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Abstract

optimal use.
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Barriers to the use of prandial insulin regimens include inadequate synchronization of insulin action to
postprandial plasma glucose excursions as well as a significant risk of hypoglycemia and weight gain.
Technosphere® insulin (TI) is an inhaled ultra-rapid-acting human insulin that is quickly absorbed in the
alveoli. With a time to maximum plasma drug concentration of approximately 14 min and a time to maximum
effect of 35 to 40 min, TI more closely matches the postprandial insulin concentrations seen in nondiabetic
individuals. Studies have shown that long-term administration of prandial TI in combination with long-acting
basal insulin results in reductions in hemoglobin Alc comparable to conventional subcutaneously injected
prandial insulins but with improved control of early postprandial BG. Furthermore, TI has been associated
with less weight gain and a lower incidence of hypoglycemia, which may enhance patient satisfaction and
acceptability of insulin therapy. This review discusses the clinical properties of TI and proposes strategies for

Introduction

Utra-rapid—acting insulin was developed to improve
synchronization between the postprandial action of
prandial insulin and the postprandial glucose (PPG)
dynamics and to reduce the incidence of hyperglycemia
and hypoglycemia. Table 3 of Heinemann and Muchmore'
provides the pharmacokinetic (PK)/pharmacodynamic (PD)
characteristics of various prandial insulins.

Current prandial insulin, administered as a subcutaneous
bolus, does not meet the challenge of mimicking physiologic
postprandial insulin action.? A strategy for enhancing

postprandial insulin synchronization is the absorption
of insulin via the pulmonary route. This is a rational
option because the lungs have a large absorption surface
area and a thin epithelium and are richly perfused
with blood.>-® Optimal absorption from the lung can be
achieved when insulin is deposited deep in the alveol,
which requires a particle size between 1 and 5 um.>’

Technosphere® insulin (TI), or AFREZZA®, is an inhaled
insulin product currently in clinical development
(MannKind Corporation, Valencia, CA). With this formu-
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lation, insulin is adsorbed to fumaryl diketopiperazine
(small-diameter microparticle; average size 2.5 um).”® The
microparticles are freeze dried, forming a dry powder
suitable for inhalation via a small inhaler device
(Figure 1) Upon inhalation, the microparticles dissolve,
releasing insulin, which is rapidly absorbed into the
systemic circulation 8101

In patients with type 1 or type 2 diabetes, TI exhibits
a linear, dose-related insulin PK profile.>!3 Maximum
plasma drug concentration occurs sooner with TI (10 to
15 min) than with regular human insulin or rapid-acting
insulin analog (RAA), as does the peak glucose-lowering
effect (45 min after dosing; Figure 2).1>> These results
more closely mimic the normal physiological plasma profile
of prandial insulin seen in nondiabetic individuals.!®
In patients with type 2 diabetes mellitus, maximal
suppression of postprandial endogenous glucose production
occurred more rapidly with 60 U of TI (45 min) than
with 10 U of subcutaneous RAA (105 min).!°

Clinical Experience with Technosphere
Insulin as an Ultra-Rapid-Acting Insulin

Clinical studies of prandial TI combined with long-acting
basal insulin have consistently shown improved early
postprandial control and less hypoglycemia compared
with subcutaneous insulin regimens incorporating long-
acting and short-acting insulins in patients with type 1
or type 2 diabetes.”” !

