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The book series Neuroscience and Respiration presents contributions by
expert researchers and clinicians in the field of pulmonary disorders. The
chapters provide timely overviews of contentious issues or recent advances
in the diagnosis, classification, and treatment of the entire range of pulmo-
nary disorders, both acute and chronic. The texts are thought as a merger of
basic and clinical research dealing with respiratory medicine, neural and
chemical regulation of respiration, and the interactive relationship between
respiration and other neurobiological systems such as cardiovascular func-
tion or the mind-to-body connection. The authors focus on the leading-edge
therapeutic concepts, methodologies, and innovative treatments. Pharmaco-
therapy is always in the focus of respiratory research. The action and
pharmacology of existing drugs and the development and evaluation of
new agents are the heady area of research. Practical, data-driven options to
manage patients will be considered. New research is presented regarding
older drugs, performed from a modern perspective or from a different
pharmacotherapeutic angle. The introduction of new drugs and treatment
approaches in both adults and children also is discussed.

Lung ventilation is ultimately driven by the brain. However, neuropsy-
chological aspects of respiratory disorders are still mostly a matter of conjec-
ture. After decades of misunderstanding and neglect, emotions have been
rediscovered as a powerful modifier or even the probable cause of various
somatic disorders. Today, the link between stress and respiratory health is
undeniable. Scientists accept a powerful psychological connection that can
directly affect our quality of life and health span. Psychological approaches,
by decreasing stress, can play a major role in the development and therapy of
respiratory diseases.

Neuromolecular aspects relating to gene polymorphism and epigenesis,
involving both heritable changes in the nucleotide sequence and functionally
relevant changes to the genome that do not involve a change in the nucleotide
sequence leading to respiratory disorders, will also be tackled. Clinical
advances stemming from molecular and biochemical research are but possi-
ble if the research findings are translated into diagnostic tools, therapeutic
procedures, and education, effectively reaching physicians and patients.
All that cannot be achieved without a multidisciplinary, collaborative,
bench-to-bedside approach involving both researchers and clinicians.



vi

The societal and economic burden of respiratory ailments has been on the
rise worldwide leading to disabilities and shortening of life span. COPD
alone causes more than three million deaths globally each year. Concerted
efforts are required to improve this situation, and part of those efforts are
gaining insights into the underlying mechanisms of disease and staying
abreast with the latest developments in diagnosis and treatment regimens.
It is hoped that the books published in this series will assume a leading role in
the field of respiratory medicine and research and will become a source of
reference and inspiration for future research ideas.

I would like to express my deep gratitude to Martijn Roelandse and Tanja
Koppejan from Springer’s Life Sciences Department for their genuine inter-
est in making this scientific endeavor come through and in the expert
management of the production of this novel book series.

Opole, Poland Mieczyslaw Pokorski

Preface



The book Environmental Biomedicine presents novel experimental
achievements in the many facets of environment safety, air pollution, and
health preventive medicine. The chapters tackle the detrimental health
effects and prevention of environmental air pollution in car traffic congested
areas of cities, but also focus on the spread of air-borne infectious agents, and
on the effects of cigarette smoke, an inescapable theme when dealing with air
pollution. The oral orifice is the entry way for ambient air, and thus for its
biological and chemical content during breathing. Understandably, pollution
is a major detriment to the respiratory health. The book highlights other, less
recognized, but as important areas of current research as metabolic and
proinflammatory effects of air pollution, or oxidation-related effects on
skin cells, another tissue directly exposed to air content. Increased knowl-
edge of air-borne health hazards facilitates the development of preventive
measures and shifts the emphasis to avoiding problems before they occur.
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Abstract

Oxidative stress (OS) is common in inflammatory conditions and may be
important in atopic dermatitis (AD) etiology. The aim of this project was to
study the involvement of oxidation in FSL-1 (deacylated lipoprotein)-
triggered signaling pathways leading to AD-typical cytokine expression in
HaCaT keratinocytes. HaCaT keratinocytes, pretreated with the inhibitor to
OS N-acetylcysteine (NAC), were exposed to FSL-1, a stimulator of
AD-related cytokines. Cytokines expression was studied by real time poly-
merase chain reaction (PCR); nuclear factor-kappa B (NF-xB) and p38
mitogen activated protein kinase (MAPK) activities were studied by west-
ern blotting; and the oxidative state of cells was determined by the dichloro-
fluorescein (DCF) assay. We found that endogenous OS in keratinocytes
appeared 4 h after FSL-1 administration. OS activated NF-xB, but not p38
MAPK, and the inhibition of OS reduced FSL-1 induced interleukin
(IL) 33, thymic stromal lymphopoietin (TSLP) and TNFa mRNA expres-
sion. We conclude that FSL-1 triggers an OS reaction in HaCaT
keratinocytes, which is probably a secondary event affecting the expression
of specific AD typical cytokines, possibly through the NF-kB pathways.
This role of OS in the inflammatory response in AD is worth further
investigating.

Keywords
Inflammation * N-acetylcysteine * Nuclear factor-kappa B « p38 mitogen
activated protein kinase « Thymic stromal lymphopoietin
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2
1 Introduction
1.1 Atopic Dermatitis (AD)

AD is a chronic and relapsing inflammatory skin
disease characterized by dry, itchy, eczematous
skin lesions which are susceptible to cutaneous
bacterial, viral, and fungal infections. In the past
decades, its prevalence has increased in the
developed countries affecting up to 25 % of all
children and 1-10 % of adults worldwide (Novak
and Simon 2011). AD causes a significant
impairment in the patient’s quality of life and
treatments approaches are limited to symptom-
atic, unspecific anti-inflammatory or immuno-
suppressive agents (Boguniewicz and Leung
2010).

The homogenous symptoms of AD imply a
shared common disease, but recent research
efforts have revealed the complex nature of this
fascinating disease, which nonetheless cannot be
considered to be a uniform entity. AD frequently
starts in early infancy, termed early-onset AD, as
opposed to late-onset AD, which develops in
adulthood (Terui 2009). In about 70-80 % of
patients, AD takes on the ‘extrinsic’ form,
which is associated with increased IgE and eosin-
ophil levels in the serum, while in the remaining
patients AD has the ‘intrinsic’ form,
characterized by normal IgE levels. Several stud-
ies have shown that, at the age of 5 years, 50 % of
the children with AD have developed other
atopic and allergic respiratory diseases — asthma,
allergic rhinitis, and sensitization to inhalant
allergens (Patrizi et al. 2011). Thus, AD is often
the initial step in the so-called “atopic march”
(Lenung et al. 2004).

Two hypotheses propose the cause underlying
the disease. One suggests that the primary defect
is genetic immunologic disturbance, with an epi-
dermal dysfunction which is induced by local
inflammation. This hypothesis is supported by
the development of AD in a bone marrow recipi-
ent after the engraftment of hematopoietic stem
cells from an atopic donor (as he receives the
‘atopic’ immune cells of the atopic donor). The
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second hypothesis, which is supported by strong
evidence in recent studies, claims that a primary
structural abnormality of the stratum corneum
(SC) underlies the pathogenesis of AD (Terui
2009).

Data that has accumulated over the past years
has indicated the ability of epithelial cells to initi-
ate and direct the immune response in allergic skin
diseases. Upon activation, keratinocytes will initi-
ate a process of alerting and activating the immune
system in a way that will predominantly drive a
Ty2 response. Thymic stromal lymphopoietin
(TSLP), IL25 and IL33 constitute a keratinocyte-
derived triad of cytokines, which collectively
drives Ty2 polarization through complimentary
and sometimes synergistic mechanisms.

TSLP was found to be highly expressed in
epithelial cells, especially keratinocytes from
patients with AD (Carmi-Levy et al. 2011) as
well as in AD lesions and bronchial epithelial
cell of asthmatic patients (Tuan Vu et al. 2010).
Tissue-specific overexpression of TSLP in
mouse skin induced an AD-like phenotype and
variants of TSLP and its receptor have been
found to be associated with the risk of AD
(Carmi-Levy et al. 2010). TSLP was recently
found to be produced following skin tape strip-
ping, which induces one of the first features of
AD, namely the disruption of the skin epithelial
barrier (Carmi-Levy et al. 2011) and may be the
link between epithelial barrier dysfunction and
Tyx2 immune polarization in AD.

1.2 Oxidative State

Oxidative stress has a major role in AD. Due to
the skin’s function as an interface between the
body and the environment, it is chronically
exposed to both endogenous and environmental
pro-oxidant agents, leading to the harmful gener-
ation of reactive oxygen species (ROS). ROS are
involved in the damage of cellular constituents,
such as DNA, cell membrane lipids, or proteins
and can act as secondary messengers in the
induction of several biological responses, such
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as the activation of the NF-xB signal transduc-
tion pathway, the generation of cytokines, and
the modulation of other signaling pathways
(Tsukahara et al. 2003). Peroxides have been
shown to be produced in keratinocytes following
UVB activated MAPK signal transduction
pathways (Peus et al. 1999). In another study,
UVA stimulation was found to induce ROS pro-
duction by activation of NADPH oxidase proba-
bly in the mitochondria (Valencia and Kochevar
2008).

1.3 P38 MAPK

The MAPKSs, which integrate and process various
extracellular signals, are primary components of
the intracellular signaling circuitry. Four variants
of p38 MAPK have been identified (o, B, y, and d).
p38a is perhaps the most physiologically relevant
kinase involved in inflammatory responses, with a
central role in the expression of pro-inflammatory
cytokines and in immune cell proliferation and
differentiation.

14 NF-xB

The master regulator of inflammation is the tran-
scription factor NF-kB. It is also considered to be
a prototypical example of sensitivity to oxidative
stress. Non-activated NF-«xB is composed of p50
or p52, p65 (REL-A, REL-B, ¢c-REL) and the
inhibitor IkB (IkBa, IxkBp, IkBe, bcl-3), while
the complex p50-REL-A and the inhibitor IkBa
are most common. In the classical pathway,
NF-kB is activated via phosphorylation of IkB
at two conserved serine residues in the
N-terminus (Ser32, Ser36) by IKK (IxB kinases
— composed of IKKI1, IKK2 and NEMO
subunits), followed by ubiquitination and prote-
olysis of its bound inhibitor — IkB. This allows
for the migration of the liberated NF-«B into the
nucleus and its activation as a transcription fac-
tor. In the canonic activation mechanism, phos-
phorylation of IkB, its degradation and the
activation of NF-xB results in the transcription

of the inhibitor IxB, thus IkB mRNA expression
indicates NF-xB activation (Perkins 2006).

In the present research, HaCaT human
keratinocytes were treated with FSL-1, a
diacylated lipoprotein that has been found to
upregulate the expression and secretion of
TSLP in human keratinocytes (Tuan Vu
et al. 2010). TSLP expression in keratinocytes
is a phenomenon that is specific to atopic derma-
titis (Carmi-Levy et al. 2010; Tuan Vu
et al. 2010). Therefore, this system was chosen
to study the involvement of ROS in AD-related
cytokine expression in keratinocytes.

2 Methods

2.1 HaCaT Keratinocytes

The human immortal keratinocyte cell line,
HaCaT, was grown in Dulbecco’s Modified
Eagle’s Medium (DMEM, Biological Industries,
Beit Haemek, Israel) supplemented with
2 mM L-glutamine (Biological Industries, Beit
Haemek, Israel), 10 % fetal calf serum (Sigma-
Aldrich, Rehovot, Israel), 100 U/ml penicillin
and 0.1 mg/ml streptomycin (Biological
Industries, Beit Haemek, Israel) at 37 °C, with
5 % CO,. Viability was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) assay (Sigma-Aldrich,
Rehovot, Israel). In experiments, cells were
seeded in DMEM in six wells plates and were
pretreated with/without 2 mM NAC (Sigma-
Aldrich, Rehovot, Israel) for 60 min followed
by the administration of 1 pg/ml FSL-1 for
indicated periods of time.

