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ABSTRACT
The rapid clearance of ciprofloxacin
hydrochloride from the lungs following

administration as an aerosol leads to poor effi-
cacy in the treatment of pulmonary infections.
The development of formulations capable of
sustaining ciprofloxacin concentrations in the
lungs has the potential to significantly improve
antibacterial activity. The present review com-
pares two approaches for sustaining levels of
ciprofloxacin in the lungs, a liposomal formu-
lation where ciprofloxacin is encapsulated in
small unilamellar vesicles, and a dry powder
formulation of the practically insoluble zwitte-
rionic form of the drug. These two formulations
recently completed large multicenter, phase 3
clinical studies in bronchiectasis patients. As
such, they present a unique opportunity to
examine the chemistry, manufacturing, and
control of the dosage forms in addition to their
tolerability and efficacy in more than 1000
bronchiectasis patients. Both formulations were
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generally well tolerated with most adverse
events found to be mild to moderate in inten-
sity. While the formulations were effective in
reducing and/or eradicating infections, this did
not lead to reductions in pulmonary exacerba-
tions, the primary endpoint. The failures speak
more to the heterogeneous nature of the disease
and the difficulty in identifying bronchiectasis
patients likely to exacerbate, rather than an
inherent limitation of the formulations. While
the formulations are similar in many respects,
they also present some interesting differences.
This review explores the implications of these
differences on the treatment of respiratory
infections.
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Key Summary Points

This review explores the impact of the
presentation of ciprofloxacin in
phospholipid-based particles (i.e.,
liposomes and spray-dried dry powder
formulations) on drug delivery, safety,
and tolerability in bronchiectasis patients.

Despite the differences in formulation
design, the two formulations deliver
comparable ciprofloxacin doses to the
lungs, and have similar aerodynamic
particle size distributions and kinetics of
drug clearance from the lungs.

Both formulations are generally well
tolerated with most adverse events mild to
moderate in intensity. A significant
difference does exist, however, in the
reported incidence of treatment emergent
adverse events in favor of the dry powder
formulation.

Significant differences also exist in design
features that may impact adherence to
treatment, with once daily delivery
favoring the liposomal formulation, and
factors related to daily treatment burden,
device portability, and tolerability
favoring the dry powder.

INTRODUCTION

In the last decade, numerous phospholipid-
based formulations have been advanced into
the clinic for the pulmonary administration of
anti-infectives. These include two formulations
that have achieved marketing authorization:
TOBI® Podhaler™, a spray-dried dry powder
formulation of tobramycin sulfate for the
treatment of chronic Pseudomonas aeruginosa
infections in cystic fibrosis (CF) patients [1-5],
and Arikayce®, a liposomal dispersion of ami-
kacin sulfate for the treatment of non-tubercu-
losis mycobacterial (NTM) infections [6-10].

More recently, clinical studies of dry powder
and liposomal formulations of ciprofloxacin
were completed in large, multicenter, placebo-
controlled phase 3 trials in non-CF bronchiec-
tasis (BE) patients [11-13]. The concurrent trials
in the same patient population present a unique
opportunity to examine the impact of the
‘presentation’ of drug in phospholipid-based
particles on drug delivery, safety, and tolerabil-
ity in the BE patient population.

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
the author.

Bronchiectasis

Bronchiectasis is a severe, debilitating, chronic
respiratory disease with a heterogeneous etiol-
ogy [14, 15]. In BE patients, repeated cycles of
bacterial infection and inflammation cause
irreversible dilation of the bronchi with thick-
ening of the bronchial wall. Furthermore,
pooled mucus in the airways provides an ideal
environment for bacterial growth. Patients with
BE suffer from debilitating symptoms including
excessive sputum  production, persistent
chronic cough, hemoptysis, fatigue, and
increased anxiety and depression. Episodic
pulmonary exacerbations (PE) are an important
driver of patient morbidity and mortality and
are strongly associated with disease progression.
Forty percent of BE patients reportedly suffer
from three or more exacerbations per year [15].
Unfortunately, there are no approved therapies
that reduce or delay pulmonary exacerbations.

The Drug Substance

Ciprofloxacin is a second-generation fluoro-
quinolone antibiotic with broad-spectrum
activity against both Gram-negative and Gram-
positive bacteria [16]. Ciprofloxacin interferes
with DNA replication and transcription by
inhibition of DNA-gyrase and topoisomerase IV
enzymes.

Ciprofloxacin contains two ionizable groups:
a carboxylic acid with a pKa of 6.2, and a sec-
ondary amine with a pKa of 8.6 (Fig. 1).
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At neutral pH, the carboxylic acid group is
largely deprotonated and the amine group
protonated, resulting in a neutral zwitterionic
form that is sometimes referred to as cipro-
floxacin betaine. Ciprofloxacin betaine is prac-
tically insoluble in water with a solubility
of ~ 70 pg/ml (Fig. 1) [17]. At low pH, the car-
boxylic acid group is protonated, and the
molecule becomes positively charged. Forma-
tion of the hydrochloride salt with the posi-
tively charged amine group increases the
aqueous solubility of the drug by more than
250-fold (> 20 mg/ml at pH 3.2) (Fig. 1) [18].

In terms of its antibacterial activity, cipro-
floxacin displays concentration-dependent Kkill-
ing, with the best pharmacokinetic/
pharmacodynamic (PK/PD) correlates being the
area under the curve (AUC) divided by the
minimum inhibitory concentration (MIC), i.e.,
the AUC/MIC ratio, or the peak concentration
to the MIC, i.e., peak/MIC ratio [19]. Investiga-
tors have suggested that AUC/MIC ratios > 125,
or peak/MIC ratios > 10 are required for
microbiological and clinical success [19].
Unfortunately, the soluble hydrochloride salt
exhibits poor targeting to the lungs following
oral inhalation. It is rapidly absorbed into the
systemic circulation with a half-life in the lungs
of < 1h [20]. For optimal antibacterial activity,
it is critical to sustain therapeutic levels of
ciprofloxacin in the lungs.

Maintaining drug levels within the lungs
above the MIC can be challenging due to the
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Fig. 1 Solubility of ciprofloxacin as a function of pH

multiple drug clearance pathways (e.g.,
mucociliary clearance, macrophages clearance,
systemic absorption) [21-24], and limited tool-
box of approved excipients for pulmonary sus-
tained release [25, 26]. Indeed, many of the
excipients utilized to sustain drug levels fol-
lowing oral administration are off-limits for
inhaled therapeutics (e.g., many higher molec-
ular weight polymers), due to the potential for
excipient accumulation in the lungs following
multiple dose administration [25].

PHOSPHOLIPID-BASED DELIVERY
SYSTEMS

Two formulation strategies have been advanced
in clinical development for sustaining levels of
ciprofloxacin in the lungs: a dispersion of the
drug encapsulated in liposomes [18, 20, 21,
27-32], and a dry powder formulation compris-
ing the pootly soluble betaine form of the drug
substance [17, 33-41]. A detailed comparison of
the two formulations is presented in Table 1,
with electron microscopy images of the two types
of particles presented in Fig. 2.

Ciprofloxacin Dispersion for Inhalation
(CDI)

CDI (Aradigm, Hayward, CA, USA) is comprised
of ~ 70% slow-release ciprofloxacin encapsu-
lated in liposomes, i.e., small unilamellar vesi-
cles, SUVs with a mean  diameter
of ~ 80-100 nm (ciprofloxacin for inhalation,
CFI) (Fig. 2b, ¢), and ~ 30% immediately avail-
able ciprofloxacin hydrochloride (free cipro-
floxacin for inhalation, FCI) [18, 30]. The ‘free’
and ‘encapsulated’ forms of the drug are pack-
aged in separate vials. The nominal dose of
ciprofloxacin hydrochloride is 210 mg, of which
150 mg is encapsulated within the liposomes at
pH 6.0, and 60 mg of free drug (20 mg/ml) is
present in solution at pH 3.2 (Fig. 1) [18, 30].
When expressed in terms of ciprofloxacin, the
6-ml dosage form contains 189 mg of cipro-
floxacin, comprising about 135 mg of encapsu-
lated drug and 54 mg of free drug. It was
hypothesized that the combination of free and
encapsulated drug may lead to enhanced
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Table 1 Comparison of a liposomal dispersion (CDI) [18, 30], and a spray-dried dry powder formulation (CIP) [17, 33] of

ciprofloxacin
Metric Ciprofloxacin dispersion for inhalation (CDI)  Ciprofloxacin inhalation powder (CIP)
Name Pulmaquin®/Linhaliq® Ciprofloxacin DPI