A 52-week, randomized, open-label, parallel-group study
evaluated the efficacy and safety of basal insulin (glargine)
plus prandial TI (n = 211) versus a twice-daily premixed
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Figure 2. PK/PD profile of inhaled TI versus a RAA presented by
Cassidy and colleagues'® at the 2009 Annual Scientific Sessions of the
American Diabetes Association. SE, standard error; conc, concentration;
s.c,, subcutaneous; GIR, glucose infusion rate.
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Figure 1. Technosphere inhalation insulin device. Images used with permission of MannKind Corporation.
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insulin, biaspart insulin 30 (n = 237) in patients with
type 2 diabetes.”” Change in hemoglobin Alc (A1C) with TI
plus insulin glargine [-0.68% + 0.077%; 95% confidence
intervals (CIs), -0.83 to -0.53] was similar and noninferior
to that with biaspart insulin (-0.76% + 0.071%; 95% CI,
-0.90 to -0.62). The mean insulin dose for the last 12 weeks
of the study was 81 (+48) IU of biaspart insulin and
198 (+74) U of TI (approximately equivalent to 52 IU
subcutaneous insulin) together with 43 (£22) IU of
insulin glargine.

The TI group had significantly less risk of hypoglycemia
(0.41 versus 0.61 events/patient month; p < .01), and the
incidence rate for severe hypoglycemic events was lower
4% versus 10%; p = .0066) with TI plus insulin glargine
than with biaspart insulin. A standardized meal test was
performed as part of the study. Somewhat surprisingly,
the 2 h PPG was similar between treatment groups
(2124 + 73.8 mg/dl versus 2124 + 774 mg/dl), possibly
because the 2 h PPG was regularly measured and used
as a secondary titration time point. The PPG area under
the curve (AUC) from 0 to 360 min was similar between
treatment groups (10764 mg/h/dl for TI plus insulin
glargine versus 1020.6 mg/h/dl for biaspart insulin),
but each group reached these AUC values differently
(Figure 3). Consistent with the PK/PD properties of
the treatments, AUC from 0 to 120 min was lower with
inhaled insulin plus insulin glargine, whereas AUC from
120 to 360 min was lower and dropped below baseline
with biaspart insulin. More than twice as many events
of confirmed hypoglycemia (<63 mg/dl) occurred in
the biaspart group, of which 83% occurred between
120 and 360 min (data on file, MannKind Corporation).
This corresponds with the longer duration of action
for biaspart insulin, which may exceed the duration of
meal absorption.

One mechanism contributing to the lower early PPG level
seen with TI may be a greater suppression of endogenous
glucose production. This explanation is consistent with
a study by Potocka and associates'® that showed that TI
suppresses endogenous glucose production earlier and
more completely when compared with both insulin lispro
and a different inhaled insulin (Exubera). Thus, although
the PPG and AUC data suggest that TI is associated with
improved control of early postprandial control of glucose,
TI may, in some cases, exert suboptimal control of late
PPG levels (Figure 3).

Fasting plasma glucose values were also lower with TI
than with biaspart insulin.” Changes from baseline
were 36.0 + 54 mg/dl (95% CI, -45.0 to -27.0) for TI plus
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Figure 3. Postprandial glucose excursions following a standardized
meal test (12 oz. Boost Plus™) for TI versus biaspart insulin 30.
Reprinted with permission from Rosenstock and associates.”
SE, standard error; G, glargine.

insulin glargine versus 18.0 + 3.6 mg/dl (95% CI, -27 to
-9) for biaspart insulin. Patients on TI plus glargine also
had significantly less weight gain (0.9 + 0.3 kg versus
2.5 £ 0.3 kg; p = .0002). The lower weight gain with TI
plus insulin glargine compared with biaspart insulin
was not attributable to metformin use, which was equal
in both treatment groups.