2.2 Induction of AD-Related
Cytokine Reaction

Diacylated lipoprotein, FSL-1 (Fibroblast-

Stimulating Lipopeptide-1, InvivoGen,

Toulouse, France) is a synthetic lipoprotein that
represents the N-terminal part of the 44-kDa
lipoprotein LP44 of Mycoplasma salivarium.



Mycoplasmal lipoproteins, such as FSL-1 and
MALP-2, contain a lipolyated N-terminal
diacylated cysteine residue, whereas bacterial
lipoproteins contain a triacylated one. This struc-
tural difference plays a crucial role in the initial
recognition of microbial lipoprotein by the host
innate immune system.

23 Real Time PCR

mRNA was isolated using TRI Reagent (Sigma,
Rehovot, Israel) and cDNA was prepared using
the Verso cDNA kit (Thermo Scientific, US) and
programmed 42 °C for 60 min, 50 °C for 30 min,
and 95 °C for 2 min. The cDNA of the mRNA
transcript was amplified by spectrofluorometric
thermal cycler (Rotor-GeneTM 6000, Corbett
research, Mortlake, Australia) using KAPA
Sybr fast (KAPA Biosystems, Cape Town,
South Africa) with specific primers for:
GAPDH (housekeeping — to which every
gene of interest was normalized -5 — 3
CGACCACTTTGTCAAGCTCA, TGTGAG-
GAGGGGAGATTCAG), IkBa (5 — 3’ CTG-
TGATCACCAACCAGCCAGA, GTAGCCAT-
GGATAGAGGCTAAG), TSLP (5' =3
TGCCTGCGGCTCTAGCTTGC, AGCCCAC-
TGACTGCTCCCCT), IL33 (5’ — 3’ CCTC-
AAATGAATCAGGTGACGGTGT, ACAAA-
GAAGGCCTGGTCTGGCA), IL25 (5 — 3
CCTGCTAGGCCCAACCGCCA, GGGGTC-
CATGTGGGAGCCTGT) and TNFa (5 — 3
GTGATCGGCCCCCAGAGGGA, CACGCC-
ATTGGCCAGGAGGG). Results were repres-
ented as fold change of the control (without
treatment at each time point).

24 Protein Analysis

Proteins from cells lysed in a solution containing
CelLytic Lysis Buffer (Sigma, Rehovot, Israel)
and Protease Inhibitor Cocktail (Sigma, Rehovot,
Israel), were separated on a standard sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and western blotted on
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nitrocellulose membranes. Blots were exposed
overnight to primary monoclonal antibodies
(separately) for: a-tubulin (Santa Cruz Biotech-
nology, Dallas, Texas, US), p38 MAPK (R&D
systems, Minneapolis, US), phospho-p38 MAPK
(T180/Y182 R&D systems, Minneapolis, US),
IxBa (Santa Cruz Biotechnology, Dallas, Texas,
US) and phospho-IkBa (S32/S36 Cell Signaling,
Danvers, Massachusetts, US) at room tempera-
ture. The secondary antibodies — anti goat or anti
rabbit (according to the primary antibody used)
conjugated to horse-radish peroxidase (Jackson
Immuno-Research, West Grove, Pennsylvania,
US) were used. Detection was performed by
enzyme-linked  chemiluminescence  (ECL)
(Biological Industries, Beit Haemek, Israel),
using ImageQuant LAS 4000 Digital Imager
System (GE Healthcare, Buckinghamshire,
UK). Protein quantities were determined by den-
sitometry and analyzed using Total Lab Software
(version V2006C, Nonlinear Dynamics, Univer-
sity of Leicester, UK). Results are represented as
fold change relative to the control (without treat-
ment at time zero).

2.5 Dichlorofluorescein (DCF) Assay
The DCF assay measures the level of oxidative
stress. Cells grown to 50 % confluence on cover
glass in 24-well plates were detected with the
nuclear DNA-staining fluorescent dye Hoechst
(1.5 pg/ml, incubation for 30 min). These cells
were incubated with 10 pM dichlorofluorescein
diacetate (CM-H,DCFDA, Invitrogen, Toulouse,
France) for 60 min at 37 °C in the dark for the
internalization of this chemical, which fluoresces
upon oxidation. Subsequently, cells were
pre-exposed to the OS inhibitor, NAC, for
60 min before the stimulation with 1 pg/ml
FSL-1. The difference in the fluorescence was
quantitated by fluorescence microscopy and the
average spectrometric optical density
(OD) values were calculated. Results are
represented as fold-change from the control
(without treatment at each time point).
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3 Results

FSL-1 Stimulates ROS Production
Which Is Reduced by OS
Inhibition

3.1

The induction of ROS by FSL-1 treatment of
keratinocytes was verified by a DCF assay. After
HaCaT cells were stimulated with 1 pg/ml FSL-1,
ROS levels increased (Fig. 1a) by 13 %, but only at
4 h (tested in 2 h and 6 h as well) following FSL-1
treatment, in comparison to the negative control
(without treatment at each time point). At 4 h,
when the keratinocytes were pretreated with
2 mM NAC, the FSL-1 induced ROS (at 4 h)
decreased by 27 %, as compared to the negative
control (Fig. 1a, b).

FSL-1 Does Not Induce
Phosphorylation of p38 MAPK
Through OS

3.2

In order to learn if FSL-1 affects the p38 MAPK
pathway by means of OS, HaCaT cells were

Cigarette smoke
(positive control)- 1 h

Negative control—4 h

b 1_5 -

1 0D (fold change)
o
n

pretreated with the antioxidant NAC (2 mM)
for 60 min before exposure to FSL-1 (1 pg/ml
10-120 min). The western blot showed that
FSL-1 induced p38 MAPK phosphorylation, but
this induction was not significantly inhibited by
NAC (Fig. 2a, b), implying that OS is not
involved in FSL-1 triggered phosphorylation of
p38 MAPK.

OS Is Not Involved in FSL-1
Induced NF-kB Activity
Immediately After FSL-1
Administration

33

The participation of OS in FSL-1 induced NF-xB
activity was investigated. Western blots of
NF-xB activation revealed that FSL-1 (1 pg/ml)
induced NF-kB activity, which was not inhibited
by NAC.

Although lower levels of phospho-IxkBa at
30 min, lower production de novo of IxBa at
120 min and lower IkBa mRNA expression, as
compared to levels obtained from FSL-1 alone,
were observed (Fig. 3a—d), no inhibition of

FSL-1-4h

FSL-1+NAC-4h

OFSL-1 EFSL-1+NAC

Fig. 1 FSL-1induces ROS which is inhibited by NAC.
HaCaT keratinocytes were pretreated with 2 mM NAC
1 h prior to stimulation with FSL-1. ROS levels were
determined using DCF, microscopy imaging (a) and

computerized quantifying, presented relatively to control
without treatment (b). Number of cells tested: FSL-1
= 350; FSL-1 + NAC = 180. ***p < 0.0005; Data are
means = SE



Fig. 2 The antioxidant a
NAC does not inhibit
FSL-1-induced
phosphorylation of p38
MAPK. HaCaT
keratinocytes were treated
with 2 mM NAC prior to
stimulation with FSL-1

(1 pg/ml). Representative
western blot (a) and
calculated phospho-p38/
p38 ratios (b) of time
dependent p38 and
phospho-p38. Number of
wells tested: FSL-1 = 6-8;
FSL-1 + NAC = 2-3.
Data are means + SE

2.5
2 4

1.5 1
1

0.5 1

0 3

p-p38/p38 band intensity o
(fold change)

NF-«B activation by NAC took place. This is
concluded from the lower levels of IkBa
10-30 min after FSL-1 administration
(Fig. 3b), which should have been higher in
case of NF-kB activation inhibition. NAC is
able to decrease the level of phospho-IkBa by
its reduction and not only by sequestering
OS. In summary, these results indicate that
OS was not apparent immediately after FSL-1
administration.

34 Inhibition of OS Reduced FSL-1
Induced TSLP, TNFa and IL33

mRNA Expression

The effect of OS on the induction of AD-related
cytokines triggered by FSL-1 was also studied.
Keratinocytes were tested for mRNA expression
of the AD typical cytokines by real time PCR at
different time periods, following FSL-1 stimula-
tion, with and without 2 mM NAC pretreatment
(Fig. 4).

NAC had no significant effect on FSL-1
induced IL25, but it did have an inhibitory effect
on FSL-1-induced TSLP, IL33 mRNA (at 4 h)
and TNFa expression (at 2 and 6 h) after FSL-1
administration, indicating the participation of OS
in the mRNA expression of these AD-related
cytokines.
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FSL-1
30

FSL-1+NAC

60 120 10 30 60 120

— — —

@ﬂw

Time (min)

OFSL-1 EFSL-1+#NAC

4 Discussion

The aim of this research was to study the role of
oxidative stress in the signal transduction
pathways of AD. The in vitro model chosen
was HaCaT keratinocytes stimulated by FSL-1,
a diacylated lipoprotein, which was found to
upregulate the expression and secretion of
TSLP in primary human keratinocytes through
ligation to TLR2 or TLR6 (Tuan Vu et al. 2010).
Furthermore, FSL-1 stimulation induces a
MyD88-dependent signaling cascade leading to
the activation of NF-xB and the production of
proinflammatory cytokines. FSL-1 has also been
found to rapidly activate IkB phosphorylation in
keratinocytes and to bring about the high expres-
sion of TNFa in macrophages and NF-xB in
TLR2/TLR6 transfected HEK293 cells (Zhaoa
et al. 2010).

In this study, it was found that FSL-1 induced
the production of endogenic oxidative species,
besides activating NF-xB, p38 MAPK and
brought about an increase in the expression of
IL33, TSLP, and TNF«a cytokines. The induction
of cytokine expression was inhibited by an OS
inhibitor, NAC, implying the involvement of OS
in certain AD-related pathways in keratinocytes.

FSL-1 induced the production of ROS in
keratinocytes. Since the time period required
for a significant elevation of the oxidation level
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Fig. 3 NAC inhibits phosphorylation, expression
and resynthesis of IkBa in FSL-1 by means of its
reduction and not by OS sequestering. HaCaT
keratinocytes were treated with and without 2 mM
NAC prior to stimulation with FSL-1 (1 pg/ml). Time
dependent IkBa and phospho-IkBa levels are presented
in representative western blot (a); and protein levels
were quantified by densitometry and presented relative
to negative control (without treatment). Relative

is longer (4 h) than that observed after stimula-
tion with other triggers of OS, e.g. cigarette
smoke, the reaction to FSL-1 is probably a sec-
ondary reaction. It is well known that OS is
related to inflammation of all types, as cells of
the immune system produce and secrete different
kind of enzymes, ROS, and nitric oxide species
(NOS) to fight intruders, but also in the case of

(1]
v

p-IkBa band intensity
(fold change)

“ &
D L) L 1
0 60 120

10
Time (min)
OFSL-1 MFSL-1+NAC

protein levels of IkBa (b) and phospho-IkBa (¢). Num-
ber of wells tested: FSL-1 = 4-6; FSL-1 + NAC
= 2-3. Time dependent [kBa mRNA expression was
measured using real time PCR and is presented
normalized to the housekeeping gene (GAPDH) and
relative to negative control (without treatment) at each
time point (D). Number of wells tested: FSL-1 = 9-12;
FSL-1 + NAC = 3. *p < 0.05, **p < 0.005 relative to
FSL-1 alone. Data are means + SE

sterile inflammation, meaning when no
pathogens are involved (Kim et al. 2011).
Keratinocytes, which are the body’s first line of
defense and barrier from the outside world, are
part of the innate immune system and are also
able to produce ROS. In the case of AD, oxida-
tion may be the fuel of the vicious cycle that is
the basis of the disease chronicity.
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The observed rise in the prevalence of AD
cannot be attributed to genetics and it has been
hypothesized that it may be due to the increase in
ROS generated from environmental pollution
and solar radiation. In Nagoya City, where nitro-
gen oxide concentration is the highest in Japan,
an increase in the incidence of AD patients was
detected. It was also reported that there is a
greater number of AD patients in urban areas
than in rural districts, again pointing to the pos-
sible connection between environmental oxida-
tion and AD (Niwa et al. 2003).