Delivery device

Form of drug
product

Form of drug
substance in

drug product

Nominal dose
(ND) (as

ciprofloxacin)

Treatment

regimen

Excipients

Lipid dose

Salts/buffers dose

Total excipient

pH

Osmolarity

Storage

Sterile

Jet nebulizer (e.g, PARI LC® Sprint, with
TurboBoy S compressor)

Mixture of drug encapsulated in liposomes (CFI)
and free drug in solution (FCI)

Hydrochloride salt

189 mg/day (135 mg encapsulated, 54 mg free, in

separate 3-ml vials)
Once daily

Encapsulated: HSPC® (70.6 mg/ml), cholesterol
(29.4 mg/ml), 145 mM NaCl, 25 mM histidine
buffer (pH 6.0)

Free drug: 10 mM sodium acetate buffer (pH 3.2)

Lipids: 211.8 (HSPC), 88.2 (Chol) = 300 mg/day;
lipid/drug = 2.22 w/w

NaCl (25.4 mg/day), histidine (11.7 mg/day),
sodium acetate (2.5 mg/day) = 39.6 mg/day

339.6 mg/day

~ 6.0 (encapsulated)/3.2 (free); pH 4 to 5 after
mixing

300 mOsm/kg (encapsulated); ~ 128 mOsm/kg

(free); after mixing the dispersion is hypoosmotic

Refrigerated
Yes

T-326 dry powder inhaler

Spray-dried dry powder (suspension-based
PulmoSphereTM): 50 mg filled in size 2 HPMC

capsule)

Mostly the neutral, zwitterionic form (betaine,

3.5 hydrate)

65 mg/day (2 x 32.5 mg)

Twice daily

2:1 mol/mol ratio of DSPC/CaCl,

Lipids: 21.4 (DSPC) = 21.4 mg/day;
lipid/drug = 0.33 w/w

CaCl, (1.5 mg/day)

22.9 mg/day
~ 70

Based on drug solubility of 70 pg/ml, the
incremental increase in osmolarity in airway

surface liquid for CIP is ~ 0.7 mOsm/kg
Room temperature

No

* HSPC (hydrogenated soy phosphatidylcholine) comprises approximately 89% disteroylphosphatidylcholine (DSPC) and
11% dipalmitoylphosphatidylcholine (DPPC) [43]

antibacterial activity, with the liposomal com-
ponent enhancing bactericidal activity against
the parent strain via increases in the AUC/MIC
ratio, and the high concentration of free drug

suppressing the development of resistant sub-
populations through a high peak/MIC ratio [42].

The liposomes are stabilized at a lipid/drug
ratio of 2.0 (2.22, as ciprofloxacin), with a

A\ Adis



Pulm Ther (2019) 5:127-150

131

AoV Spot Magn  Det \WDEEE=
20.0kv 30 10000x SE B

Fig. 2 Electron microscopy images of phospholipid-based
particles of ciprofloxacin. a SEM image of spray-dried
particles (CIP) comprising ciprofloxacin betaine crystals
coated with a porous layer of phospholipid [33]. The bar
represents a length of 2 um. Reproduced with permission
from Respiratory Drug Delivery 2016, Virginia Common-
wealth University; b schematic of small unilamellar vesicles

mixture of hydrogenated soy phosphatidyl-
choline (HSPC) and cholesterol [18, 30]. HSPC
contains approximately 89% distearoylphos-
phatidylcholine (DSPC) and 11% dipalmi-
toylphosphatidylcholine (DPPC) by weight [43].
The liposomal dispersion is iso-osmotic with
the concentrations of NaCl (145 mM) and his-
tidine buffer (25 mM) providing an osmolarity
of ~ 300 mOsm/kg [18, 30].

In contrast, the osmolarity of the solution of
free drug in 10 mM sodium acetate buffer at pH
3.2 is not reported. An estimate based on the
reported formulation composition suggests that
the solution is hypoosmotic with an osmolarity
of ~ 128 mOsm/kg. Addition of NaCl to the
free drug solution to increase the osmolarity
was likely avoided, as chloride ions would
reduce the solubility of the hydrochloride salt
based on the common ion effect [44].

The pH of the liposomal dispersion (pH =

6.0) was selected to minimize acid- or base-
catalyzed hydrolysis of the phospholipid acyl
chain to form lyso-phosphatidylcholine and
free fatty acid [45]. Indeed, acceptable physical
and chemical stability of the drug substance and
the phospholipid excipient in the liposomal
dispersion was observed over 24-month storage
at refrigerated temperatures [18, 30].

The liposomes are prepared in a multi-step
manufacturing process that involves multiple

PHPOD N\
®e550000®

loaded with ciprofloxacin, showing a single bilayer of
phospholipid, with drug (red circles) encapsulated within
the aqueous core [80]; ¢ Cryo-TEM image of small
unilamellar vesicles containing ciprofloxacin. The bar
represents a length of 100 nm [80]. Reproduced with

permission from Elsevier

ultrafiltration and diafiltration steps [18, 30],
viz: (a) dissolution of the lipids in a solvent
comprising mixtures of tert-bu-
tanol:ethanol:water in a 49:49:2 weight ratio;
(b) mixing of the solution with methylamine
sulfate buffer (10% v/v) to form multilamellar
vesicles (MLVs); (c) extrusion of the MLVs
through polycarbonate filters to form SUVs with
a mean diameter between 80 and 100 nm;
(d) ultrafiltration to concentrate the liposomes
to a concentration of ~ 55 mg/ml; (e) diafiltra-
tion against isosmotic histidine buffer to
remove the ethanol and generate a transmem-
brane pH gradient; (f) loading of powdered
ciprofloxacin into the liposomes at elevated
temperature; (g) diafiltration steps to remove
unencapsulated drug; (h) ultrafiltration to the
desired ciprofloxacin concentration
of ~ 50 mg/ml, and; (h) sterile filtration
through a 0.2-um sterilizing grade filter.

The drug product comprising both free and
encapsulated drug formulations has been refer-
red to by various names in the literature ranging
from ARD-3150 and DRCFI, to Pulmaquin® and
Linhalig®.

Ciprofloxacin Inhalation Powder (CIP)

CIP (Bayer Healthcare) is a dry powder formu-
lation of ciprofloxacin administered twice daily
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with a portable capsule-based dry powder
inhaler (i.e., the T-326 inhaler) [17, 33]. It is
formulated using the suspension-based Pul-
moSphere™ technology [34, 35]. The Pul-
moSphere technology creates small porous
microparticles by spray-drying a liquid feed
comprising nano-emulsion droplets of a volatile
oil [34, 35]. The nanoemulsion droplets are
stabilized by a 2:1 mol:mol ratio of DSPC to
calcium chloride. The PulmoSphere technology
utilizes multiple formats for the introduction of
the drug substance into the liquid feedstock
[34]. In the suspension-based format, the drug
substance is present as micronized crystalline
drug particles suspended within the continuous
phase of the oil-in-water emulsion [34, 35]. The
spray-drying process leads to coating of the
micronized drug crystals with a porous layer of
phospholipid (Fig. 2a) [17, 33]. The low solu-
bility of ciprofloxacin betaine ensures that the
crystalline form of the drug substance is main-
tained throughout the spray-drying process,
while minimizing the formation of amorphous
domains within the particles [34, 35].

In contrast to CDI, ciprofloxacin is not ‘en-
capsulated’ and the phospholipid coating does
not provide a barrier to release of a drug. The
sustained levels of drug within the lungs for CIP
is controlled solely by the inherently slow dis-
solution of the drug crystals in airway surface
liquid (ASL). The lipid/drug (w/w) ratio in the
non-retentive particles in CIP is 6.7-fold lower
than in the liposomal formulation (Table 1).

Each dose of CIP contains 32.5 mg of cipro-
floxacin betaine, 10.7 mg DSPC, 0.8 mg calcium
chloride, with the remainder of the 50-mg fill
mass comprising water associated with the drug
substance, which is present as the 3.5 hydrate
[17, 33]. Owing to the low solubility of the drug
and phospholipid excipient, dissolution of CIP
particles within ASL is not expected to signifi-
cantly alter osmolarity, contributing just
0.7 mOsm/kg, due primarily to the calcium
chloride.