Another randomized study evaluated the efficacy and
safety of prandial TI (n = 293) versus a subcutaneous
RAA (insulin aspart, n = 272), both administered with
daily insulin glargine for 52 weeks in patients with type
1 diabetes and AIC >7.0% and <11.0%." The change in
A1C was -0.11% for TI and -0.36% for RAA, making TI
noninferior to RAA for a 0.4% noninferiority margin
(mixed model-repeated measure, difference = 0.25% CIL,
0.11 to 0.38). The PPG values followed a similar pattern
as the type 2 study (discussed earlier). Interestingly, as
in the type 2 study, fasting plasma glucose levels were
significantly lower with TI than with RAA (-44.9 + 104.7
versus 234 + 103.1 mg/dl; p = .0052). The mechanism
underlying this phenomenon is unclear.?? Patients who
administered TI reported weight loss while those who
administered RAA reported weight gain (-0.5 + 0.1
versus +1.4 = 39 kg; p < .0001). Finally, the TI group
had a statistically significant reduction in the incidence
of mild/moderate hypoglycemia [odds ratio (OR), 0.474;
95% ClI, 0.0271 to 0.831; p = .0091] and total hypoglycemia
(OR, 0.488; 95% CI, 0.278 to 0.856; p = .0124) compared
with the RAA group.
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In a randomized study of prandial TI versus prandial
lispro insulin, both given with insulin glargine, in
130 patients with type 1 diabetes mellitus, change in
A1C was similar between treatment groups at 16 weeks,
but PPG levels were lower with TI than with lispro
insulin.® Technosphere insulin significantly reduced
mild/moderate hypoglycemic event rates (597 versus
8.01 events/patient month; p = .0269) and overall total
hypoglycemic events (6.17 versus 819 events/patient month;
p = .0345) compared with lispro insulin. Similarly, in an
open label study of patients with type 2 diabetes mellitus
treated with diet and exercise alone, oral antidiabetes
drugs, or insulin, the addition of prandial TI resulted
in a comparable reduction between the groups in A1C
(-0.70% for TI plus usual diabetes care versus -0.59%
for usual diabetes care alone; p = .30). In addition,
total hypoglycemic event rates were reduced in those
receiving insulin (0.15 per patient month for TI versus
0.24 for subcutaneous insulin; p = .03).2

Safety of Technosphere Insulin as an
Ultra-Rapid-Acting Prandial Insulin

The safety of TI has been studied extensively, both
preclinically and in a clinical program involving more
than 5600 subjects. The most common treatment-emergent
adverse events were hypoglycemia, cough, and upper
respiratory tract infection.” Cough occurred in approxi-
mately 32% of patients administering TI but tended to
be mild and transient, occurring within minutes of
inhalation.”” Furthermore, cough diminished over time
and rarely led to study discontinuation.

A pooled analysis of cardiovascular events from nine
clinical studies comprising 4467 patients who administered
TI or usual diabetes care showed that the incidence of
cardiovascular or cerebrovascular events was similar
between the TI and usual diabetes care groups (relative
risk, 1.01; 95% CI, 0.84 to 1.20).

Lung function was examined in a 2-year prospective,
multicenter, randomized, open-label study in patients with
type 1 or type 2 diabetes administering TI (n = 730)
or usual diabetes care (n = 824) and a cohort without
diabetes who did not receive any specific therapy (1 = 145).%
Lung function declined from baseline in all treatment
groups, in line with normal age-related changes and
as seen in diabetes in general. Compared with usual
diabetes care, TI showed a small reduction in forced
expiratory volume in 1 s (FEV;) from baseline to month
24 (-0.037 + 0.0119 liter; 95% CI, 0.014 to 0.060). After a
greater initial decline by month 3 with TI, the rate of

change (slope) in FEV,, forced vital capacity, and diffusing
capacity of the lung for carbon monoxide over months
3 to 24 was not statistically different between treatment
groups. This observed treatment group difference was
small, occurred early after therapy initiation, did not
progress over 2 years, and resolved after discontinuation
of therapy.

Two cases of cancer involving the lung have been reported
during clinical trials, both in ex-smokers. The incidence
does not exceed what would be expected in a similar,
nontreated population.® A 2-year carcinogenicity study
in rats® and a 6-month study in transgenic mice (data
on file, MannKind Corporation) did not indicate a
carcinogenic potential.