FSL-1 does not induce phosphorylation of p38
MAPK through OS shortly after its administra-
tion; meaning, p38 MAPK does not recruit
NF-kB, which in turn leads to cytokine produc-
tion in the cascade resulting from OS, as was
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tive to the negative control (without treatment) at each
time point. Number of wells tested: FSL-1 = 3-14;
FSL-1 + NAC = 3. *p < 0.05 relative to FSL-1 alone.
Data expressed as means £+ SE

hypothesized and indicated in literature (Kumar
et al. 2003; Gochman et al. 2011; Kaisari
et al. 2013).

OS does not show any apparent relation to the
NF-xB pathways immediately after FSL-1
administration, probably since no rise in OS
was observed shortly after FSL-1 administration.
A series of investigations showed that oxidative
stress activates NF-kB in different types of cells,
but not in all. In addition, several recent studies
have indicated that oxidants, such as hydrogen
peroxide or peroxynitrite, repressed NF-kB acti-
vation in several cell systems in vitro (Loukili
et al. 2010).

An indication for NF-xB relevance to AD is
exampled in a research that administered topical
NF-xB decoy oligodeoxynucleotides in NC/Nga
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atopic mouse model twice a month and found a
significant reduction in clinical skin condition
and a marked improvement of histological
findings (Morishita et al. 2004). Another indica-
tion of the relevance of NF-kB in AD is the
finding that many cytokines related to inflamma-
tion in general and to AD in particular, seem to
be regulated by NF-kB (it promotes the transcrip-
tion of TNFa, T2 cytokines, and TSLP which is
known to be an important factor in atopic
diseases) (Moon and Kim 2011). In this study,
it was found that the antioxidant NAC was appar-
ently able to sequester the induced ROS, thus
preventing the OS from causing up-regulation
of TSLP, IL33, and TNFa (as mentioned previ-
ously, TSLP and IL33 are known AD-related
cytokines, while TNFa is an inflammatory cyto-
kine) mRNA expression. Possibly, NAC
prevented the increase in cytokine expression
by means of NF-«xB inhibition.

Expression of IL25 (which is related to the
Ty2 immune response and was detected in
human AD lesions and in a murine model for
allergic airway disease) was not found to
increase as a consequence of FSL-1 employment.
The explanation, as was found upon further
investigations, is that IL25 is produced by den-
dritic cells within the dermis of patients and not
by keratinocytes (Hvid et al. 2011).

These triggered pathways may lead to the
additional production of AD-typical cytokines
in what may be a vicious cycle, in which cell
components are damaged and chronic atopic dis-
ease develops. An example of this possibility is
the immunomodulatory Tpy2-associated cyto-
kine, IL33, which activates NF-xB in a murine
cutaneous model (Pushparaj et al. 2009). Another
possible reactivation pathway may be through
TNFa and its receptor, which are known together
to activate NF-kB.

The role of OS in AD is important, since
oxidation may be the instigator of the vicious
cycle that is responsible for the chronicity of
this disease. The elucidation of the OS-related
processes contributing to AD may reveal targets
that may be relevant in new, more efficient
treatments, with fewer side effects. Such
treatments could be alternatives to the

corticosteroids used today, or to the expensive,
and yet to be approved biological therapy
(Guttman-Yassky et al. 2013).
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Abstract

Vaccinations in pregnancy are an important aspect of prenatal care for
improving both maternal health and neonatal outcomes. Despite the fact
that protection against some infectious diseases for pregnant women can
be easily provided through immunizations, current coverage rates are low.
Two vaccines are notably recommended during pregnancy: influenza and
the combined tetanus, diphtheria and acellular pertussis (Tdap) vaccine. In
this review the authors discuss current recommendations for vaccination
against pertussis and influenza in pregnant women in terms of epidemio-
logical, clinical, and immunological reasons, taking into account safety
and effectiveness. Promoting patients’ awareness about pertussis and
influenza and encouraging general practitioners, nurses and obstetricians
to recommend the pertussis booster and influenza vaccine will hopefully
increase the number of pregnant women who choose to become
vaccinated.
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Abbreviations

ACOG  American College of Obstetricians
and Gynecologists

ACIP Advisory Committee on Immuniza-
tion Practices Centers for Disease
Control and Prevention

CDC Centers for Disease Control and
Prevention

DTaP tetanus diphtheria and acellular per-
tussis vaccine with not reduced doses
of antigens, used in infants and
children

ECDC European Centre for Disease Control
and Prevention

FDA Food and Drug Administration

ICU Intensive Care Unit

Tdap tetanus diphtheria and acellular pertus-
sis vaccine with reduced doses of
antigens, used in adolescents and adults

VAERS Vaccine Adverse Event Reporting
System

VSD Vaccine Safety Datalink

WHO World Health Organization

1 Introduction

Effective protection against some infectious
diseases for pregnant women and their children
can be provided through immunization
administered during pregnancy. This means that
vaccinations during pregnancy are an important
aspect for both maternal and prenatal care,
improving the health safety of neonates. Two
vaccines are notably recommended during
pregnancy: the influenza vaccine and the com-
bined tetanus, diphtheria and acellular pertussis
(Tdap) vaccine. We present the current
recommendations for immunization against per-
tussis and influenza in pregnant women in terms
of epidemiological, clinical, and immunological
reasons. The safety and effectiveness issues for
both women and infants are also discussed.

A. Nitsch-Osuch et al.

2 Influenza
2.1 Epidemiology and Clinical
Course of Influenza in Pregnant
Women and Their Children

Influenza is one of the most prevalent viral
diseases and a major cause of morbidity and mor-
tality in many regions around the world. The
World Health Organization (WHO) estimates
between 330 million and 1.575 billion people
may suffer from influenza each year, while
between 500 thousand and one million people
die annually due to influenza and its complications
(WHO 2009).

Although the incidence rates of influenza are
similar among pregnant and non-pregnant
women, pregnant women have an increased risk
of experiencing a severe and complicated course
of influenza. Factors increasing the severity and
risk of complications are associated with physio-
logical changes mainly occurring during the third
trimester of pregnancy, including: changes in the
immune system (cellular immunodeficiency,
selective suppression of Thl cells), increased car-
diac ejection fraction, increased oxygen consump-
tion, and reduced lung volume (Creanga
et al. 2010; Steinhoff et al. 2010; Puck et al. 1980).

A severe course of influenza in pregnancy was
first reported during the pandemic of 1918, when
1,350 cases in pregnant women, who had an
influenza-like illness, were evaluated and when
pneumonia complicated 43 % of the cases. In
52 % of these patients, pregnancy was prema-
turely terminated. The mortality rate was 23 %
and it was highest in the last 3 months of preg-
nancy (Harris 1919).

During the influenza epidemic of 1957, preg-
nant women accounted for nearly half of the
deaths of women of childbearing age. All deaths
were attributed to respiratory insufficiency sec-
ondary to pulmonary edema and pneumonia
(Greenberg et al. 1958). Mullooly et al. (1986)
reviewed influenza complicating pregnancy from
1975 to 1979. There were four epidemics during
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that 5-year period. Pregnant women sought out-
patient medical attention for acute respiratory
disease during the influenza season significantly
more often than non-pregnant women. However,
unlike the previously reported epidemics, there
were no maternal deaths attributable to influenza,
and the hospitalization rate was low at 2 per
1,000 (Mullooly et al. 1986).

During the last pandemic caused by the influ-
enza A(HIN1) pdm09 virus in 2009, using a
passive surveillance system in the USA, it was
found that pregnant women were 7.2 times more
likely to be hospitalized and 4.3 times more
likely to be admitted to an intensive care unit
(ICA) than non-pregnant women (Creanga
et al. 2010). Among all deaths from influenza
that year, 4.3 % were reported in pregnant
women. This risk was higher if they had an
underlying medical condition, were older, or
were infected in the third trimester. Severe ill-
ness occurred in all pregnancy trimesters, but
most cases (55 %) occurred in the third trimester.
In a study by Neuzil et al. (1998), women in the
third trimester were three to four times more
likely to be hospitalized for an acute cardiopul-
monary illness during influenza season than post-
partum women. Asthma in pregnant women
increased the rate of hospitalizations for a respi-
ratory illness tenfold during influenza season.
Bogers et al. (2011) also investigated the preg-
nancy outcomes and complications in all
hospitalized pregnant women infected in 2009
by influenza A/HINI in the Netherlands. Most
women were admitted from 28 weeks of gesta-
tion onward, which could have been due to the
concern about the fetal condition, but more likely
resulted from decreased pulmonary capacity
caused by diaphragmatic elevation and decreased
chest wall compliance. Pre-term birth was a
recognized complication of the 2009 influenza
A/HINI infection (Bogers et al. 2011). The peri-
natal outcomes of the 2009 influenza A/HINI1 in
the United Kingdom were reported by Pierce
et al. (2011). The authors found 10 deaths
among 256 infants and increased risk of perinatal
mortality in the infected women compared with
the uninfected ones.

The effect of the influenza infection on the
fetus is not clear. However there is an increased
risk of spontaneous abortion, still birth, or pre-
maturity. There is a distinct lack of prospective
data on the effects of intrapartum, laboratory-
confirmed influenza on the fetal outcome. Influ-
enza has been associated with limb reduction and
neural tube defects, including anencephaly
(Lynberg et al. 1994; Aro et al. 1984; Coffey
and Jessop 1959), although anencephaly has not
been uniformly confirmed (Saxen et al. 1990).
Irving et al. (2000) found no significant differ-
ence in the incidence of congenital
malformations between women who had serum-
confirmed influenza and controls. Widelock
et al. (1963) studied the influenza epidemics
between 1957 and 1960. They found neither the
increased incidence of fetal death nor
malformations in pregnant women who had
influenza. In contrast, some studies unraveled
the increased incidence of schizophrenia in peo-
ple who were born 2—3 months after the influenza
epidemic, which implies that maternal exposure
to influenza in the second trimester, when fetal
neurons are migrating, is a risk factor (Sham
et al. 1992; Mednick et al. 1988). There have
also been reports of an increased incidence of
cleft lip (Leck 1963, 1969). Unfortunately,
many studies are limited by recall and selection
bias, making it unclear if there truly is a link.
However, a direct teratogenic effect of influenza
viruses appears unlikely and it is presumed that
the fetus is affected by the infection indirectly
through fever. In a study by Acs et al. (2005) the
risk of congenital anomalies was reduced by the
use of anti-fever drugs.

It should be highlighted that influenza is a
clinical problem not just for pregnant women
but also for the infant care due to their young
age precluding vaccination against influenza.
Mothers (or households in general) may be a
source of influenza viruses for unprotected
infants. Data from the 2003/2004 epidemic sea-
son in the United States indicated that the death
rate from influenza in infants aged 0—6 months
was 88/100,000 and only one third of the deaths
occurred in children affected by chronic diseases,
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such as bronchial asthma, chronic lung disease,
or cardiovascular conditions (Glass et al. 2009).