CIP exhibits excellent long-term stability at
room temperature. No chemical degradation
products exceeding 0.1% w/w were observed
following storage at room temperature (25°C/
60% RH) over a period of Syears [17, 33]. In
addition to the excellent chemical stability, no

significant changes in physical form of the drug
substance or in aerosol performance were
observed [17, 33].

AEROSOL DELIVERY

The aerosol performance of liposomal and dry
powder formulations of ciprofloxacin are
detailed in Table 2 [17, 27, 33]. The key differ-
ences lie in the nature of the delivery systems
(jet nebulizer versus dry powder inhaler), and in
the dosing frequency (once daily for the lipo-
somal formulation versus twice daily for the dry
powder).

As mentioned, the CDI drug product com-
prises two 3-ml vials, one containing drug
encapsulated in liposomes (CFI), and the other
with free drug in solution (FCI). The contents of
the two vials are added together in the nebulizer
cup immediately prior to use, with the pH of the
resulting CDI mixture between pH 4 and pH 5
[30]. The admixture is administered with the
PARI LC Sprint jet nebulizer equipped with a
Turboboy S compressor [27]. Vibrating mesh
nebulizers were assessed but not adopted for
administration of CDI, as the mesh became
clogged during use, resulting in inconsistent
drug delivery [27]. Other liposomal dispersions
comprising amikacin or cyclosporine seemingly
do not have clogging issues when using vibrat-
ing mesh nebulizers such as the PARI eFlow®.
One possible explanation for this observation is
that the free drug component of CDI is precip-
itating at the higher pH observed following
mixing of the two formulations (Fig. 1).

Detailed information regarding the aerosol
performance of CDI has not been publicly dis-
closed. Bruinenberg et al. did publish aerosol
performance results for Lipoquin®(CFI), the
liposomal component of CDI [27]. These results
are presented in Table 2. The total lung dose
(16.7% of the nominal dose) was not deter-
mined experimentally but was instead esti-
mated from the in vitro results. The TLD is
estimated from the product of the emitted dose
and fine particle dose divided by two, to
account for aerosol lost during exhalation. The
reported value (ca. 16.7% delivery) is consistent
with gamma scintigraphy studies with other
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Table 2 Comparison of aerosols of liposomal dispersion (CFI) and spray-dried dry powder formulation (CIP) of cipro-

floxacin [17, 27, 33, 38]

Metric
only)

Ciprofloxacin for inhalation (CFI) (liposomes

Ciprofloxacin inhalation
powder (CIP)

Treatment regimen

Once daily
Delivery device

Jet nebulizer (e.g, PARI LC® Sprint, with

Twice daily
T-326 dry powder inhaler

TurboBoy S compressor)

Particle size (liposomes or drug

Small unilamellar vesicles (mean

Not disclosed

x50 ~ 2.5 pm

32.5 mg (65 mg/day as base)

crystals) diameter = 80-100 nm)
Particle size (nebulized droplets or  VMD = 3.6 pm; GSD = 2.3
dry powder)
Nominal dose (ND) 150 mg (135 mg as base)
Emitted dose (ED) 52.4%

Fine particle dose < 5 pm 64% of ED

Mass median acrodynamic diameter ~ 3.6 pm
(MMAD)

Total lung dose (%ND)

Administration time

Q index Not determined
Portable inhaler? No
Power source required? Yes
Cleaning required? Yes

~ 16.7%: 25 mg (22.5 mg as base)
~ 8 min/day for 3 ml

~ 94%
53% of ED
3.4-3.9 um

51-53% (ca., 33.8 mg/day)
< 4 min/day

— 12.2%

Yes

No

No

ED emitted dose, GSD geometric standard deviation, MMAD mass median aerodynamic diameter, ND nominal dose, Q
index [49]: Measure of flow rate dependence, VMD volume-weighted mean diameter, x50 volume-weighted median

diameter

antibiotic formulations delivered with PARI jet
nebulizers [46, 47].

If one assumes that the aerosol performance
for CFI and FCI mixtures in CDI is comparable
to CFI alone, then the TLD is about 31.6 mg, of
which 22.6 mg of ciprofloxacin (as base) is
encapsulated in liposomes, and 9.0 mg is free
drug. The mass of ciprofloxacin depositing in
the upper respiratory tract (URT) is about
17.9 mg, along with 39.7 mg of excipients. The
total administration time for CDI would be
about 16 min.

In contrast, CIP is administered twice daily
with a portable dry powder inhaler (i.e., the
T-326 DPI, aka the Podhaler in TOBI Podhaler)

[48]. The administration time for CIP is less
than 2 min per dose administration, and less
than 4 min/day [17, 33]. The TLD, as deter-
mined by gamma scintigraphy, was ~ 51-53%
of the nominal dose, or about 33.8 mg/day [38].
Deposition in the URT is 27.3 mg/day with
9.0 mg/day excipients. For a single dose
administration, URT deposition is 13.7 mg
ciprofloxacin and 4.5 mg excipients.

The TLD observed with CIP was comparable
for healthy volunteers and for patients with
chronic obstructive pulmonary disease (COPD)
or BE, although a more central lung deposition
was observed in COPD and BE patients [38].
Drug delivery to the lungs with CIP is largely
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independent of inspiratory flow rate, with a
Q index of - 12.2% [35]. The Q index represents
the percentage difference in TLD between
pressure drops of 1 and 6 kPa [49]. Values less
than 15% are consistent with low flow rate
dependence, values between 15 and 40%,
medium flow rate dependence, and val-
ues > 40% high flow rate dependence [49].
Significant differences exist between the
delivery devices in terms of their portability,
power requirements, cleaning requirements,
administration time, and treatment regimen.
These differences may impact the daily treat-
ment burden and/or convenience of treatment,
ultimately influencing patient adherence.

PHARMACOKINETICS

Improved Lung Targeting

Superior targeting of drug to the site of the
infection in the airways can be achieved with
inhaled sustained rtelease formulations of
ciprofloxacin, compared to current marketed
oral and parenteral formulations.

For example, inhalation of 32.5 mg of CIP by
healthy volunteers results in a mean peak spu-
tum concentration of 149.7 mg/1 [17, 50]. This
is about 1000-fold higher than sputum levels
achieved with oral ciprofloxacin, which range
from 0.11 to 0.21 mg/l following treatment
with doses of 500, 750, and 1000 mg [51]. The
sputum concentrations achieved with CIP are
more than 100-fold higher than the MIC of
ciprofloxacin  susceptible (< 1mg/l) Pseu-
domonas aeruginosa, Hemophilus influenzae, Sta-
phylococcus aureus, and Streptococcus pneumoniae
strains [52]. This helps to ensure that the
required concentration for bactericidal action is
achieved, while limiting the development of
ciprofloxacin-resistant strains.

The high levels of ciprofloxacin in sputum
observed for CIP are achieved without corre-
sponding high levels of drug in the systemic
circulation. Indeed, the peak plasma levels for
CIP are 0.151 mg/1 [S0], versus 3.59 mg/l for a
750-mg oral dose [51]. The ratio of spu-
tum/plasma ciprofloxacin concentrations pro-
vides a measure of lung targeting (i.e., the ratio

of drug targeted to the site of the infection in
the airways relative to off-target concentrations
in the systemic circulation). The spu-
tum/plasma ratio for CIP is 25,000-fold greater
than the ratio observed for the 750-mg oral
dose.

Inhalation of a 270-mg dose of CFI also leads
to excellent lung targeting, with peak cipro-
floxacin levels in sputum of 240 mg/l and
plasma levels of just 0.105 mg/1 [18].

Animal Studies Demonstrating Impact
of Improved Lung Targeting

The pioneering work of Wong and colleagues
demonstrated that encapsulation of -cipro-
floxacin in liposomes improves lung targeting
relative to inhalation of free ciprofloxacin
hydrochloride, leading to dramatic improve-
ments in efficacy in animal models of lung
infection [20, 21]. In their experiments, mice
were infected by intranasal administration of a
lethal dose of Francisella tularensis (i.e., 10 x the
LDsp). At 24-h post-infection, the mice were
treated with a single dose of either aerosolized
free ciprofloxacin or aerosolized liposome-en-
capsulated ciprofloxacin. The survival rates
were assessed until day 14. Untreated control
animals exhibited 100% mortality by day 9.
Mice treated with free ciprofloxacin also
exhibited 100% mortality by day 9. In stark
contrast, mice treated with liposomal cipro-
floxacin exhibited 100% survival at day 14. The
CFU of F. tularensis in lung, spleen, and liver
tissue at day 14 in the untreated controls
were > 4 x 10° CFU, while organs from the
animals treated with liposomal ciprofloxacin
were devoid of F. tularensis.