Acceptability of Technosphere Insulin as
an Ultra-Rapid-Acting Prandial Insulin

Treatment outcomes may be substantially impacted by
patients” acceptance of their prescribed antidiabetes
regimen, as well as their ability to overcome barriers to
therapy (i.e., concerns about injections, hypoglycemia, or
weight gain).?% Because of these factors, not all patients
who would benefit from basal-bolus insulin therapy are
receptive to initiating this therapy.

Findings from several studies support enhanced patient
acceptance and satisfaction with TI therapy. A 52-week,
randomized, open-label, parallel-group study of adult
patients with type 2 diabetes included an assessment of
patient satisfaction with TI plus bedtime insulin glargine
versus twice-daily biphasic aspart insulin.*® As assessed
in the diabetes worries section of the inhaled insulin
treatment questionnaire, patient satisfaction significantly
improved (p = .008) with TI plus long-acting basal
insulin compared with twice-daily biaspart insulin.
Diabetes worries decreased significantly from baseline
in the TI plus insulin glargine group (p = .008) but not
in the biaspart insulin group, according to the 36-item
short-form health survey quality-of-life and insulin
treatment questionnaires.” In another study, health-related
quality of life and treatment satisfaction showed greater
improvement among those administering TI (with or
without oral antidiabetes drugs) compared with those
taking oral antidiabetes drugs alone.”!

Using an Ultra-Rapid-Acting Insulin

Using TI as an ultra-rapid-acting prandial insulin, with fast
onset and short duration, results in comparable AIC
reductions to existing, currently available insulin
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treatment. There is improved early control of postprandial
blood glucose (BG), as assessed by 1 h PPG measurements,
compared with subcutaneously administered RAA,” and
a reduction in late postprandial hypoglycemia. However,
TI is not associated with improved late (e, 2 h) PPG
control,”” as in some cases, the short duration of action
provides insufficient insulin effect in the late postprandial
period (beyond 2 to 3 h). The length of the period for
which prandial insulin is required is very variable,
depending on multiple factors, such as meal composition
and gastric emptying. Thus, where existing injected
insulins are too long acting, an ultra-rapid insulin may, in
some cases, not be long acting enough.®> The next studies
explore whether a treatment strategy that includes a second,
postprandial dose of ultra-rapid insulin can address
this and provide better late PPG control.

A predictive study concluded that a subcutaneously
administered RAA does not have a PK/PD profile
that adapts proficiently to a closed-loop system.?* The
investigators performed an in silico study of an autonomous
artificial pancreas, consisting of a subcutaneous continuous
glucose monitor with a continuous subcutaneous insulin
infusion (CSII) pump. The study simulated 100 subjects
from the University of Virginia/Padova metabolic simulator,
each receiving a single meal with 100 g glucose, with an
observation time of 15 h. When the mealtime bolus
dose of infused insulin was replaced by a TI dose
(approximately equivalent to 4 IU RAA) at the initiation
of the meal, the time spent with a BG >180 mg/dl was
reduced from 31 + 09 to 1.7 + 14 h and peak BG from
267 + 54 to 207 + 47 mg/dl, in both cases without any
hypoglycemia, with a BG < 50 mg/dl. A TI dose equivalent
to 8 IU RAA reduced the time of BG >180 mg/dl to
0.9 + 1.2 h and the peak BG to 181 mg/dl, but 4 simulated
subjects had a BG <50 mg/dl.

A pilot study of seven patients with type 1 diabetes
evaluated PPG excursions after a standard, large meal
(data on file, MannKind Corporation). Seven subjects
were enrolled, of which, one discontinued before receiving
study medication. Patients (two male, five female) had
a mean age of 50 (£10.5) years, had a mean body mass
index of 28 (+2.9) kg/m? and had used CSII with RAA for
at least 3 months. During the entire study, CSII was used
to provide basal insulin (mean 0.68 IU/h). Three prandial
treatment strategies were evaluated: (1) bolus insulin
through CSII, dosed in advance of the meal; (2) a single
TI dose at the start of the meal, equivalent to the CSII
bolus; and (3) an initial TI dose at the start of the meal,
followed by a second dose (4 to 8 U) after 75 min. Each
patient served as their own control. Prandial treatment