2.2 Safety of Influenza Vaccination

in Pregnant Women

Inactivated split or subunit influenza vaccines
have been given to millions of pregnant women
around the world with no harmful effects either
for the mother or the child. The incidence of
adverse reactions was similar among vaccinated
and unvaccinated women and there was no
increased risk of complications during pregnancy
or a higher number of cesarean deliveries in
vaccinated women.

The Centers for Disease Control and Preven-
tion (CDC), in collaboration with the Food and
Drug Administration (FDA), conducted a search
of reports in the Vaccine Adverse Event Reporting
System (VAERS) for pregnant women who
received seasonal influenza vaccines from 1990
to 2009 to address the potential vaccine safety
concerns. The study concluded that no unusual
patterns of pregnancy complications or adverse
fetal outcomes were observed in the VAERS
reports on pregnant women after being given the
influenza vaccine. The CDC is also conducting
studies on flu vaccine safety and pregnancy
through the Vaccine Safety Datalink (VSD). The
study’s findings provide reassurance that the flu
vaccine given to pregnant women during the first
trimester of pregnancy does not increase the risk
of spontaneous abortion (CDC 2013a).

A matched case-control study of 252 pregnant
women who received TIV in the 6 months before
delivery determined no adverse events after
vaccination among pregnant women and no
difference in pregnancy outcomes compared with
826 pregnant women who were not vaccinated
(Munoz et al. 2005).

During the 2000-2003 seasons, an estimated
2 million pregnant women were immunized and
only 20 adverse events among women who
received TIV were reported to VAERS, including
nine injection-site reactions and eight systemic
reactions (e.g. fever, headache and myalgias).
In addition, three miscarriages were reported but
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these were not known to be causally related to the
vaccination (Iscander et al. 2006). The rate of
adverse events associated with TIV was similar
to the rate of adverse events among pregnant
women who received the pneumococcal polysac-
charide vaccine in one small randomized con-
trolled trial in Bangladesh and no severe adverse
events were reported in any study group (Zaman
et al. 2008). A recent international review of data
on the safety of TIV concluded that no evidence
exists to suggest harm to the fetus (Mak
et al. 2008). There was no increased risk of cesar-
ean section in vaccinated women and no increased
risk of complications during pregnancy (Zaman
et al. 2008; Munoz et al. 2005; Black et al. 2004).

2.3 Effectiveness of the Influenza

Vaccination in Pregnant Women

Pregnant women have protective levels of specific
anti-influenza antibodies after immunization
(Munoz et al. 2005; Sumaya and Gibbs 1979).
The passive transfer of anti-influenza antibodies
that might pass the protection from vaccinated
women on neonates has also been reported
(Steinhoff et al. 2010; Englund et al. 1993;
Sumaya and Gibbs 1979). The degree and dura-
tion of protection is directly dependent on the
mother’s influenza antibody titers and placental
transfer efficacy, essentially defined by the time
elapsed between immunization and delivery. The
duration of passively acquired antibodies in
infants depends on the initial cord concentration
and is probably less than 6 months (Irving
et al. 2000). Puck et al. (1980) reported a correla-
tion between the level of cord blood influenza
antibodies and the time of culture-documented
influenza infection, showing that infants with
high levels of influenza antibodies saw a delay in
influenza infection.

Poehling et al. (2011) reported that
hospitalized infants whose mothers received influ-
enza vaccine during pregnancy were 45-48 % less
likely to have laboratory-confirmed influenza
during their first influenza season compared with
infants of unvaccinated mothers. A prospective
observational study among native Americans in
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2002-2005 found that infants of immunized
mothers had a 41 % decrease in the risk of
laboratory-confirmed influenza infection and a
39 % reduction in the risk of hospitalization for
an influenza-like illness (Eick et al. 2011).

One randomized controlled trial conducted in
Bangladesh in which a flu vaccination was
offered to pregnant women during the third tri-
mester demonstrated a 29 % reduction in respira-
tory illness with fever among the mothers and a
36 % reduction among their infants during the
first 6 months of life. In addition, infants born to
vaccinated women had a 63 % reduction in
laboratory-confirmed influenza illness during
the first 6 months of life (Zaman et al. 2008).

Thompson et al. (2014) provided further sub-
stantial evidence on the effectiveness of the actual
vaccination against influenza in pregnant women.
Their study was based on a modern model of case-
control study (so-called ‘test negative design’),
which minimized systematic errors (selection
errors) and therefore had a significant impact on
the reliability of the results obtained. The results
of the study, demonstrating that influenza
vaccination in pregnant women reduced the risk
of contracting influenza by 50 %, should be
considered noteworthy, contributing to improved
influenza vaccination in pregnant women.

Current Recommendations
Regarding the Influenza
Vaccination in Pregnant
Women

24

In the United States and Canada recommendations
for the influenza vaccination in pregnant women
in the second and third trimester of pregnancy
with the use of inactivated vaccines have been
around for more than a decade. They were first
published by the CDC in 1997, in 2004 these
recommendations were expanded, recommending
administration of the influenza vaccination not
only in the second and third trimesters, but also
in the first trimester of pregnancy (in both healthy
women and those affected by chronic diseases
which constitute a risk factor for the severe
and complicated course of influenza) (CDC

2005). In 2005, the WHO recommended vaccina-
tion for all pregnant women in the epidemic season
(WHO 2005). Vaccination against influenza in
pregnant women has also been also recommended
by the American College of Obstetricians and
Gynecologists (ACOG 2004). Pregnancy-related

influenza vaccination recommendations were
published during the 2012/2013 season in
23 FEuropean Union member states, with

13 countries recommending vaccination in any tri-
mester and 10 countries recommending vaccination
in the second or third trimester (ECDC 2013). Vac-
cination against influenza in pregnant women and
postpartum women may be considered a way of
protecting not only the mother but also the fetus,
newborn and young infant (cocoon vaccination
strategy). The only exception is the live attenuated
vaccine administered intranasally, which is not
recommended for use in pregnant women.

Despite official recommendations from
experts, the level of vaccinations against influ-
enza in the population of pregnant women is very
low and varies from 2 to 20 % (CDC 2012). The
low rate may stem from factors like: lack of
physicians’ recommendation, unavailability of
vaccine in gynecological-obstetric surgeries,
insufficient knowledge about influenza and its
complications in pregnant women, insufficient
knowledge about the safety and efficacy of the
influenza vaccination in pregnant women among
medical staff, insufficient knowledge of current
recommendations for the influenza vaccination
in pregnant women, the common belief among
patients that the flu is not a serious disease, the
misconception that vaccination against influenza
can cause the flu, no reimbursement for the influ-
enza vaccination by insurers. Unfortunately, the
results of published studies indicate insufficient
knowledge among medical staff regarding influ-
enza vaccination in pregnancy: 40 % of the sur-
veyed doctors and nurses who deal with pregnant
women did not know that such women are in a
group at higher risk of the complicated and
severe course of influenza. Only 65 % of the
staff were aware of the recommendations regard-
ing influenza vaccinations for that group of
patients (Yudin et al. 2009; Panda et al. 2011;
Tong et al. 2011). Therefore, it must be concluded
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that intensive educational efforts should be
directed at medical staff, especially those taking
care of women of childbearing age, to improve the
immunization rate against influenza in this patient
population.

3 Pertussis
3.1 Epidemiology and Clinical
Course of Pertussis in Pregnant
Women and Infants

Pertussis is caused by Bordetella pertussis and is
a highly contagious disease as illustrated by sec-
ondary transmission rates as high as 90 % among
susceptible household contacts. Despite the
availability of effective pertussis vaccines for
more than 40 years, pertussis is still endemic in
many countries. While developing countries may
account for up to 90 % of global reported cases,
pertussis remains a public health issue in many
developed countries, with high childhood vacci-
nation coverage, which experience a change in
the epidemiology characterized by a shift of the
incidence over the last decade to older age
groups often associated with a resurgence of
infantile pertussis (Hewlett and Edwards 2005).
However, the incidence of pertussis among preg-
nant and non-pregnant women remains similar
and the infection during pregnancy has not been
shown to result in enhanced morbidity (Matlow
et al. 2013). In limited case reports, no pertussis-
related deaths were reported in pregnant women.
Rare reports of fetal morbidity from mothers with
pertussis include one case of extradural hematoma
(Bonnefoy et al. 2005) and another of
laryngotracheal obstruction (Haugen et al. 2000),
which apparently have not been related to the
mother’s pertussis infection.

In the pre-vaccination era, the majority of
pertussis cases occurred in children who also
represented the major source of transmission. As
adults, their immunity was regularly boosted by
recurrent exposure in the population. Protection
was then passed from mothers on their infants
through the placental transfer of antibodies. As
maternal antibodies waned, infants became
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vulnerable to infection. This pattern is still
observed in developing countries where not all
children are adequately immunized during infancy
(Hewlett and Edwards 2005; Rothstein and
Edwards 2005).

After the use of pertussis vaccine had been
established, the newly immunized pediatric
group became protected. As a result of the wide-
spread vaccine use, the circulation of B. pertussis
within the community has been reduced and
adolescents and adults are less regularly boosted
by natural infection. Therefore, an increasing
proportion of cases occur in adolescents and
adults, who lost their vaccine-induced immunity
(waning after the age of 4-12 years) and in
infants, who receive fewer passive antibodies
than infants did in the pre-vaccination era and
who are too young to be immunized (Hewlett
and Edwards 2005; Rothstein and Edwards
2005).

Household contacts, especially mothers with
older siblings, are responsible for up to 75 % of
B. pertussis infections in infants (Wendelboe
et al. 2007). Mothers with pertussis at the time
of delivery have a high chance of infecting
newborns. Nooitgedagt et al. (2009) found sero-
logical evidence of current or recent pertussis in
2.5 % and 3.8 % of pregnant women, respec-
tively. The authors suggested an efficient placen-
tal transfer of existing maternal IgG pertactine
(PT) antibodies in pregnant women. There is
evidence that maternal antibodies offer protec-
tion against pertussis in neonates (Healy
et al. 2004) and low IgG—PT levels correlate
with increased susceptibility to pertussis
(Storsaeter et al. 2003). However, depending on
the time of the onset of the mother’s infection,
the neonate may not be protected by maternal
antibodies acquired through placental transfer.

It must also be emphasized that unvaccinated
or incompletely vaccinated infants aged under
6 months have the highest risk of severe and
life-threatening complications and death. Recent
outbreaks of pertussis in Costa Rica (Ulloa-
Gutierrez and Avila-Aguero 2008), California
(Roehr 2010), and Saskatchewan (Lawrence
2010) have also been linked with increased reports
of infant deaths.
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In 2012, the CDC received more than 41,000
reports of pertussis infection in the US with
18 deaths reported, most of them in unvaccinated
infants younger than 3 months (CDC 2013b).
In Canada, approximately 2,500 cases were
reported in 2012 with one fatality in a 1-month
old infant (Alphonso 2012). These epidemiologi-
cal data support the need for immunization
against pertussis in pregnant women and
women of childbearing age.

3.2 Safety of Pertussis Vaccination

in Pregnant Women

The FDA classifies the Tdap vaccine as a preg-
nancy category C drug because there is insuffi-
cient evidence on the safety of its administration
during pregnancy. Data are also insufficient on
concerns about blunting the infant’s immune
response with the combined diphtheria, tetanus
toxoid, and acellular pertussis (DTaP) vaccines.
Nevertheless, the ACIP concluded that vaccina-
tion of pregnant women (who had not previously
received Tdap) late in the second trimester or
third trimester is an acceptable risk for both
mother and fetus (CDC 2013b).