The potential for CFI to provide post-expo-
sure prophylaxis or effective treatment of
biodefense pathogens including F. tularensis,
Yersinia pestis (pneumonic plague), and Coxiella
burnetti (Q fever) has been conclusively
demonstrated in multiple animal studies [18,
and references therein].

Dramatic improvements in bacterial killing
were also observed for rats infected with P.
aeruginosa following intratracheal administra-
tion of a 7.5mg/kg dose of insoluble
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ciprofloxacin betaine versus an equivalent dose
of soluble ciprofloxacin hydrochloride [36].
Ciprofloxacin betaine increased the half-life in
the lungs to 13.5 h, while also increasing the
AUC by 40-fold relative to ciprofloxacin
hydrochloride. The improved lung targeting led
to a 10-log reduction in P. aeruginosa CFU
counts in the lungs compared to only a 2.8-log
reduction for the hydrochloride salt.

Systemic Pharmacokinetics

Systemic levels of drugs following oral inhala-
tion contain contributions from drugs that are
absorbed from the lungs, and drug that is
deposited in the oropharynx, swallowed, and
subsequently absorbed from the gastrointestinal
tract. Given the high oral bioavailability
observed for ciprofloxacin (~ 78%) [53], the
contribution of gastrointestinal absorption to
systemic drug levels can be significant. For flu-
oroquinolones like ciprofloxacin, the situation
is further complicated by enteric recirculation,
where drug is continuously excreted from the
blood back into the gastrointestinal tract,
whereupon it gets reabsorbed [38, 54].

Both liposome-encapsulated ciprofloxacin
and the practically insoluble betaine form of
ciprofloxacin exhibit flip-flop kinetics, where
the rate of absorption from the lungs is signifi-
cantly slower than its rate of clearance from the
body. The systemic clearance half-life for
ciprofloxacin following oral or parenteral
administration varies between about 3.6 and
7.0 h, depending on the dose [17]. In contrast,
the reported terminal half-life in plasma for CFI
(i.e., the liposomal component of CDI) in
healthy volunteers is 10.5 h (Fig. 3, points on
modeled curves) [27], while that for CIP is 9.5 h
(Fig. 3, points on modeled curves) [39]. For CIP,
the total clearance from plasma was 91.7 1/h,
and the apparent volume of distribution was
12621 [39].

Martin and Finlay [S5] utilized a compart-
mental disposition model to fit the pharma-
cokinetic profiles of the phospholipid-based
formulations of ciprofloxacin. ASL volumes in
each tracheobronchial generation were deter-
mined using a model based on specified values

of daily mucous production (DMP) and tracheal
clearance velocity (TCV) [55]. Three different
combinations of DMP and TCV were used,
yielding low, intermediate, and high estimates
of initial ciprofloxacin ASL concentrations
(Fig. 3). The model provides reasonable fits to
the experimental data. The model was then
used to predict plasma concentrations following
administration of CDI and a higher dose
(65 mg) of CIP.

As discussed, maintaining the concentration
of ciprofloxacin above the MIC is expected to
improve efficacy of the drug with respect to
bacterial killing of the parent strain, while
achieving high peak concentrations of free drug
may suppress development of resistant sub-
populations. Doubling the dose of CIP effec-
tively doubled the peak plasma concentration.
In CDI, the t,.x was shifted to earlier times
relative to CFI, and the Cp,,x to higher concen-
trations, despite the lower ciprofloxacin dose.
This reflects the rapid absorption of the free
drug portion of the dual-release delivery system
into the systemic circulation. The dual-release
CDI drug product also has a lower apparent
half-life in the lungs than was observed for CFI.

Despite the similar sputum drug concentra-
tions and systemic clearance profiles, the lipo-
somal CDI formulation is administered once
daily, while the dry powder CIP formulation is
administered twice daily. Based on the data
detailed herein, the choice of QD vs. BID dosing
seems to be more driven by sponsor preference
than by significant differences in
pharmacokinetics.

One of the challenges with sustained release
systems in the lungs is the difficulty in assessing
the percentage of free drug available to elicit a
pharmacodynamic effect. Martin and Finlay
[55] took their work one step further and mod-
eled the time that ‘free’ ciprofloxacin concen-
trations in the ASL remained above an MIC of
4 ng/ml (Table 3). The calculations utilized
established computational fluid dynamics
models for assessing regional deposition and
the ASL volumes described above to evaluate
the disposition of drug resulting from dissolu-
tion or release, absorption, and mucociliary
clearance within the lungs. They extended these
calculations to various regions within the
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Fig. 3 Systemic pharmacokinetics of phospholipid-based
formulations following single dose administration of
various ciprofloxacin formulations [27, 39, 55]. CFI
(ciprofloxacin for inhalation) represents the liposomal
component of the dual-release CDI (ciprofloxacin disper-
sion for inhalation) comprising a combination of liposo-
mal and free drug. CIP (ciprofloxacin inhalation powder)

140 In vivo: Stass etal., 2016

- . :
0o 120 |_ cp (32'5mg) ~—Model: DMP=20ml/day; TCV=5Smm/min
g 00| ||+ Model: DMP=10ml/day; TCV=10mm/min
€ = Model: DMP=Smi/day; TCV=20mm/min
§F ® 3 J
o l '
g ?. 60 \l

< | |
© = 1\\1
5 20| 2
8 o -
& 0 5 10 15 20 25

Time [hrs]
e §$ CIP (GSmg) [ —Model: oMP=20mV/day; TCV=5mm/min
5]
‘E 160 | ,\ ———Model: DMP=10m}/day; TCV=10mm/min
s 140 \ fel: DMP=Smi/day; TCV=20r
] '_E 120 2 Mode mi/day; TCV=20mmy/min
s ?o 100
S £ sof
© 60 ||
5 %0
- 20 -~
&
0
0 5 10 15 20 25
Time [hrs]

is a dry powder formulation of ciprofloxacin. Note that the
dose of liposomal ciprofloxacin administered in CFI is two
times higher than that in CDI. The points presented above
were determined experimentally [27, 39], while the curves
represent fits to a compartmental pharmacokinetic model
[55]. Reproduced with permission from Mary Ann
Liebert, Inc. [SS]

Table 3 Model predictions of peak concentration of free ciprofloxacin and time above the MIC of P. aeruginosa for four

different inhaled ciprofloxacin formulations administered once daily [55]

Drug product

Peak concentration of free cipro (pg/ml)

Time above the MIC (h)

Trachea  Generation 5 Generation 12 Trachea  Generation 5  Generation 12
CFI (270 mg) 82.9 66.5 49.9 6.20 5.15 275
CDI (189 mg) 1323.8 1457.5 1043.4 5.65 4.65 235
CIP (32.5 mg) 52.1 49.9 40.4 4.90 4.34 2.84
CIP (65 mg) 57.7 56.3 48.5 5.69 5.01 3.32
CIP (325 mg BID) - - - 9.80 8.68 5.68

Results shown for daily mucous production (DMP) of 10 ml/day and a tracheal clearance velocity (TCV) of 10 mm/min;

Assumes an MIC for P. aeruginosa of 4 1ig/ml

respiratory tract (trachea, generation 5, and
generation 12).

The modeled ASL concentrations in the tail
of the pharmacokinetic profile are generally
below the MIC of the pathogen. As a result, the
predicted times above the MIC were comparable
following once daily administration for CF]I,
CDI, and CIP (Table 3). When administered

according to its twice daily dosing regimen, CIP
is predicted to double the time above MIC rel-
ative to CDL

The peak concentrations of free cipro-
floxacin in the ASL were dramatically higher for
CDI (Table 3), a feature that may be critical for
suppressing resistant sub-populations. In con-
trast, increasing the dose of CIP from 32.5 mg to
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65 mg does not significantly increase the ASL
concentration of free drug, as ASL concentra-
tions are limited by the solubility of the drug.
Hence, there is no benefit in increasing the drug
concentration with CIP beyond the current
32.5-mg dose. An alternative dry powder for-
mulation comprising mixtures of ciprofloxacin
betaine and ciprofloxacin hydrochloride could
provide a dual release formulation, like CDI, if
desired.

