Parameter estimates (standard error): E, ., 115 = 16.0

(0.9) mg/kg/min; E 1y = 11.5 (0.7) mg/kg/min; half-maximal effec-
tive concentration = 84.8 (10.1) pU/mL; y = 1.37 (0.19). Solid curves
represent best-fit curves. Dashed lines represent E,_,,

E .x = 17.3 (0.9) mg/kg/min, EDs, ;15 = 18.2 (3.0) U, and
AEDj 1 = 45.7 (7.2) U; equivalently, EDs 1y = 63.8 (8.8)
U. The best-fit parameters when modeled as a function of
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C...« (Fig. 3b) included treatment-specific E,,,, with com-
mon values of half-maximal effective concentration and y:
Eax s = 16.0 (0.9) mg/kg/min, £, 1y = 11.5 (0.7) mg/kg/
min, half-maximal effective concentration = 84.8 (10.1) pU/
mL, and y = 1.37 (0.19). The model based on C,,,, was
more likely with AIC = 851.4 vs 863.8 for the model based
on dose.

3.4.2 Analysis Related to PK Profiles

The relative bioavailability of TI (19%) and its relative bioef-
fect (16%) were similar, as were their variations with dose:
13-26% for relative bioavailability and 9-30% for relative
bioeffect. These data suggested identical insulin exposures
(AUC,,,) would produce similar insulin effects (GIR AUC),
but that was not the case (Fig. 4a, b). At low insulin expo-
sure, models estimated almost the same GIR AUC for both
treatments, but the effects diverged at higher doses. The
solid curves represented a fit with treatment and insulin
exposure as independent variables (Eq. 3), while the dotted
curves used insulin exposure and MRT as independent vari-
ables (Eq. 4). The cross-plots of observations vs predictions
(Fig. 4c, d) illustrated how much of the treatment difference
could be attributed to differences in PK profiles.

Fig.4 Pharmacodynamic effect a
as a function of insulin expo-

sure. a Comparison of models

based on treatment and area

under the concentration vs time

curve from time O to the last

measurable concentration (AUC

1asp) [solid curves] and AUC,

and mean residence time (MRT)

[dashed curves]—log-log

plot, b comparison of models

based on treatment and AUC,,

(solid curves) and AUC,,, and ’
MRT (dashed curves)—linear 100 T

10000 -

oTl

1000 4

GIR AUC (mg/kg)

Insulin exposures for both treatments overlapped in the
range of 4248-73,417 min pU/mL. Sets of n = 5 profiles for
each treatment at the low and high ends of their common
range permitted a direct comparison of pharmacokinetics
and pharmacodynamics at comparable AUC,,,. The mean
(SD) of five TI PK profiles at the low end of the overlap
(6537 [638] minepU/mL) was compared with the mean (SD)
of five LIS PK profiles with AUC,,, (6538 [65] mineuU/mL;
Fig. 5a). Similarly, the mean (SD) of five TI PK profiles
at the high end of the overlap (AUC,,, = 61,489 [7327]
mineuU/mL) was compared with the mean (SD) of five
LIS PK profiles with AUC,,, (61,371 [9082] minepU/mL;
Fig. 5b). At low exposure (Fig. 5c), the higher C,,,, for TI
produced a higher mean GIR_,,,, but its total effect (551
mg/kg) was less than that of LIS (899 mg/kg) because of its
shorter duration (shorter MRT). At high AUC,,,, GIR for
TI was essentially at £, over the first 2 h (Fig. 5d), fur-
ther limiting GIR AUC (1654 mg/kg) relative to LIS (3946
mg/kg). Thus, the lesser effect of TI resulted from its faster
absorption (lower MRT), which produced higher C,,,, and
drove GIR to near-maximal values at lower AUC. In addi-
tion to PK effects, E,,, for TI was lower than that for LIS,
further contributing to the difference between treatments.
The comparison over 16 h is plotted at full scale in the ESM.

GIR AUC (mg/kg)

coordinates, ¢ scatter plot for 1000
model with treatment and AUC
lase- and d scatter plot for model
with AUC,,, and MRT. AUC

area under the concentration vs
time curve, GIR glucose infu-

sion rate, LIS insulin lispro, 77
Technosphere Insulin __ 1000

100

GIR AUC (mg/kg

.
o

1 10 100
Predicted GIR AUC (mg/kg)
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4 Discussion
4.1 Study Results

The study was designed to identify doses of each treatment
for which GIR AUC exhibited saturation. An E,,, model fit
to GIR,, yielded EDs; 15 = 18.2 U and EDs, 1y = 68.8 U.
As expected, saturation was evident in the curvature of GIR
AUC vs D for both treatments, but overall, GIR AUC ~ D!
for TI because of the large increase in bioavailability. Riippel
et al. [3] simulated the previous study and concluded that
(1) the apparent saturation in effect resulted from truncat-
ing the measurement of GIR at 4 h before it had returned to
baseline, and (2) an E,,, model of predicted GIR AUC vs
D yielded EDs, gy = 48 U and EDsj 1 = 245 U. Although
this study could not confirm the value of EDj, 1y, there was
no indication of saturation in the effect as a function of dose
for TI at doses up to 120 U.