The safety of the Tdap vaccine during preg-
nancy is quite well established. Data from the
Vaccine Adverse Event Reporting System,
Sanofi Pasteur, and GlaxoSmithKline pregnancy
registries, along with minor studies, have not
suggest any increased frequency or unusual
patterns of adverse events in pregnant women
who received Tdap. However, the ACIP’s con-
clusion is that administration of Tdap after
20 weeks of gestation is preferable in order to
minimize the risk of uncommon adverse events
and the possibility that any spurious association
between Tdap-related adverse events and another
illness might appear causative (ACIP 2013).

Zheteyeva et al. (2012) did not identify any
consistent patterns in maternal, infant, or fetal
outcomes after administration of the Tdap vac-
cine in pregnant women. The authors searched
the VVAERS for the years 2000-2005 and
identified 132 reports of Tdap administered
to pregnant women There were no adverse

events found in 55 (42 %) of the reports, no
maternal or infant deaths were reported. The
most frequent pregnancy-specific adverse event
was spontaneous abortion in 22 (16.7 %) reports,
injection-site reactions were the most frequent
non-pregnancy-specific effect in 6 (4.5 %)
reports, and one report identified a major congen-
ital anomaly (gastroschisis).

The ACIP (2013) concluded that experience
with tetanus-toxoid containing vaccines suggests
no excess risk of severe adverse events for
women receiving Tdap with every pregnancy.
However, there is a need for safety studies on
adverse events when Tdap is given during
subsequent pregnancies.

3.3 Effectiveness of Pertussis

Vaccination in Pregnant Women

Maternal pertussis immunization with Tdap
vaccines seems more effective than postpartum
vaccination of infant’s close contacts. The cocoon
strategy of pertussis immunization has been
recommended in France and Germany, but there
has been little compliance with the recommenda-
tion (Matlow et al. 2013). In Costa Rica, where the
strategy was more aggressively implemented,
infant deaths from pertussis decreased but it was
unclear whether that was due to the effect of the
immunization strategy or the natural waning of
the outbreak (Ulloa-Gutierrez and Avila-Aguero
2008). A pilot project in Houston to immunize
postpartum women before they left hospital was
successful but was very resource-consuming
(Healy et al. 2011).

For the 2011 ACIP recommendations, a
decision analysis model was developed to assess
the impact and cost effectiveness of the Tdap
vaccination during pregnancy compared with vac-
cination immediately postpartum. The model
showed that Tdap vaccination during pregnancy
would prevent more infant cases, hospitalizations,
and deaths compared with the postpartum dose.
Based on the mathematical model, the Tdap
vaccination during pregnancy might prevent
906 (range: 595-1,418) infant cases, 462 (range:
261-736) hospitalizations, and nine (range: 4-17)
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deaths; a postpartum dose might prevent
549 (range: 361-860) infant cases, 219 (range:
124-349) hospitalizations and three (range: 1-6)
deaths (ACIP 2013).

In a 2011 study, newborns whose mothers
received Tdap during pregnancy were significantly
more likely to have protective antibodies against
pertussis than newborns whose mothers did not
receive Tdap during pregnancy (Gall et al. 2011).

Current Recommendations
Regarding Pertussis Vaccination
in Pregnant Women

3.4

In January of 2013, the ACIP (2013) released a
revised adult immunization schedule and
recommended administering a dose of tetanus
toxoid, reduced diphtheria toxoid, and acellular
pertussis vaccine (Tdap) to all women during
each pregnancy, regardless of their immunization
history and stating that the optimal time for Tdap
administration is between 27 and 36 weeks of
gestation, although Tdap may be given at any
time during pregnancy. It is worth noting that
after receiving Tdap, a minimum of 2 weeks is
required for a maximum immune response to the
vaccine’s antigens (Halperin et al. 2011;
Kirkland et al. 2009) and the active transport of
maternal immunoglobulin G does not take place
in great quantities before the 30th week of gesta-
tion (Englund 2007). Additionally, new data
indicate that maternal antipertussis antibodies
are short-lived; therefore, the Tdap vaccination
in one pregnancy will not provide high levels of
antibodies to protect newborns during
subsequent pregnancies (Healy et al. 2013).
That is a change from the 2008 and 2011
recommendations, which advised that only
women who had never received Tdap or those
for whom it was 10 or more years since the
previous boosters should get a dose of Tdap
during pregnancy (ACIP 2008, 2011). Both sets
of recommendations advised that a dose of Tdap
be administered immediately after delivery if a
woman did not received the vaccine during
pregnancy. The ACOG Committee on Obstetric
Practice supports the 2013 revised ACIP

A. Nitsch-Osuch et al.

recommendations on the use of the Tdap vaccine
during pregnancy (ACOG 2013).

The importance of vaccinating during each
pregnancy is emphasized by the case of a
40-day old baby who died from pertussis; the
baby’s mother had received a postpartum Tdap
dose 2 years earlier, but she developed a
coughing illness 1 week before delivery (Matlow
et al. 2013). Since the ‘cocoon’ method of
vaccinating parents and all close contacts imme-
diately after delivery has been shown ineffective
and resource-heavy, Tdap vaccination for preg-
nant women might be a more feasible option for
reducing pertussis transmission to unvaccinated
newborns (ACIP 2012; Matlow et al. 2013).

The recommendation to vaccinate during each
pregnancy is based on considerations of high
pertussis rates, low vaccination rates in pregnant
women, and hesitancy among health care
providers to vaccinate when the mother’s Tdap
history is unknown (Matlow et al. 2013). Since
the 2011 ACIP vaccination recommendations,
the uptake of Tdap among pregnant women
remains low. A survey of 1,231 women
estimated that only 2.6 % of them received
Tdap during their last pregnancy (ACIP 2013).
The pertussis vaccination coverage rate among
Korean women is even lower, amounting to
0.8 % (Seon et al. 2013). A low Tdap vaccine
coverage among pregnant women is a result of
lack of awareness among both patients and med-
ical professionals. It should be pointed out that
80 % of patients would agree to the pertussis
vaccination during pregnancy if that were
recommended by an obstetrician-gynecologist
(Varan et al. 2014), which underscores the role
of medical professionals in the promotion of
vaccinations.

4 Conclusions

Immunization during pregnancy is a well-
established method for providing protection for
both the mother and the newborn infant. Mater-
nal vaccinations with Tdap and trivalent
inactivated influenza vaccines have been shown
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to be immunogenic and safe. Promoting patients’
awareness about pertussis and influenza diseases
and vaccine effectiveness, and encouraging the
medical staff to recommend vaccination ought to
increase the rate of vaccinated pregnant women
and to reduce the risk of infections.
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Abstract

Diabetes is a global burden and the prevalence of the disease, in particular
diabetes mellitus type 2 is rapidly increasing worldwide. After introduction of
insulin into clinical therapy about 90 years ago a major number of
pharmaceuticals has been developed for treatment of diabetes mellitus type
2. One of these, the incretin glucagon-like peptide 1 (GLP-1), like insulin,
needs subcutaneous administration causing inconvenience to patients. How-
ever, administration of GLP-1 plays also a role for treatment of irritable bowel
syndrome (IBS). To improve patient convenience inhaled insulin (Exubera®)
was developed and approved but failed market acceptance some years ago.
Recently, another inhalative insulin (Afrezza®™) received market approval and
GLP-1 may serve as another candidate drug for inhalative administration. This
review analyzes the current literature investigating alternative administration
of GLP-1 and GLP-1 analogs focusing on inhalation. Several formulations for
inhalative administration of GLP-1 and analogs were investigated in animal
studies, whereas there are only few clinical data. However, feasibility of
GLP-1 inhalation has been shown and should be further investigated as such
type of drug administration may serve for improvement of therapy in patients
with diabetes mellitus or irritable bowel syndrome.
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insulin producing pancreatic p-cells and consec-
utive lack of insulin production, the much more
frequent diabetes mellitus type 2 is caused by a
major number of factors, namely obesity, seden-
tary lifestyle, westernized diet, and lack of phys-
ically activity primary resulting in an insulin
resistance. Both types of diabetes differ strongly
in their geographic distribution and especially
the frequency of diabetes mellitus type 2 has
largely increased in the last few decades mainly
in Asia, where more than 60 % of worldwide
cases of diabetes is expected to come from in
2030. Worldwide diabetes affects at least
382 million people as of 2013. This number is
expected to increase to 592 million people in
2035, two thirds of whom live in low or middle
income countries. Diabetes was responsible for
10.8 % of health expenditures (at least $548
billion) in 2013; expected to hit $678 billion in
2035, which demonstrates the global relevance
and the requirement of efficient treatment
(Abdullah et al. 2014; Atkinson et al. 2014; Inter-
national Diabetes Federation 2013; Hu 2011).
Diabetes mellitus was first described more than
2,500 years ago in the Ebers papyrus and first
successfully treated by injection of insulin in
1922 to Leonard Thompson a 14-year old boy
who survived some more years under insulin ther-
apy (Yaturu 2013; Quianzon and Cheikh 2012a;
Rosenfeld 2002). At the beginning, insulin was
exclusively administered by intramuscular injec-
tion, but for avoidance of patient traumatization
subcutaneous application was rapidly established.
Other modes of treatment, e. g. transdermal, ocu-
lar, oral, buccal, nasal, rectal, vaginal and
transuterine were also investigated and some of
them are still under development (Grant and
Leone-Bay 2012; Siekmeier and Scheuch 2008a;
Cefalu 2004; Belmin and Valensi 2003; Owens
2002). In the next decades a large number of
compounds for mostly oral treatment of diabetes
mellitus type 2 were developed and introduced
into the market (e. g. biguanides (beginning
between 1920 and 1930), sulfonylureas (begin-
ning in the 1950s), thiazolidinediones (beginning
in the 1990s), meglitinides (beginning in the
1990s), o-glucosidase inhibitors (beginning in
the 1990s), glucagon-like peptide 1 receptor
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agonists (GLP-1 receptor agonists) and dipeptidyl
peptidase 4 inhibitors (DPP-4 inhibitors, begin-
ning in the 2000s), amylin agonists (beginning in
the 2000s) and sodium glucose co-transporter
2 inhibitors (SGLT-2 inhibitors, beginning in the
2010s)) (Chao 2014; Rosenwasser et al. 2013;
Quianzon and Cheikh 2012b).