The results in Table 3 also indicate that drug
concentrations are likely to vary throughout the
respiratory tract. This is related to a variety of
factors that are patient specific, such as
anatomical features associated with their respi-
ratory tract, the extent of their disease and its
impact on air flow during inhalation, and their
inspiratory flow profile during inhalation of the
drug. Bos et al. [56] used functional respiratory
imaging to demonstrate that some CF patients
nebulizing aztreonam received subtherapeutic
levels of drug in regions of the lungs where
airflow was obstructed due to advanced
bronchiectasis. Additional tools and studies are
needed to better understand the impact of lung
disease, patient anatomical features and inspi-
ratory flow profiles on regional deposition of
antibiotics in the lungs.

No significant differences in microbiological
performance or in the development of resistant
strains were observed between CDI and CIP in
phase 3 studies [11-13, 28]. Hence, it remains
inconclusive as to whether the presence of free
drug improves the microbiological or clinical
effect.

The uncertainty in DMP and TCV values can
have a significant effect on estimates of time
above MIC. Hence, the time above MIC values
could be higher for each of these formulations
than the model predicts [55].

PHASE 3 TRIALS

CDI

Phase 3 studies with CDI (ORBIT-3 and ORBIT-
4) were multinational, randomized (2:1),
48-week, double-blind, placebo-controlled trials
in BE patients with chronic P. aeruginosa

infection [11, 57]. The decision to restrict
enrollment to those patients with P. aeruginosa
infections was intended to focus the study on a
more homogeneous and sicker patient popula-
tion with an increased likelihood to exacerbate.
Drug was administered in 28-day on and 28-day
off-drug cycles over the 48-week treatment
period. The primary endpoint was the time to
first PE from baseline to week 48. Secondary
endpoints included: the number of PE events
per subject from baseline to week 48, the
number of severe PEs per subject from baseline
to week 48, and changes in the Respiratory
Symptoms Scale score of the Quality of Life
Questionnaire-Bronchiectasis (QoL-B) from
baseline to week 48.

Inclusion criteria specified that subjects
should have had two or more PE in the previous
year. In the phase 3 trials, a PE was defined as
the presence of specific abnormal respiratory
signs or symptoms with an onset date and an
end date [S7]. An abnormality was defined as a
change from a subject’s baseline in at least four
of the following nine symptoms, signs, or lab-
oratory findings: (1) change in sputum produc-
tion  (consistency, color, volume, or
hemoptysis); (2) increased dyspnea (chest con-
gestion or shortness of breath); (3) increased
cough; (4) fever (> 38 °C); (5) increased wheez-
ing; (6) decreased exercise tolerance, malaise,
fatigue, or lethargy; (7) FEV; or FVC decreased
> 10% from a previously recorded value; (8)
radiographic changes indicative of a new pul-
monary process; (9) changes in chest sounds.

CIP

Phase 3 studies (RESPIRE 1 and RESPIRE 2) for
CIP were replicate, randomized, controlled
studies with four treatment arms over 48 weeks
of treatment [12, 13, 58]. Treatment groups
were compared to placebo, with placebo defined
as the placebo inhaler plus standard of care
active treatment. Eligibility criteria were selec-
ted to represent BE patients expected to be
treated with long-term inhaled antibiotic ther-
apy in the real world, including an array of
pathogens found in these patients (i.e., not just
P. aeruginosa). As with CDI, the primary efficacy
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Table 4 Summary of treatment emergent adverse events (TEAE) reported for CDI and CIP in phase 3 clinical studies in

BE patients [11-13, 57, 58]

CDI (28-d) CDI Placebo CIP (14-d) CIP (28-d) CIP Placebo
(N=389) N (%) (N=193)N (%) (N =310)N (%) (N=312) N (%) (N=311)N (%)
Adverse events 343 (88.2) 182 (94.3) 239 (77.1) 204 (65.4) 230 (74.0)
(AE)
Drug-related AEs 136 (35.0) 66 (34.2) 61 (19.7) 54 (17.3) 60 (19.3)
Cough 42 (10.8) 26 (13.5) 4 (1.3) 6 (1.9) 11 (3.5)
Dyspnea 25 (6.4) 13 (6.7) 7 (2.3) 6 (1.9) 5 (1.6)
Wheezing 20 (5.1) 10 (5.2) NR NR NR
Serious AEs (SAE) 91 (23.4) 52 (26.9) 68 (21.9) 56 (18.0) 73 (23.5)
Drugrelated SAE 7 (1.8) 2 (1.0) 2 (0.6) 4 (1.3) 1(0.3)
Severe AEs 85 (21.9) 47 (24.4) 48 (15.5) 38 (12.2) 51 (16.4)
AEs Leading to 34 (8.7) 16 (8.3) 32 (10.3) 26 (8.3) 19 (2.0)
discontinuation
AEs Leading to 6 (1.5) 5 (2.6) 4 (1.3) 6 (1.9) 5 (1.6)

death

NR not reported (less than 2% threshold)

measure was time to first exacerbation, with the
frequency of exacerbations being the first sec-
ondary endpoint. Patients were to have had two
or more PE in the previous year. A qualifying
exacerbation was defined as one that required
systemic antibiotic treatment and was associ-
ated with the presence of fever or malaise, fati-
gue, and worsening of at least three signs/
symptoms [i.e., dyspnea, wheezing, coughing,
sputum volume, and sputum purulence (color)].
The acute worsening of signs and symptoms
was required to be beyond daily variations. Two
active treatment groups/schedules were studied:
28-day on-off treatment cycles, and 14-day
on-off treatment cycles.

Both CDI and CIP had one positive trial and
one trial that failed to meet statistical signifi-
cance in the primary endpoint [11-13, 57, 58].
As a result, both failed to receive marketing
authorization from the FDA.

In a recent Editorial concerning the RESPIRE
studies with CIP, Chotirmall and Chalmers [59]
posed the question: “does the drug actually
work?” Their belief was, “yes the drug works,
and is most likely to be of benefit in selected

patients with poorly controlled disease and very
frequent exacerbations (e.g., > 3 PE per year).”
While the RESPIRE studies aimed at enrolling
patients who had experienced a minimum of
two PE in the previous year, the number of PE
events observed in the placebo groups during
the RESPIRE trials was significantly fewer than
this number. Indeed, 62.2% of patients in
RESPIRE 2 and 52.0% of patients in RESPIRE 1
did not have a single PE over the duration of the
48-week trial [12, 13], and in RESPIRE 2,
patients averaged just 0.6 PE over the course of
the study [13]. Hence, a challenge remains in
identifying those BE patients, from a heteroge-
neous patient population, who are at risk of an
exacerbation due to an underlying infection, as
these patients would be most likely to benefit
from treatment. The lack of a consensus defi-
nition of exacerbation amongst treating physi-
cians also hampered enrolling the ‘right
patients’ and in properly powering the phase 3
studies. Finally, it was also proposed that the
frequency of PE events may be a better endpoint
than time to a PE.
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ADVERSE EVENTS

The adverse event profiles observed in phase 3
for the two phospholipid-based formulations
are presented in Tables 4 and 5 [11-13, 57, 58].
In Table 5, the incidence rates are coded by
preferred term and system organ class (SOC) as
per the most updated version of the Medical
Dictionary for Regulatory Activities (MedDRA).
Investigators also summarized the Treatment
Emergent Adverse Events (TEAE) in terms of
intensity (mild, moderate, severe) and causality
(i.e., is it drug related). Both formulations were
generally well tolerated, with most adverse
events mild to moderate in intensity.

CDI

In their FDA Advisory Committee briefing book,
the Sponsor concluded that results from the two
phase 3 studies indicated that 48 weeks of
treatment with CDI (i.e., six 28-day on-treat-
ment periods and six 28-day off-treatment
periods) was well tolerated [S7]. Their summary
further stated that there were no clinically
meaningful differences in safety between the
CDI and placebo groups (Tables 4, 5).

Pre-specified adverse events of special inter-
est (AESI) were focused on airway irritation. The
AESIs (e.g., cough, dyspnea, wheezing, throat
irritation, bronchospasm, respiratory tract irri-
tation, laryngitis, pharyngitis) were reported at
a similar overall rate between the CDI and pla-
cebo groups, with the Sponsor concluding that
inhalation of CDI did not lead to increases in
airway irritation. Additionally, no SOC or indi-
vidual preferred term was reported more fre-
quently in the CDI group versus the placebo
group. Finally, there was no evidence of an
increased frequency in any of the commonly
known fluoroquinolone class effects in patients
receiving CDI [57].