When the PD effect was related to insulin exposure rather
than dose (Fig. 4), TI tended to produce a smaller effect for
the same insulin AUC, and a regression analysis suggested
that differences in absorption rate could explain much of the
difference. Pharmacokinetic profiles with comparable insu-
lin exposures but different MRTs were shown to generate

A\ Adis

significantly different GIR AUCs, with the faster-absorbing
TI (lower MRT) producing less total effect than LIS. Maxi-
mum GIR for TI was also lower than that for LIS, although
it was not clear that this was related to the PK profile. In
Howey et al.’s comparison of 10 U of SC LIS to 10 U of
IV RHI and 10 U of SC RHI [4], the MRTs for IV RHI,
SC LIS, and SC RHI were 32, 101, and 235 min. At the
same time, the mean effect per unit exposure ([GIR AUC]/
AUQC) relative to SC LIS was 43% for IV RHI and 99% for
SC RHI. From the linear regression equations in the ESM,
a 10-U dose of LIS would provide an insulin exposure of
8152 min pU/mL and a GIR AUC of 810 mg/kg; the same
insulin exposure of TI, corresponding to 46 U of TI, would
generate a GIR AUC of 563 mg/kg (69%). This value places
TI between IV insulin and SC LIS, as does the estimated
MRT of 44 min, vs 118 min for LIS.

The results from this study were consistent with Howey
et al.’s and confirmed that extremely rapid delivery of insu-
lin into systemic circulation produces less effect per unit
of exposure than SC insulin, whether the rapid delivery is
an IV bolus or ultra-rapid absorption from the lung [5, 6,
13]. Just as IV insulin and SC insulin were shown not to be
interchangeable on a unit-for-unit basis, TI and SC insulin
were not interchangeable for the same reason.
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4.2 Clinical Use
4.2.1 Background Information on Dose Labeling

Technosphere Insulin cartridges are filled to contain 10, 20,
or 30 U of insulin. At first glance, these seem like large
doses, but the dose absorbed from the lungs is significantly
lower because of delivery losses and degradation in the
lungs. Therefore, during the Food and Drug Administration
approval process, MannKind Corporation requested labe-
ling that better reflected the effect of T1. The corresponding
cartridges of Afrezza® (insulin human) inhalation powder
(the commercial TI product) are therefore labeled as 4, 8,
and 12 U based on the approximation that TT 10 U ~ SC
insulin 4 U, which was used in a pivotal phase III trial in
type 1 diabetes (AFFINITY 1; NCT01445951). This was
a conservative conversion to set a starting dose for patients
switching from SC insulin to TI, with the expectation that
patients would titrate to achieve clinical effect. In AFFIN-
ITY 1, the average TI dose increased by 43%, suggesting that
10 U of TI ~ 2.8 U of SC insulin. The present study yielded
an overall relative bioeffect of 16% and a range of 9-30%,
suggesting that 10 U of TI (labeled as 4 U of Afrezza) ~2 U
of SC insulin.

4.2.2 Clinical Dosing of Tl

Given the difference between the labeled dose and its effect,
a successful transition to TI will almost certainly require
numerically higher doses to achieve comparable glycemic
control. Even though the PD effect of TI is approximately
half its labeled dose, and participants treated with TI in
clinical trials were under-dosed, they experienced smaller
postprandial glucose excursions than those receiving SC
insulins for up to 90 min post-dose [14]. Longer periods of
postprandial glucose control were demonstrated in a small
pilot study employing continuous glucose monitors [15].
Volunteers with type 1 diabetes assigned to TI were switched
according to the US package insert [1] and instructed to take
supplemental doses 1 and/or 2 h after a meal if their post-
prandial glucose exceeded specified limits. Those partici-
pants who took 90% of the protocol-directed supplemental
doses ended up taking twice the mean daily bolus dose as the
control group taking insulin aspart (40.4 U of TI per day vs
20.6 U of aspart per day), while experiencing significantly
more time in range and less time in hypoglycemia [15]. With
its short MRT and correspondingly short duration of action,
supplemental postprandial doses of TI can be taken without
undue risk of hypoglycemia [16—18].

There is always uncertainty when translating results
from euglycemic clamp studies into clinical practice. One
limitation of this study is the rather homogeneous popula-
tion, which comprised mostly male and White participants,

rendering it difficult to transfer the results to other ethnic
groups. However, published studies have not shown substan-
tial differences in insulin effects between ethnic groups [19],
and data from an as-yet unpublished bioequivalence study
that comprised a more heterogeneous population (with 40%
of the population reporting as Black or African American
and mostly female participants) were consistent with the
results reported here.

5 Conclusions

Inhaled TI represents an insulin option that offers a time-
action profile intermediate between IV bolus and current SC
insulin therapies [5]. Consequently, the PK/PD characteris-
tics of TI include a faster onset, shorter duration, and lesser
effect per unit dose than LIS or other SC injected insulins.
These data suggest that transitioning to TI from SC insulin
on a unit-for-unit basis is not appropriate for the same rea-
son that IV bolus insulin and SC insulin are not dosed on an
equal-unit basis.
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