Glucagon-like peptide 1 (GLP-1) is an incretin
hormone mostly made in enteroendocrine L cells
of distal ileum and colon but also in the duodenum
and jejunum. GLP-1 rapidly increases in plasma
within minutes of eating a carbohydrate- or
fat-containing meal. Physiologically, GLP-1
stimulates synthesis of insulin, suppresses gluca-
gon secretion, and delays gastric emptying
(Quianzon and Cheikh 2012b; Drucker 2006;
Drucker and Nauck 2006). Beyond this, GLP-1
enhances pancreatic p-cell proliferation and
promotes expansion of islet mass, elicits a potent
aversive effect contributing to its anorectic effect
and improves myocardial function and output.
Bioactive GLP-1 is generated from GLP-1(1-37)
and exists as two equipotent circulating molecular
forms, GLP-1(7-37) and GLP-1(7-36)amide
representing the majority of active GLP-1
circulating in human plasma. The molecule is
rapidly inactivated by DPP-4 with a half-life time
of 1-2 min only. Exenatide and liraglutide were
the first GLP-1 agonists introduced into the
market, whereas others (lixisenatide, albiglutide,
dulaglutide and taspoglutide) were introduced
later on or are in the approval process. GLP-1
agonists are administered in patients with diabetes
mellitus type 2 by means of subcutaneous injection
and beyond lowering blood glucose and plasma
HbA|. may produce satiety and weight loss but
also nausea and vomiting (Quianzon and Cheikh
2012b; Drucker 2006; Drucker and Nauck 2006).
Proteolytic cleavage of endogenous GLP-1 or
administered GLP-1 agonists can be inhibited by
DPP-4 inhibitors (i. e. sitagliptin, saxagliptin,
linagliptin, alogliptin, and vildagliptin), which in
contrast to GLP-1 agonists can be administered
orally and are well tolerated. However, DPP-4
inhibitors can be also given alone or combined
with other antidiabetic compounds (e.g., metfor-
min) (Nauck and Vardarli 2010). Beyond the
described use of GLP-1 and its analogs for
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treatment of diabetes mellitus clinical studies have
also demonstrated a reduction of acute
exacerbations, a relaxation of gut musculature
and pain relief after subcutaneous administration
of ROSE-010, a GLP-1 analog, in patients with
irritable bowel syndrome (IBS) (Camilleri
et al. 2012; Hellstrom et al. 2009, 2012).

2 Aerosol Treatment of Diabetes

First studies on insulin inhalation were published
by independent groups in 1924 and 1925, i. e.
only 2 years after the start of the therapeutic
insulin era (Rosenfeld 2002; Ginsslen 1925;
Heubner et al. 1924; Laqueur and Grevenstuk
1924). However, it required about 80 more
years until the first inhalative insulin (Exubera®,
(Nektar Therapeutics/Pfizer) received market
approval by FDA and EMA in 2006 for patients
with diabetes mellitus types 1 and 2 (Siekmeier
and Scheuch 2008a; Cefalu 2004; Owens 2002).
Unfortunately, due to missing reimbursement by
public health insurance companies in major
markets (after recommendations of IQWIG and
NICE in Germany and Great Britain), bulky
devices with tedious handling, concerns of lung
safety and limited exposure in individuals with-
out pulmonary disease requiring lung function
controls, there was no widespread use of the
device and after about 1 year Pfizer took off
Exubera® from the market. After stop of market-
ing of Exubera® most other companies stopped
further development of projects on inhalative
insulin. Mannkind Pharmaceuticals just received
regulatory  approval of  their  product
(Afrezza®) for treatment of diabetes mellitus
types 1 and 2 by means whereas Aradigm is still
waiting for cooperation partners (Aradigm 2014;
Mannkind Pharmaceuticals 2014; Hickey 2013).
Afrezza® is based on Technosphere® technology,
a versatile drug delivery platform enabling pulmo-
nary delivery of even other pharmaceuticals than
insulin, e.g. GLP-1 and calcitonin (Grant and
Leone-Bay 2012; Cassidy et al. 2011; Marino
et al. 2010; Potocka et al. 2010).

As described for insulin before, alternative
routes, e. g. oral, nasal and inhalative routes for

administration of GLP-1 agonists are also under
intensive study in order to improve patient’s
inconvenience to administration, local pain and
irritation during injection (Wang et al. 2013,
2014; Zhang et al. 2014; Ahn et al. 2013; Steinert
et al. 2009, 2010; Jin et al. 2009; Beglinger
et al. 2008; Gedulin et al. 2008). Focusing on
pulmonary delivery we performed a Pubmed
search for GLP-1 and analogs approved or under
study (GLP-1, exenatide, liraglutide, lixisenatide,
albiglutide, dulaglutide, taspoglutide, ROSE-010)
and the terms aerosol or inhalation. However, only
a small number of publications were found which
is described in detail below.

3 In Vitro Studies and Animal
Studies Investigating the
Inhalation of GLP-1

In the first study published in the field of GLP-1
inhalation, Gedulin et al. (2008) investigated phar-
macokinetics and biological activity of exenatide
after delivery to different epithelial surfaces of
the intestinal and respiratory tracts in Harlan-
Sprague-Dawley rats and diabetic db/db mice.
The authors studied the effect of intraduodenal
delivery (administration of 1 mg/250 pg saline in
rats 1.5 h after completion of surgery), sublingual
delivery (administration of 5 pl containing 210 pg
in rats and 3 pl containing 100 pg in mice), intra-
nasal delivery (administration of 100 pg in 3 pl
saline into one nostril in rats), intratracheal
delivery (administration of 30 pl saline with or
without exenatide in rats and 20 pl saline with or
without 1 pg exenatide in mice), pulmonary
delivery (rats and mice exposed 10 min to
aerosolized exenatide (2 mg in 2 ml nebulized in
arate of 0.2 mg/min in an air flow of 5 I/min) in a
4.5 1 chamber), intravenous delivery and subcuta-
neous injection. Parameters under study were
plasma concentrations of glucose, insulin and
exenatide. All deliveries of exanatide were
followed by peak plasma concentrations within
30 min after administration. Beside differences
in the kinetics of absorption and elimination,
large differences were observed for the area
under the plasma concentration vs. time curves
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up to 480 min (AUC,gy), the maximum plasma
concentrations C,,,, and in the relative bioavail-
ability depending on the dose and mode of admin-
istration. Intraduodenal (1,000 pg) and sublingual
administration (210 pg) resulted in values of
AUC,g0, Chax. and relative bioavailabilities of
2,895 pM/min, 0.115 pM/pg, and 0.0053 %, and
42,747 pM/min, 2.11 pM/pg and 0.37 %, respec-
tively. The corresponding values for administration
into the respiratory tract were 92,100 pM/min,
16.06 pM/pg and 1.68 % for intranasal (100 pg),
and 100,285 pM/min, 0.71 pM/pg and 0.092 %
(considering the wastage within the chamber
89 %) for aerosol (2,000 pg), and 1,556,000
pM/min, 327.1 pM/pg, and 13.6 % for intratracheal
delivery. However, the highest values were
observed after intravenous and subcutaneous
administration of 210 pg (11,482,000 pM/min,
3,757 pM/pg and 100 %, and 7,080,240 pM/min,
134.3 pM/pg and 61.7 %, respectively). In another
experiment, doses of 2, 21, and 210 pg were
administered intratracheally in rats and pharmaco-
kinetic parameters were compared with subcutane-
ous and intravenous administration of exenatide.
The maximum plasma concentrations were
dose-dependent (58 pM, 667 pM, and 25 nM,
respectively). Peak plasma concentrations (tyax.)
were obtained 20-30 min after delivery and
61-74 % of peak plasma concentrations were
observed within 5 min after dosing. The
corresponding values of relative bioavailability
compared with intravenous administration were
7.3 %, 5.3 %, and 14.8 %, respectively. In db/db
mice, sublingual administration of 100 pg
exenatide was followed by a mean plasma concen-
tration of 1,740 pM 1 h after dosing and a signifi-
cant reduction of plasma glucose concentrations,
whereas intratracheal administration of 1 pg
resulted in a plasma concentration of 186 pM
4.5 h after administration and a significant reduc-
tion of plasma glucose concentration. Even after
10 min aerosol exposure, exenatide was detectable
1 h after later accompanied by a significant
reduction of plasma glucose and a fourfold eleva-
tion of plasma insulin concentration. In summary,
the authors demonstrated that the respiratory tract
may serve as an interesting target for non-invasive
delivery of GLP-1 for treatment of diabetes
mellitus (Gedulin et al. 2008) (Table 1).
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The feasibility of inhalation of native GLP-1 by
means of the Technosphere® platform was
demonstrated in rats by Leone-Bay et al. (2009).
These authors prepared GLP-1 Technosphere®
powders containing 5 %, 10 % and 15 % GLP-1.
Particles were characterized by means of scanning
electron microscopy (SEM), Andersen cascade
impactor, and high performance liquid chromatog-
raphy (HPLC) for surface morphology, particle
size, and GLP-1 content, respectively. Doses of
0.12 mg, 0.17 mg, and 0.36 mg GLP-1 were
intrapulmonary administered to the lungs of
Sprague-Dawley rats by means of an insufflation
device and instillation of 0.125 mg GLP-1 (0.1 ml
liquid) served for reference. Plasma concentrations
of GLP-1 and FDKP (bis-3,6(4-fumaryla-
minobutyl)-2,5-diketopiperazine and polysorbate
80) were determined up to 60 min after dosing.
The effect of 0.3 mg GLP-1 (particle load 15 %
GLP-1) once daily on food consumption was
determined in comparison with air, serving as con-
trol in another experiment in the same animal
model. Food consumption and body weight were
parameters under study for up to 4 days. Obese
Zucker diabetic fatty rats were used for the inves-
tigation of the effect of GLP-1 on glucose metabo-
lism and endocrine pancreas. In one group, rats
were treated with 0.3 mg GLP-1 (particle load
15 % GLP-1) once daily for up to 4 days, whereas
air served as control in the other group. On day
4, an intraperitoneal glucose tolerance test was
performed and blood was collected up to 90 min
after dosing for determination of blood glucose,
plasma GLP-1, and serum insulin. Furthermore,
evaluation of p-cell proliferation, insulin expres-
sion, and apoptosis was performed by histological
and immune histological means and by terminal
deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) assay. The determination of particle
size demonstrated respirable fractions (i. e. aero-
dynamic diameters between 0.5 and 5.8 pm) of
48.8 %, 57.0 %, and 32.2 % of the Technosphere®
formulations (5 %, 10 %, and 15 % GLP-1,
respectively). Rats treated with 5 %, 10 %, and
15 % GLP-1 Technosphere®™ powder showed a
rapid increase of GLP-1 plasma concentration
(maximum plasma concentrations t.. after
2 min, 10 min, and 10 min respectively) and
dose-dependent peak plasma concentrations
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Table 1 Brief characteristics of in vivo studies with inhalation of GLP-1 or GLP-1 analogues

Study

Gedulin
et al. (2008)

Drug
Exenatide

Leone-Bay  GLP-1

et al. (2009)

Qian GLP-1

et al. (2009) agonist
BMS-686117

Kim Exendin-4

et al. (2011a)

Kim Exendin-4

et al. (2011b)

Lee Exendin-4

et al. (2012a)

(Exendin-4)

Platform

Solution and aerosol

Technosphere® powder
(FDKP)

Three powder
formulations; I: 80/20
BMS-686117/trehalose,
II: 100 % BMS-686117,
I11: 20/80 BMS-686117/
mannitol

Porous large PLGA
microspheres adsorbed
with Ex4-C¢ or Ex4

Albumin-coated porous
hollow PLGA
microparticles adsorbed
with Ex4-C;¢ or Ex4

Deoxycholic acid-
modified glycol chitosan
(DOCA-GC) nanogels
containing Ex4-C¢ or
Ex4

Animal
Sprague-
Dawley
rats, db/db
mice

Sprague-
Dawley
rats, obese
Zucker
diabetic
fatty rats

Sprague-
Dawley
rats

ICR mice,
db/db mice

ICR mice,
db/db mice

db/db mice

Mode of
administration

Intratracheally by
means of liquid;
pulmonary by an
inhalation chamber;
other modes of
administration
Intrapulmonary by an
insufflation device;
liquid instillation

Intratracheally by a
dry powder
insufflator

Pulmonary by an
insufflator device and
an air pump

Intratracheally by an
insufflator device and
an air pump

Intratracheally by a
microsprayer
aerolizer

Result

Rapid absorption within
30 min after
intratracheal delivery or
aerosol inhalation;
glucose lowering effect

Rapid absorption of
GLP-1 and FDKP within
10 min after delivery;
decreased food
consumption after
GLP-1 delivery; lower
glucose and higher
insulin content after

i.p. glucose tolerance
test in Zucker rats; no
differences in apoptotic
index and proliferation
of B-cells in Zucker rats