CIP

Similarly, in their FDA Advisory Committee
briefing book for CIP, the Sponsor concluded
that there were no clinically meaningful differ-
ences between the two active treatment groups,

or between the two active treatment groups and
pooled placebo with respect to TEAE, SAE,
deaths, and TEAEs requiring study discontinu-
ation [58]. Most of the reported TEAEs were
mild to moderate in intensity.

The incidence of respiratory AESIs as defined
above, and adverse events related to the fluo-
roquinolone class were small (Table 5) [58]. The
numerical group differences were not indicative
of an increased risk of local irritation, hyper-
sensitivity, or fluoroquinolone class effects for
either treatment group in comparison with the
placebo.

Comparison of Formulations

While these large multicenter phase 3 trials
were run concurrently in the BE patient popu-
lation, the fact that head-to-head comparisons
between formulations were not made within
the same trial leaves the data open to bias in
how the AEs were reported. This is especially
true given that many of the AEs that emerged
during the conduct of the studies are also
symptoms present in the underlying disease
that could be magnified during an exacerbation.
Prior to initiation of treatment, the FEV; %
predicted was similar (about 60%) across the
various treatment groups in the two trials.

The restriction to BE patients with P. aerugi-
nosa infections in the CDI studies as opposed to
the broader range of pathogens in the CIP
studies (ca. 60% with P. aeruginosa infection),
likely resulted in inclusion of sicker, more
symptomatic patients who are more likely to
exacerbate. Indeed, the incidence of PEs was
higher in the CDI trials. The median time to a
PE for CDI was 230 days, versus 430 days for CIP
[11-13].

Little difference was observed between CDI
and CIP in the reported incidence of serious
AFs, drug-related serious AEs, severe AEs, AEs
leading to discontinuation, and AEs leading to
death (Table 4) [11-13]. Nonetheless, there are
apparent differences in the incidence of mild
and moderate AEs between the two formula-
tions (Table 5, Fig. 4). Of interest are the large
differences in respiratory AEs related to cough
(64.5% in CDI vs. 6.5% in CIP), dyspnea (54.2%
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Table 5 Comparison of treatment-emergent adverse events (TEAEs) for inhaled ciprofloxacin formulations in BE patients

[11-13, 57, 58]

Adverse event

CDI (28-d)
(N = 389)

CDI Placebo
(N = 193)

CIP (14-d)
(N = 310)

CIP (28-d)
(N = 312)

CIP Placebo
(N = 311)

TEAEs

Respiratory, thoracic, mediastinal

disorders
Cough
Dyspnea
Sputum increased

Wheezing

Increased viscosity of bronchial

secretion
Hemoptysis
Oropharyngeal pain
Rhinorrhea
Discolored sputum
Abnormal sputum
Bronchiectasis
Abnormal breath sounds
Bronchospasm
General disorders
Fatigue
Exercise tolerance decreased
Pyrexia
Malaise
Chest pain
Chest discomfort
Infections and infestations
Sputum purulent
Nasopharyngitis
Pneumonia
URT infection
Nervous system disorders
Lethargy
Headache

343 (88.2%)
295 (75.8%)

251 (64.5%)
211 (54.2%)
181 (46.5%)
153 (39.3%)
66 (17.0%)

58 (14.9%)
19 (4.9%)
14 (3.6%)
13 (3.3%)
46 (11.8%)
NR

103 (26.5%)
5 (1.3%)
237 (60.9%)
142 (36.5%)
98 (25.2%)
90 (23.1%)
52 (13.4%)
23 (5.9%)
19 (4.9%)
191 (49.1%)
86 (22.1%)
21 (5.4%)
20 (5.1%)
NR

153 (39.3%)
88 (22.6%)
44 (11.3%)

182 (94.3%)
158 (81.9%)

126 (65.3%)
103 (53.4%)
108 (56.0%)
84 (43.5%)
37 (19.2%)

27 (14.0%)
20 (10.4%)
15 (7.8%)
11 (5.7%)
27 (14.8%)
NR

45 (23.3%)
2 (1.0%)
133 (68.9%)
89 (46.1%)
55 (28.5%)
56 (29.0%)
29 (15.0%)
9 (4.7%)

10 (5.2%)
111 (57.5%)
50 (25.9%)
11 (5.7%)

7 (3.6%)
NR

72 (37.3%)
38 (19.7%)
25 (13.0%)

239 (77.1%)
134 (43.2%)

20 (6.5%)
26 (8.4%)
NR
NR
NR

33 (10.6%)
NR

NR

NR

NR

32 (10.3%)
NR

14 (4.5%)
47 (15.2%)
14 (4.5%)
NR

NR

7 (2.3%)
NR

NR

99 (31.9%)
NR

32 (10.3%)
NR

17 (5.5%)
59 (19.0%)
NR

24 (7.7%)

204 (65.4%)
104 (33.3%)

230 (74.0%)
127 (40.8%)

20 (6.4%) 20 (6.4%)
20 (6.4%) 12 (3.9%)
NR NR

NR NR

NR NR

27 (8.7%) 32 (10.3%)
NR NR

NR NR

NR NR

NR NR

33 (10.6%) 38 (12.2%)
NR NR

10 (3.2%) 19 (6.1%)
39 (12.5%) 29 (9.3%)
8 (2.6%) S (1.6%)
NR NR

NR NR

7 (2.2%) 1 (0.3%)
NR NR

NR NR

114 (36.5%)

106 (34.1%)

NR NR
25 (8.0%) 24 (7.7%)
NR NR

14 (4.5%) 15 (4.8%)
58 (18.6%) 30 (9.6%)
NR NR

21 (6.7%) 9 (2.9%)
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Table 5 continued

Adverse event CDI (28-d) CDI Placebo CIP (14-d) CIP (28-d) CIP Placebo
(N = 389) (N =193) (N = 310) (N =312) (N = 311)

Dysguesia 32 (82%) 13 (6.7%) 14 (4.5%) 18 (5.8%) 4 (1.9%)
Dizziness 28 (7.2%) 9 (4.7%) 11 (3.6%) 3 (1.0%) 3 (1.0%)

Gastrointestinal disorders 92 (237%) 58 (30.1%) 70 (22.6%) 56 (17.9%) 62 (19.9%)
Nausea 30 (7.7%) 11 (5.7%) NR NR NR
Diarrhea 21 (5.4%) 19 (9.8%) 16 (5.2%) 8 (2.6%) 10 (3.2%)

Musculoskeletal/connective 93 (23.9%) 44 (22.8%) 46 (148%) 43 (13.8%) 28 (9.0%)
tissue disorders
Arthralgia 23 (5.9%) 9 (4.7%) 6 (1.9%) 7 (22%) 3 (1.0%)
Back pain 21 (5.4%) 6 (3.1%) NR NR NR

Note that some values less than 5% for CIP were found in the FDA briefing books, and included in the table for

comparative purposes

NR not reported (less than 5% threshold)
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Fig. 4 Comparison of reported treatment emergent
adverse events (TEAE) between CDI and CIP. The left
part of the graph displays differences in respiratory adverse
events of special interest (AESI), while the right part
compares the differences in TEAE based on system organ

class (SOC) [11-13]

in CDI vs. 7.4% in CIP), and wheezing (39.3% in
CDI vs. < 5% in CIP). Decreases in lung func-
tion (FEV, and FVC) were also observed in up to
30% of patients in the CDI trials, while no
decreases in lung function were reported in the
CIP studies. The large differences extend
beyond respiratory TEAEs, with fatigue (36.5%

in CDI vs. 3.6% in CIP), pyrexia (23.1% in CDI
vs. not reported in CIP), and malaise (13.4% in
CDI vs. 2.3% in CIP) and numerous other AEs
also reported at a higher incidence in CDI. The
incidence of bronchospasm (3.8% in CIP vs.
1.7% in CDI) and bronchiectasis (10.5% in CIP
vs. < 5% in CDI) were reported at a higher
incidence in the CIP group.