was optimized based on continuous glucose monitoring
through a 1-week period between tests. At the end of
each period, patients underwent a standardized mixed
meal test, providing an evening meal of approximately
700 kcal. When subjects were treated with a single TI
dose (test 2), all patients experienced a 180 min PPG
higher than baseline values, as did four of six patients
when prandial RAA was administered via CSII (test 1).
When a second dose of TI was given at 75 min (test 3),
all patients had BG levels at 180 min that were within
20 mg/dl of baseline (Figure 4; data on file, MannKind
Corporation). The addition of a second dose of TI after
a large meal provided better PPG control than a single
dose at meal initiation and/or than a RAA bolus provided
by CSII.

The clinical use of a second postprandial dose of TI was
studied for 45 days in a single-arm, open-label, treat-to-
target pilot study of 15 patients administering prandial TI
for type 1 diabetes. At baseline, patients had a mean
age of 38.3 (£9.6) years, mean body mass index of 26.4
(#3.7) kg/m? and mean total daily insulin dose of 52.1
(+14.3) IU [basal insulin 31.1 IU, prandial insulin 21.0 IU
(5.5, 6.3, and 6.7 IU at breakfast, lunch, and dinner,
respectively)]; 67% of patients used insulin pumps for
basal insulin delivery, and 33% were on multiple dose
injection therapy. Patients were instructed to take a
second dose of TI if the 2 h PPG level was =180 mg/
dl.** Continuous blood glucose measurement (CBGM;
Dexcom SEVEN PLUS™) was conducted throughout the
trial. A second supplemental dose of TI was used 38%
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Figure 4. Postprandial glucose excursions after a standard, large meal
(data on file, MannKind Corporation).
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of the time. The AIC values decreased from 7.86% to
747% over the 45-day study period, while the time spent
with BG < 60 mg/dl remained unchanged at 3.4% of
measurements by CBGM.

In a second pilot study, 39 patients with type 2 diabetes
receiving insulin glargine and oral antidiabetes drugs
were randomized to either TI (n = 19) or RAA (n = 20)
as prandial insulin. Oral antidiabetes drug doses were
unchanged, and basal insulin was optimized over the
initial 6 weeks, after which patients were randomized to
add either TI or RAA for another 16 weeks. Patients were
instructed to take a second TI dose if 90 to 120 min
PPG was >140 mg/dl. In total, 21% of patients took a
supplemental dose, most frequently with the larger
meals (usually dinner). After 16 weeks of treatment, A1C
levels fell similarly in both groups (1.21% in the TI group,
1.27% in the RAA group; differences = 0.06%, p = not
significant). Hypoglycemia was similar between groups,
as was the incidence of adverse events (15 in both groups;
data on file, MannKind Corporation).

Thus the use of an initial prandial and potentially an
added supplemental postprandial dose of TI may result
in an improvement in both early and late PPG control
without an increase in hypoglycemia. Predicting in
advance the insulin requirement for a meal is difficult,
as the PPG response is influenced by multiple factors
(e.g, meal composition, variability in gastric emptying,
duration of the meal). Being able to react to the actual
glycemic response to a meal may provide patients with
additional freedom in their diet. The administration
by inhalation, using a simple, breath-operated device
(Figure 1) may overcome the difficulties of introducing
multiple prandial doses.

Summary

Currently available, subcutaneously delivered RAAs have
PK/PD profiles that are still poorly synchronized with
PPG excursions. Ultra-rapid-acting insulins, such as inhaled
TI, result in better control of early PPG with less weight
gain and less frequent hypoglycemia, but control of late
PPG remains suboptimal. Preliminary evidence suggests
that, when needed, a second dose of ultra-rapid-acting
insulin may result in more prolonged control of late PPG
without further adverse effects. Future study is needed
to explore the utility of this strategy.
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