Best properties in vitro
and in vivo for powder
formulation III; more
rapid absorption after
intratracheal than
subcutaneous delivery

Efficient deposition of
microspheres
throughout the lungs; no
lung toxicity; longer
hypoglycemic effect of
Ex4-C,4 loaded PLGA
microspheres than of
Ex4 loaded PLGA
microspheres

Coated PLGA
microparticles well
deposited and totally
dispersed throughout the
lung without lung
toxicity; longer
hypoglycemic effect of
Ex4-C,q than Ex4
loaded coated PLGA
microparticles

Rapid deposition of
DOCA-GC nanogels
remaining in the lungs
for about 72 h; moderate
toxicity in vitro but not
in vivo; longer
hypoglycemia induced
by Ex4-C;s DOCA-GC
nanogels than by native
EX4-C|6

(continued)
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Table 1 (continued)

Platform
Ex4-C,¢ and Ex4

Study

Lee
et al. (2012b)

Drug
Exendin-4

Lee
et al. (2013)

Exendin-4 Chitosan-coated PLGA
nanoparticles loaded

with Ex4 or Ex4-Ci4

Technosphere® powder
(FDKP)

Hellstrom
et al. (2012)

ROSE-010,
exendin-4

GLP-1(7-36) Technosphere® powder
amide (FDKP)
(MKC253)

Marino
et al. (2010)

Animal

ICR mice,
db/db mice

ICR mice,
db/db mice

Sprague-
Dawley
rats

Healthy
humans,
diabetic
patients
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Mode of

administration Result

Ex4 more rapidly
absorbed from the lungs
than Ex4-Cg; stronger
hypoglycemic effect of
higher doses Ex4-C ¢
and Ex4; delayed nadir
of blood glucose but
stronger hypoglycemic
effect of Ex4-C ¢ than of
Ex4

Ex4 more rapidly
absorbed from the lungs
than Ex4-C¢; delayed
nadir of blood glucose
but stronger
hypoglycemic effect of
Ex4-C,¢ than of Ex4

Subcutaneously
administered GLP-1 and
ROSE-010 increase
small bowel migrating
myoelectric complex
(MMC) and inhibit
myoelectric spiking
activity; insufflation of
ROSE-010 also
followed by increased
MMC and inhibited
myoelectric spiking
activity, i. e. inhibited
gut motility

Intratracheally
insufflation

Intratracheally
by insufflation

Pulmonary
insufflation an air
pump and an
insufflation chamber

Inhalation Rapid increase and
decline of GLP-1 plasma
content after inhalation;
lowering of plasma
glucose and increase of

insulin after inhalation

Ex4 Exendin-4, Ex4-C ;s Palmitylated Ex4, FDKP Bis-3,6(4-fumarylaminobutyl)-2,5-diketopiperazine and polysorbate
80, GLP-1 Glucagon-like peptide 1, ICR Imprinted control region, PLGA poly(lactic-co-glycolic acid)

(Cinax) and areas under the concentration vs. time
curve (AUC) (2,660 + 1,840 pM, 4,990 + 2,400
pM, 11,700 &+ 729 pM and 57,100 £+ 47,600
pM/min, 92,600 + 50,700 pM/min, and
228,000 £ 52,500 pM/min, respectively). The
corresponding half-life times (t;,) of circulating
GLP-1 were 149 min, 9.5 min, and 10 min,
respectively. However, values of t.., Cuax.,
AUC, and ty, after pulmonary instillation of
GLP-1 were 20 min, 281 + 101 pM,
10,600 £+ 3,840 pM/min, and 50 min,

respectively. Plasma concentrations of FDKP
were also determined after 5 %, 10 %, and 15 %
GLP-1 Technosphere® powder. The maximum
concentrations of FDKP were observed 10 min
after dosing with average C,,,.. values of 8.1 pg/
ml, 4.8 pg/ml, and 7.1 pg/ml, respectively,
demonstrating rapid degradation and absorption
after pulmonary deposition. In another experiment,
food consumption was determined in normal rats
after administration of 2 mg 15 % GLP-1
Technosphere™ powder vs. air control once daily
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on 4 consecutive days up to 24 h after dosing. First
dosing was followed by a reduction of food con-
sumption (75 % at 1 h, 43 % at 6 h) persisting
through successive doses. In another experiment,
Zucker diabetic obese rats were treated with 2 mg
15 % GLP-1 Technosphere® powder or air in the
control group once daily on 4 consecutive days and
on day 4 of dosing, an intraperitoneal glucose
tolerance test was performed. Parameters under
study were plasma concentrations of GLP-1, glu-
cose and insulin, and P-cell mass and apoptosis.
Plasma concentrations of GLP-1 rapidly increased
after administration (t,,, : 15 min, C,,,: 10,600
pM). Starting from baseline concentrations of
about 325 mg/dl, there was a strong increase of
plasma glucose concentrations in the untreated
group which were significantly higher than in the
GLP-1 treated group up to 90 min after dosing
(704 £ 75 mg/dl vs. 484 £ 119 mg/dl). On the
other hand, animals of the control group showed a
significant decrease of insulin concentrations,
whereas no change was observed in the GLP-1
treated group. Histological analyses demonstrated
an increase of insulin-secreting cells per islet in
the GLP-1 treated group vs. the controls
(51.5 & 10.1 % vs. 42.1 £ 8.4 %) whereas p-cell
mass and apoptosis showed no differences
suggesting that the reduced concentrations in
plasma glucose observed in the intraperitoneal
glucose tolerance test result from insulin induction
but not alteration in proliferation or apoptosis.
Taken together, the results suggest the feasibility
of GLP-1 inhalative administration by means of
the Technosphere® platform in rats (Leone-Bay
et al. 2009) (Table 1).

In another early study Qian et al. (2009)
investigated morphology and pharmacodynam-
ics of the GLP-1 receptor agonist BMS-686117,
which is an 11-mer with a molecular weight of
1,528.7 g/mol, low solubility between pH 4 and
6.5 in water (about 1 pg/ml or less) and no oral
bioavailability. Morphology of lyophilized
BMS-686117 powder and three spray-dried pro-
totype powder formulations (I:  80/20
BMS-686117/trehalose, 1I: 100 % BMS-686117
and III: 20/80 BMS-686117/mannitol) was
investigated by means of SEM. Lyophilized
BMS-686117 exhibited the morphology of

irregular flakes with a large size range of
2-100 pm which also had a poor flow
characteristics whereas all prototype powder
formulations had more homogenous particle
sizes between 2-10 pm and better flow
characteristics. However, the prototype powder
formulation III (20/80 BMS-686117/mannitol)
showed the narrowest particle size distribution
(around 2-3 pm) and the most regular spherical
appearance whereas prototype formulations I and
II (80/20 BMS-686117/trehalose and 100 %
BMS-686117) had size ranges <5 pm with a
broader size distribution and a morphology of
more collapsed, hollow, and irregular particles.
Pharmacokinetic patterns were investigated in
Sprague-Dawley rats for doses of 1 mg/kg of
lyophilized powder and all three prototype
formulations administered intratracheally by
means of a dry powder insufflator and subcutane-
ously and intravenously administered doses of
0.08 mg/kg and 0.1 mgkg, respectively.
Intratracheal administration was followed by a
more rapid absorption (time to reach Cpax., tmax.)
and higher maximum plasma concentrations
(Cihax) than subcutaneous (s.c.) administration
(Iyophilized powder, prototypes I, II, and II, and
$.C.; tmax.: 0.3 h, 0.44 £ 0.13 h, 0.30 £ 0.17 h,
0.67 £0.29 h and 1.2 + 0.5 h, respectively;
Chax: 559 =£51 nM, 914+ 141 M,
152.8 £43.3nM, 191.5 + 48.1 nM and 11 £+ 2
nM, respectively) and except that for lyophilized
BMS-686117 powder the areas under the concen-
tration vs. time curves (AUC,,) were also higher
after intratracheal administration (49.4 £ 55
nM/h, 103 £15 nM/, 151 £51 nM/h,
299 £+ 43 nM/h, and 55 £+ 5 nM/h, respectively).
All three powder prototypes showed plasma half-
life times (t;,2) in the same range of the injected
peptide (0.84—1.4 h) and concentrations detected
for at least 6 h. The highest absolute bioavailabil-
ity was found for intratracheally administered pro-
totype III formulation (2.5 £+ 2.8 %, 5.6 £ 0.5 %,
7.7 £2.6 %, 153 £ 2.2 %, and 34.4 £+ 3.1 %,
respectively). For prototype III this corresponds to
a bioavailability of 45 % relative to subcutaneous
administration which together with a coefficient
of variation of about 14 % indicates its potential
therapeutic use. In summary, inhalation of the
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spray-dried formulation of 20/80 BMS-686117/
mannitol was shown to have a rapid onset of
action, sufficient bioavailability and modest
variability in vivo demonstrating its potential
therapeutic use (Table 1).

Biophysical characteristics and pharmacolog-
ical properties of porous large poly(lactic-co-
glycolic acid) (PLGA) microspheres adsorbed
with palmityl-acylated exendin-4 (Ex4-Cis) or
native exendin-4 (Ex4) were studied by Kim
et al. (2011a). Surface morphology and porosity
of porous PLGA microspheres, adsorption of
Ex4-C,¢ or Ex4 on PLGA microspheres and the
release of Ex4-C; or Ex4 from PLGA
microspheres were determined by means of
SEM, confocal laser scanning microscopy
(CLSM) and the measurement of fluorescence
release from labeled particles. Pulmonary depo-
sition of porous PLGA microspheres was deter-
mined in imprinting control region (ICR) mice or
type 2 diabetic C57BL/6 db/db mice up to 6 h
after direct administration into the lungs via the
trachea by means of an insufflator device and an
air pump. Lung toxicology was studied in db/db
mice by histological evaluation of lung tissues
2 weeks after administration. The hypoglycemic
effects of porous PLGA microspheres and
Ex4-C4, or Ex4 loaded PLGA microspheres
were determined in db/db mice for up to 120 h
after administration. The results of the biophysi-
cal analysis demonstrated that the prepared
microspheres had a particle size and a mass
median aerodynamic diameter (MMAD) of
16.2 + 2.3 pm and 4.4 £ 0.5 pm, which is in
the appropriate size range for respiration and a
pore size range of 0.5-2 pm. A loading amount of
5.0 £ 0.7 % was observed for Ex4-C;s on PLGA
microspheres, which was significantly higher
than that for Ex4. On the other hand, release of
Ex4-C¢ from PLGA microspheres was much
slower than that observed for Ex4
(94.5 £ 32 % vs.31.2 + 4.2 % after 6 h, respec-
tively). Using the optimized particles the authors
reported an efficient deposition of PLGA
microspheres throughout the lungs including the
alveoli. Histological evaluation of lung tissues
2 weeks after administration showed no toxicity
and no differences between untreated db/db mice
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and mice treated with blank porous PLGA
microspheres or Ex4-C;¢ loaded PLGA
microspheres. Also, in db/db mice a hypoglyce-
mic effect was observed after pulmonary admin-
istration of Ex4-C;¢ or Ex4 loaded PLGA
microspheres, compared with unloaded porous
PLGA microspheres. Administration of Ex4-C ¢
loaded PLGA microspheres was followed by a
strong decrease of blood glucose concentration
from 466.4 4+ 72.6 mg/dl to a bottom value of
155.6 £ 41.9 mg/dl (p < 0.001), which was also
significantly lower than that of the control group
(406.0 £ 67.9 mg/dl, p < 0.005). Even 5 days
after administration, a lower concentration of
blood glucose was observed in animals treated
with Ex4-C;4 loaded PLGA microspheres
(290.3 £ 98.0 mg/dl), whereas no more relevant
effect was observed in animals treated with Ex4
loaded PLGA microspheres 2 days after dosing.
In summary, the results demonstrated the poten-
tial of porous large PLGA microspheres as a
long-acting slow-release carrier for Ex4-Ci¢
(Table 1).