While it is customary to compare adverse
events relative to placebo, such a practice
assumes that the placebo does not contribute
significantly to said adverse events. The data
suggest that this might not be the case with the
liposomal particles comprising the CDI placebo.
Overall, 94.3% of CDI placebo patients had a
TEAE, versus 74.0% of CIP placebo patients
(Table 5). Increases in TEAEs were observed for
CDI placebo versus CIP placebo in: (a) respira-
tory, thoracic and mediastinal disorders (81.9
vs. 40.8%); (b) general disorders (68.9 vs. 9.3%);
(c) infections and infestations (57.5 vs. 34.1%);
(d) nervous system disorders (37.3 vs. 9.6%);
(e) gastrointestinal disorders (30.1 vs. 19.9%),
and; (f) musculoskeletal and connective tissue
disorders (22.8 vs. less than 9.0%).

Following parenteral administration of
phospholipid-based formulations (e.g., emul-
sions or liposomes), phagocytosis of the
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particles by cells of the reticuloendothelial sys-
tem leads to characteristic, predictable, and
reversible biological effects that are a conse-
quence of a normal host-defense mechanism
[60]. This mechanism is characterized by dose-
related stimulation of macrophages and subse-
quent release of intracellular products (particu-
larly metabolites of the arachidonic acid
cascade and cytokines). Particulate clearance
can result in a flu-like syndrome characterized
by cutaneous flushing and fever at lower doses,
and macrophage hypertrophy and recruitment
at higher doses. These biological effects are
generally reversible and do not result in any
permanent tissue alteration, even with pro-
longed exposure at relatively high doses. The
magnitude of the immune response depends on
the nature of the particulates with size, shape,
and the ‘tastiness’ of the particle surface being
critical.

In a review article directed to induced alve-
olar macrophages responses, Forbes et al. [61]
stated that: “Alveolar macrophages (AM)
responses are commonly induced in inhalation
toxicology studies, typically being observed as
an increase in number or a vacuolated ‘foamy’
morphology. Discriminating between adaptive
AM responses and adverse events during non-
clinical and clinical development is a major
scientific challenge.” The authors went on to
suggest that the physicochemical properties of
the particulates are closely linked with the
macrophage responses, although the mecha-
nisms by which macrophages recognize differ-
ent particulates is still poorly understood.
Indeed, Forbes et al. concluded that: “an
improved understanding of induced AM
responses to inhaled pharmaceuticals is
required.” This is particularly critical for sus-
tained release formulations, where the particles
are present within the lungs for an extended
period.

Arikayce (liposomal amikacin) was the first
pulmonary sustained release formulation to
receive marketing authorization. The Arikayce
formulation differs significantly from the CDI
formulation [7]. Arikayce comprises multil-
amellar liposomes with a larger diameter
(250-300 nm vs. 80-100 nm in CDI). The for-
mulation utilizes a mixture of

dipalmitoylphosphatidylcholine (DPPC) and
cholesterol with a lipid/drug ratio of just 0.70
(vs. 2.22 in CDI). The formulation is nebulized
with a vibrating mesh nebulizer (eFlow®). About
30% of the encapsulated drug is subject to
‘burst’ during nebulization, resulting in a com-
parable combination of free and encapsulated
drug [8, 10]. The reported MMAD of the dro-
pletsis 4.7 vs. 3.6 um for CDI [7]. The significant
differences in physicochemical properties
between the two liposomal formulations sug-
gests that the phagocytosis process for Arikayce
may differ from the process with CDI
liposomes.

In the NTM patient population, Arikayce is
associated with an increased risk of respiratory
adverse events, including hypersensitivity
pneumonitis (lung inflammation), hemoptysis,
bronchospasm, and exacerbation of underlying
pulmonary disease that leads to hospitalization
in some cases [62]. In their Phase 3 clinical trial,
the safety and effectiveness of Arikayce was
assessed relative to standard of care, with no
liposomal placebo formulation administered in
the control group [62]. If the AEs detailed above
are related to phagocytosis of the liposomes by
alveolar macrophages, then the lack of a lipo-
somal placebo in the control group may have
helped to highlight the irritant effects of the
liposomes in the Arikayce study (i.e., the claim
that there was no difference in AEs between the
drug and placebo formulations could not be
made).

According to Szebeni et al. [63], bron-
chopulmonary symptoms of acute hypersensi-
tivity reactions comprise many of the
symptoms reported at a greater incidence with
the liposomal CDI formulation as compared to
the CIP formulation (e.g., cough, dyspnea,
wheezing, chest pain, chest discomfort, back
pain, headache, pyrexia, and nausea).

The incidence of cough, dyspnea, wheezing,
fatigue and pyrexia are higher in CDI than
reported for Arikayce. While the incidence of
bronchospasm (acute 15% drop in FEV;) was
only 1.3% in CDI, bronchospasm was more
broadly defined in the Arikayce study, where
the following AEs were grouped: asthma, bron-
chial hyperreactivity, bronchospasm, dyspnea,
dyspnea exertional, prolonged expiration,
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throat tightness, and wheezing. When defined
in the same manner, the incidence of bron-
chospasm would be markedly higher in CDI
(> 65%) vs. Arikayce (29%). Hence, it is not
possible to rule out that a mild hypersensitivity
pneumonitis is present in CDI patients follow-
ing CDI administration.

The low incidence of cough observed with
the high dose administration of the CIP dry
powder may seem counterintuitive. It has been
hypothesized that inhalation of high doses of a
dry powder formulation will inherently result in
airway irritation and cough (i.e., a direct effect
of delivery of a large powder mass). The low
incidence of post-inhalation cough with CIP
has now been observed in several patient pop-
ulations (healthy volunteers, CF patients, COPD
patients, BE patients) across multiple clinical
studies. In a large phase 2 study in 286 CF
patients, the incidence of post-inhalation cough
was 2.7% and bronchospasm just 0.5% [41].

Increased cough with high-dose powder for-
mulations is not likely due to a direct powder
effect, but rather to an irritant effect driven
largely by variations in either proton or ion
concentrations in ASL. CIP is formulated at
neutral pH, so has no impact on the proton
concentration in the ASL. The low solubilities of
the long-chain phospholipid and the neutral
ciprofloxacin drug substance poses only a low
osmotic stress to the ASL (increase of just
0.7 mOsm/kg). Hence, CIP does not lead to
irritation of the epithelium and, as a result, does
not result in significant post-inhalation cough
or other irritant effects in the airways. In con-
trast, in TOBI Podhaler, the high dose and large
number of ionized species associated with the
sulfate salt form lead to a significant osmotic
stress to the ASL, ultimately resulting in a
higher incidence of post-inhalation cough [64].

The differences in cough observed between
CDI and CIP could also be the results of differ-
ences in regional deposition within the respi-
ratory tract, given that cough receptors are
concentrated in the larger airways. However,
the differences in regional deposition of cipro-
floxacin in the URT and lungs is not anticipated
to be significant for an administered dose of the
two medications (see earlier discussion on
aerosol delivery). Moreover, the aerodynamic

particle size distributions do not differ signifi-
cantly for the two formulations. Hence, differ-
ences in regional deposition within the
respiratory tract is not likely the cause for the
differences in cough observed, unless the dif-
ferences in excipient delivery are contributory.

The low incidence of AEs reported with the
coated crystals versus the liposomal particles is
interesting, and points to our poor under-
standing of induced AM responses, as espoused
by Forbes et al. [61].

PATIENT ADHERENCE

The burden of treatment for BE patients is high.
Treatment burden is a combination of several
factors, including the number of therapies
required on a daily basis, the frequency and
complexity of such therapies, the amount of
time needed to complete a treatment, and how
the patient perceives the treatment (e.g., cost,
convenience, and tolerability issues).

Despite having no approved inhaled antibi-
otic option, BE patients are prescribed 12 £+ 5
therapies per day [65]. Patient adherence to off-
label nebulized antibiotic treatments is poor (ca.
53% adherence in one study), due in part to the
high incidence of adverse events (e.g., bron-
chospasm and cough) associated with the
administration of off-label inhaled antibiotics
[65]. These products also do not provide sus-
tained levels of antibiotic in the lungs, likely
decreasing their therapeutic effect relative to
the formulations described herein.

It has been suggested that reducing the fre-
quency of antibiotic dose administration to
once daily with CDI will increase adherence to
therapy, with the potential to improve patient
outcomes [66]. It has been further suggested
that liposomal ciprofloxacin may: “blunt the
irritation or side effects associated with drugs
which cause cough or have unpleasant taste”
[18, 66]. While these purported attributes of
CDI would be expected to positively impact
inhaled antibiotic delivery, it remains unclear
whether patients will ultimately prefer these
features relative to the convenience of a por-
table, maintenance-free dry powder inhaler, as
is used in CIP.
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Data from the phase 3 trials did not
demonstrate improved tolerability for CDI rel-
ative to CIP. Indeed, the incidence of dysgeusia
reported was 8.7% for CDI and 4.5-5.5% for CIP
[11-13, 57, 58]. The incidence of cough was
64.5% for CDI versus 6.5% for CIP
[11-13, 57, 58]. Drug-related cough was repor-
ted to be 10.8% for CDI vs. 1.3-1.9% for CIP
[58, 67]. It is unclear if the presence of free drug
in the ‘dual release’ CDI formulations reduces
the benefits of encapsulating ciprofloxacin on
tolerability (e.g., the unpleasant taste).

The ‘daily treatment burden’ considers not
only the time to administer the drug, but also
the time for set-up, breakdown, cleaning, and
disinfection of the delivery device [68]. Con-
servatively, these additional activities require an
additional 10 min/day for CDI, leading to a
daily treatment burden of about 26 min/day.
The compliance with cleaning nebulizers is
typically poor, and this can lead to contamina-
tion of the nebulizer with bacteria, possibly
increasing the risk of administration of new,
more virulent pathogens to at-risk BE patients
during treatment [1, 69].

The T-326 inhaler does not require cleaning
or disinfection. It takes less than 2 min to
administer a CIP dose, resulting in a daily
treatment burden of less than 4 min/day. In this
regard, it remains unclear whether the benefit
of once-daily administration of CDI outweighs
the 20 min of additional treatment burden. The
portable dry powder inhaler has the added
advantage that it does not require a power
source and is easy to carry in a pocket or a purse,
enabling discreet use outside the home [1].

The transition from a nebulized treatment to
a dry powder treatment with tobramycin
inhalation powder (TIP) vs. tobramycin inhala-
tion solution (TIS) led to a dramatic decrease in
administration time and daily treatment burden
[1, 64, 68]. This translated into a high prefer-
ence for the TIP treatment among CF patients,
and improvements in adherence [64, 70, 71].
CIP has the added benefit over TIP that a dose
requires only a single capsule (versus four cap-
sules). Moreover, CIP has a markedly lower
incidence of cough relative to TIP. Nonetheless,
additional studies are needed to better under-
stand which of the various attributes described

above are more important in driving improved
adherence in the BE patient population.

CONCLUSIONS

The two phospholipid-based aerosol formula-
tions described within this review utilize the
same principal phospholipid (DSPC), have sim-
ilar mass median aerodynamic particle sizes
(~ 3.5 um), deliver a comparable ciprofloxacin
dose to the lungs daily (~ 33 mg/day), exhibit
sustained release of ciprofloxacin in the lungs,
and have a similar rate of clearance from plasma
(terminal half-life ~ 10 h). The two formula-
tions differ primarily in their dosing regimen
(once daily vs. twice daily), in the presence of
free drug in the CDI formulation, in the mass of
excipients administered, and in the nature of
the delivery system. The CDI formulation may
also be able to more effectively target delivery of
ciprofloxacin into biofilms or into pulmonary
macrophages [6, 16, 66].

There are currently no approved treatments
that reduce or delay pulmonary exacerbations
in BE patients. Studies with nebulized tobra-
mycin, aztreonam, and colistin failed to provide
clinically meaningful improvements in out-
comes in BE patients [72-76]. These therapies
were poorly tolerated, with a high incidence of
respiratory symptoms including cough and
bronchospasm. This led Rubin and others to
suggest that the overall profile of adverse respi-
ratory symptoms observed with inhaled antibi-
otics in BE patients may outweigh the benefits
of the antibacterial activity [77]. Cipolla et al.
hypothesized that inhaled antibiotics may be
beneficial in BE patients if an antibiotic formu-
lation and dosing regimen can be identified that
is well tolerated and leads to improved adher-
ence [66].

More than 1000 BE patients were adminis-
tered the CDI and CIP formulations in Phase 3.
Both sustained release ciprofloxacin formula-
tions were generally well tolerated, with most
AEs mild to moderate in severity. Both formu-
lations also have the potential to improve
patient adherence to treatment, due to reduced
respiratory symptoms and a reduction in dosing
frequency (CDI), or via reductions in daily
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treatment burden and improved convenience
(CIP). Unfortunately, like their predecessors,
both formulations failed to meet their primary
endpoints in phase 3 clinical studies.

Clinical Development in BE

While the probability is high that both CDI and
CIP are effective in treating PEs in BE patients
having three or more exacerbations per year, a
challenge remains in identifying and enrolling
those patients. The lack of a standardized defi-
nition of a PE had a negative impact on the
outcomes in the recently completed phase 3
studies, as comparisons of PE incidence over
time are only useful if we can be certain that the
subjective threshold for intervention has not
changed [78]. This was obviously not the case.
Although patients were required to have had at
least two exacerbations in the previous year, the
incidence in the four clinical trials was far less
than this. Hence, the trials were significantly
underpowered for the patients who were
enrolled. Given the heterogeneity of the BE
patient population, patient selection may also
need to explore phenotypic, geographic, and
microbiome differences, to more accurately
identify those patients who are likely to exac-
erbate [59].

Recently, a consensus definition of an exac-
erbation in BE patients has been proposed [79].
The proposed definition is based on the recog-
nition that the change in symptoms should be
significant enough to warrant an ‘intervention’.
The consensus definition comprises a deterio-
ration in three or more key symptoms (cough,
sputum volume and/or consistency, sputum
purulence, breathlessness and/or exercise intol-
erance, fatigue and/or malaise, hemoptysis) for
at least 48 h, and that this worsening leads to a
change in BE treatment by the clinician.

Formulation Considerations

The late-stage development of two phospho-
lipid-based formulations for sustaining con-
centrations of antibiotics in the lungs has
increased our understanding of formulation
attributes that may be important. Given the

limited clinical data associated with sustained
release formulations in the lungs, it is important
to highlight the differences observed, as this
may help to guide future development of pul-
monary sustained release formulations.

The particulate-based side effects observed
with liposomes in the lungs with Arikayce and
possibly CDI are consistent with parenteral-
based particulate delivery systems (e.g., lipo-
somes, emulsions) that are cleared by the retic-
uloendothelial ~ system. While liposomes
comprise materials that are endogenous to the
lungs and have natural clearance pathways, this
does not mean that they are biologically inert.
They have the potential to elicit an immune
response that can increase airway irritation or
inflammation. Indeed, the ability to target
liposomes to pulmonary macrophages to treat
intracellular infections is a double-edged sword,
with the potential to dramatically improve
treatment of these difficult-to-treat infections
(e.g., NTM) while also potentiating an immune
response as macrophages release cytokines to
signal the need to clear the liposomal particles.

While retentive particulate systems may be
needed to effectively target alveolar macro-
phages in the treatment of NTM infections,
these features may not be as important for the
treatment of infections in the airway lumen.
Indeed, there may be advantages to formulating
‘non-retentive’ particles for infections in the
airways.

Moreover, just because less irritation was
observed for drug crystals in CIP versus CDI
liposomes, this is likely not a generalizable rule.
There is still much to be learned about phago-
cytosis of particles in the lungs and what parti-
cle characteristics are important for minimizing
airway irritation and inflammation.

Post-inhalation cough is not an inherent AE
associated with high-dose delivery of dry pow-
der formulations. It is likely that post-inhala-
tion cough can be minimized for high powder
doses by administering the poorly soluble,
neutral form of drugs (e.g., ciprofloxacin
betaine), and by also utilizing poorly soluble
excipients. Particulates that remain largely
insoluble cannot negatively impact the osmo-
larity of ASL. Critical process parameters asso-
ciated with suspension-based spray drying to

I\ Adis



146

Pulm Ther (2019) 5:127-150

formulate neutral forms of multiple anti-infec-
tive drugs have recently been described [35].
While both CDI and CIP formulations failed
to achieve FDA approval, the lessons learned
from these large multicenter trials have
advanced our understanding of the important
features required in pulmonary sustained
release formulations, and in clinical trial design.
The hope is that these advances will ultimately
lead to FDA approval of therapies that reduce or
delay pulmonary exacerbations in BE patients.
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