In another study, Kim et al. (2011b)
investigated biophysical characteristics and phar-
macological properties of albumin-coated porous
hollow PLGA microparticles adsorbed with
palmityl-acylated exendin-4 (Ex4-C;¢) or native
exendin-4 (Ex4). Surface morphology and poros-
ity of porous hollow PLGA microspheres,
adsorption of Ex4-C;s on the coated
microparticles and the release of Ex4-C,g from
the coated PLGA microparticles were deter-
mined by means of SEM, CLSM, and the mea-
surement of fluorescence release from labeled
particles. Images of the aerosolization were
made for both coated and non-coated PLGA
microparticles with a digital camera after
actuation. Pulmonary deposition of coated
PLGA microparticles was determined in ICR
mice up to 3 h after direct administration into
the lungs via the trachea by means of an insuffla-
tor device and an air pump. Evaluation for cyto-
toxicity was performed in vitro in the models of
the human lung adenocarcinoma epithelial cell
lines Calu-3 and A549, which were incubated
with coated or uncoated PLGA microparticles
for up to 48 h, and in vivo 2 weeks after
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administration of coated or uncoated PLGA
microparticles. The hypoglycemic effects of
coated PLGA microparticles and Ex4-Cs or
Ex4 loaded coated PLGA microparticles were
determined in db/db mice for up to 120 h after
administration. Particle size and MMAD of the
Ex4-C¢ loaded coated PLGA microparticles
were 17.2 £ 2.1 pm and 3.2 £ 0.3 pm, respec-
tively, which is in the appropriate size range for
respiration and the loads of albumin-coating and
Ex4-C;¢ per mg particle were 220 + 23 pg and
about 38.1 pg, respectively. Imaging of aerosoli-
zation demonstrated a good mobility of aerosol
particles and a 1.6-fold better aerosolization effi-
ciency of coated vs. uncoated PLGA
microparticles (3.3 £ 0.3 vs. 2.1 £ 0.5 mg,
p < 0.007). Ex4-C;c was almost linearly
released from coated PLGA microparticles with-
out a marked initial burst (about 26 % after 1 day
and about 90 % after 5 days). In ICR mice, the
administered coated PLGA microparticles
showed a good deposition and were totally dis-
persed throughout the lungs, including the
alveoli, 3 h after administration. Analysis for
cytotoxicity demonstrated a relatively low toxic-
ity to both cell lines within 48 h which was
slightly, but not significantly, lower for coated
than for non-coated microparticles. However,
histological evaluation of lung tissues performed
in db/db mice 2 weeks after administration
showed no toxicity and no differences between
untreated mice and mice treated with coated
PLGA microspheres or Ex4-C¢ loaded coated
PLGA microspheres. A strong and long lasting
hypoglycemic effect was observed in db/db mice
after administration of Ex4-C;¢ loaded coated
PLGA microparticles compared with that of
Ex4 loaded coated PLGA microparticles and
unloaded coated PLGA microparticles serving
as control. Administration of 120 pg of Ex4-C¢
loaded coated PLGA microparticles was
followed by a glucose concentration of
150.7 £+ 60.8 mg/dl after about 8—12 h, which
was significantly lower than that of the control
(413.0 £ 81.5 mg/dl, p < 0.001) and the mean
baseline value (4455 £ 67.3 mg/dl,
p < 0.0001). The hypoglycemic effect remained
significant until 5 days after dosing

(331.4 + 61.8 mg/dl), whereas in mice treated
with Ex4 loaded coated PLGA microparticles
only a little effect was observed 2 days after
administration when compared with the initial
concentration (425.3 £ 64.0 mg vs. 4853
+ 59.1 mg/dl, respectively). In summary, the
study demonstrated that the albumin-coated
porous hollow PLGA microparticles adsorbed
with palmityl-acylated exendin-4 may serve as
a long-time slow release delivery system
(Table 1).

Lee et al. (2012a) investigated inhalable
deoxycholic acid-modified glycol chitosan
(DOCA-GC) nanogels which contained
palmitoyl acylated exendin-4 or non-acylated
exendin-4 (Ex4-C;¢ or Ex4, respectively). The
particles were prepared by self-assembly and
physicochemically characterized for size, surface
morphology, and stability (release of Ex4-C,¢ or
Ex4). Toxicity of the DOCA-GC nanogels was
assayed in vitro in the models of human lung
epithelial cells (A549 and Calu-3) and in the
mice model. The spherical and compact particles
with a diameter of about 220 nm were
administered to type 2 diabetic C57BL/6 db/db
mice intratracheally by means of a microsprayer
aerolizer. Blood glucose concentrations were
determined in animals treated with Ex4-Ci¢
nanogel, Ex4 nanogel, Ex4-C,¢4, Ex4, and saline
(for reference) up to 72 h after administration.
Pulmonary deposition was monitored after
administration of Cy5.5 labeled DOCA-GC
nanogels up to 24 h (whole body images) and
72 h (excised lungs). The investigators observed
a lower incorporation of Ex4-C,¢ compared with
Ex4 into DOCA-GC nanogels (50.9 £ 7.8 %
vs. 81.4 £ 4.9 %, respectively). However, the
release of Ex4-C,¢ from nanogels was delayed
when compared with Ex4 (release over 3 days
vs. about 90 % release within 1 day, respec-
tively). In mice, DOCA-GC nanogels were rap-
idly deposited and remained in the lungs for
about 72 h. Strong differences were observed
for intensity and duration of the hypoglycemic
effect depending on the type of the administered
compound. The hypoglycemic effect was weaker
for Ex4-C;s DOCA-GC nanogels, compared
with that for Ex4 DOCA-GC nanogels (glucose
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concentration 175.3 4+ 61.5 mg/dl vs. 135.8
+ 72.2 mg/dl, respectively) and the maximum
effect was clearly delayed (12 h vs. 4 h, respec-
tively). Accordingly, the duration of the hypogly-
cemic effect was longer for Ex4-C,s DOCA-GC
nanogels than for Ex4 DOCA-GC nanogels (glu-
cose concentration after 48 h; 273.0 £ 46.1 mg/
dl vs. 413.5 £ 106.9 mg/dl, respectively). No
difference of the hypoglycemic effect was
found between Ex4 DOCA-GC nanogels and
native Ex4. However, the hypoglycemia induced
by Ex4-C;s DOCA-GC nanogels was greater
than that induced by native Ex4-C¢
(14,266 = 2,859 mg/h/dl vs. 8,371 £ 1,318
mg/h/dl, respectively). A mild but acceptable
cytotoxicity = was  observed at  higher
concentrations of DOCA-GC. Histology of lung
tissue of mice treated with DOCA-GC nanogels
1 week after treatment showed no difference
when compared with untreated controls. The
authors conclude that Ex4-C;¢ loaded DOCA-
GC nanogels can be used as a long-acting inha-
lation delivery system for treatment of diabetes
mellitus type 2. However, potential lung toxicity,

especially during long-term administration
should be addressed (Table 1).
In another study Lee et al. (2012b)

investigated particle size distribution of palmitic
acid modified exendin-4 (Ex4-Cg), lung deposi-
tion, body distribution of Cy5.5 labeled Ex4-C g,
and non-modified Cy5.5 labeled exendin-4 (Ex4)
in ICR mice, and the hypoglycemic effects of
two different doses of Ex4-C,¢ and Ex4 in com-
parison with saline in type 2 diabetic C57BL/6
db/db mice after intratracheal insufflation by
means of a micro-sprayer. Particle size analysis
by means of a Zetasizer and a He-Ne laser beam
at a concentration of 150 pg/ml in PBS pH 7.4
revealed a size of Ex4-C,¢ micelles of 228.8 nm.
After insufflation of Cy5.5 labeled Ex4 or
Ex4-C¢ into the tracheal region, whole body
images were obtained up to 3 h after administra-
tion of Ex4 and up to 8 h after administration of
Ex4-C6. Ex4 was rapidly absorbed from the
lungs disappearing after 1-2 h and an increased
kidney uptake was found up to 3 h after dosing.
In contrast, Ex4-C;¢ remained about 4 h in the
lungs with a small amount even visible after 8 h

R. Siekmeier et al.

and no significant amounts were found after 8 h
in the kidneys. The hypoglycemic effects of two
different doses Ex4-C;, and Ex4 (75 and
150 nmol/kg) were determined in comparison
with saline in type 2 diabetic C57BL/6 db/db
mice up to 72 h after administration. Nadirs of
blood glucose concentrations were observed
4.1 £ 0.3 hand 4.3 =+ 1.1 h after administration
of Ex4 and significantly later, 7.8 £ 2.2 and
8.2 £ 1.4 h after Ex4-C,¢ (doses of 75 nmol/kg
and 150 nmol/kg, respectively). The nadirs were
insignificantly lower for Ex4 than for Ex4-C¢
(75 nmol/kg and 150 nmol/kg; Ex4: 92.8 £ 26.1
mg/dl and 81.9 + 29.9 mg/dl, respectively;
Ex4-Ci6:115.7 £ 37.1 mg/dl and 91.8 £+ 23.3
mg/dl, respectively). However, the times
required for a rebound of blood glucose concen-
tration to 150 mg/dl were longer for Ex4-C¢
than for Ex4 (12.2 h vs. 4.1 h and 18.1 h vs
5.2 h for doses of 75 nmol/kg and 150 nmol/kg,
respectively). The corresponding hypoglycemic
effect was also higher after administration of
Ex4-C,¢ than that after Ex4 (20.3 £+ 5.0 % vs.
6.0 £2.6 %, p<0.02 and 27.5 £ 6.2 % vs.
12.1 + 4.4 %, p < 0.02, respectively). The data
suggest the presence of significant hypoglycemic
effects of intratracheally administered Ex4 and
Ex4-C,¢. However, due to delayed pulmonary
absorption and albumin binding, inhalation of
Ex4-C,¢ is followed by a later nadir of blood
glucose concentration and a longer duration of
drug action (Table 1).

The investigation of the characteristics of
inhalable chitosan-coated PLGA nanoparticles
containing palmitic acid-modified exendin-4
(Ex4-Cy6) was a subject of another study by
Lee et al. (2013). In brief, the investigators stud-
ied physicochemical and pharmacological
properties of chitosan-coated PLGA
nanoparticles and non-coated PLGA
nanoparticles unloaded or loaded with exendin-
4 (Ex4) or Ex4-C,¢ Particle sizes and zeta
potentials were determined my means of a
Zetasizer and a He-Ne laser, whereas field emis-
sion scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM)
served for analysis of surface morphologies.
The release profiles of Ex4 or Ex4-C;¢ from
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loaded nanoparticles were determined by means
of an FPLC method. Both the adhesion
characteristics and the toxicity of the
nanoparticles were analyzed in vitro in the
model of A549 cells. The nanoparticles were
aerosolized using a microsprayer analyzer and
the consecutive imaging was performed with a
digital camera. Pulmonary deposition of couma-
rin 6-labeled chitosan PLGA nanoparticles was
determined in ICR mice up to 72 h after
intratracheal insufflation with a microsprayer.
The hypoglycemic effect of Ex4- or Ex4-C¢-
loaded chitosan PLGA nanopar