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J. Afonso, O. Fernández, A. Martínez de Alegría and
L. A. Aparicio
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1. Introduction

Angiogenesis is the formation of new blood vessels from the existing vasculature, and neo‐
vascularization is a prerequisite for the growth of solid tumors beyond 1-2 mm in diameter
[1]. Because of this, during tumorigenesis, tumor growth reaches a growth-limiting step
where oxygen and nutrient levels are insufficient to continue proliferation.

Tumors acquire blood vessels by co-option of neighboring vessels from sprouting or intus‐
suscepted microvascular growth and by vasculogenesis from endothelial precursor cells [2].
In most solid tumors the newly formed vessels are plagued by structural and functional ab‐
normalities due to the sustained and excessive exposure to angiogenic factors produced by
the tumor [3]. As a result of this, the new tumor-associated vasculature is abnormal and in‐
efficient, but it is essential for tumor growth and metastasis. Despite being abnormal, these
new vessels allow tumor growth at early stages of carcinogenesis and progression from in
situ lesions to locally invasive, and eventually to metastatic tumors.

As a result, tumors tend to become hypoxic. The normal cellular response to hypoxia is to
produce growth factors such as vascular endothelial growth factor (VEGF), transforming
growth factor alpha (TGF-α), and platelet derived growth factor (PDGF), by neoplastic, stro‐
mal cells or inflammatory cells [4], and may trigger an angiogenic switch to allow the tumor
to induce the formation of microvessels from the surrounding host vasculature [5], that
stimulate neoangiogenesis [6].

VEGF is the most potent and specific growth factor for endothelial cells, and is associat‐
ed with tumor vessel density, cancer metastasis,  and prognosis [7-10]:  high levels of cir‐
culating VEGF have been reported in patients with non-small  cell  lung cancer (NSCLC)

© 2013 Vázquez et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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[7,10-18].  VEGF is  continuously  expressed  throughout  the  development  of  many tumor
types,  and is  the  only  angiogenic  factor  known to  be  present  throughout  the  entire  tu‐
mor life cycle [19]. The clinical significance of circulating levels of VEGF in patients with
NSCLC is controversial.

Since tumor growth and metastasis are angiogenesis-dependent, relying upon the genera‐
tion of new blood vessels to sustain proliferation, survival and spread of the malignant cells,
therapeutic strategies aimed at inhibiting angiogenesis area theoretically attractive. Target‐
ing and damaging blood vessels can potentially kill thousands of tumor cells. The antiangio‐
genesis and vascular targeting strategies, therefore, may no result in whole tumor cell kill,
but may maintain stable disease: this has given rise to the concept cytostatic paradigm [20].

The investigation and development of different anti-angiogenesis and vascular targeting
strategies are of interest with respect to lung cancer.

2. Hypoxia and lung cancer, HIF-1α, carbonic anhydrase IX and glucose
transporter glut

Hypoxia is one of the most important challenges for tumor growth and survival. The angio‐
genesis is a fundamental to avoid tumor necrosis (TN); every cell in a tissue is forced to be
within 100μm capillary blood vessel [5].

Hypoxia inducible factor-1 (HIF-1) is a regulator of VEGF under hypoxia conditions [21].

HIF-1 is a heterodimer consisting of 2 subunits, HIF-1α and HIF-1β (otherwise known as the
aryl hydrocarbon receptor nuclear translocator), which is stabilized by hypoxia. The expres‐
sion of these subunits is different; HIF-1β is constitutively expressed, unlike HIF-1α, which
is rapidly degraded under normoxic conditions [22]. In the presence of oxygen, HIF-1α is
hydroxylated on conserved prolyl residues within the oxygen-dependent degradation do‐
main by prolylhydroxylases and binds to von Hippel-Lindau protein (pVHL), which in turn
targets it for degradation through the ubiquitin-proteasome pathway [23-26]. Hypoxia in‐
hibits hydroxylation of prolyl residues 402 and 564 in the oxygen-dependent degradation
domain that avoid binding of the pVHL. Similar hypoxia-dependent inhibition of hydroxy‐
lation of asparagines residues within the C-terminal activation domain increases HIF-1α
transcriptional activity. Oxygen-dependent degradation of HIF-1α is inhibited by src and ras
oncogenes [22-25].

The HIF-1 complex recognizes hypoxia response elements on the promoter of several genes,
including VEGF, PDGF, and TGF-α [26].

Growth factors, cytokines and oncogenes, which stimulate p42/p44 mitogen-associated pro‐
tein kinase (MAPK) and/or phosphoinositidyl-3 kinase (PI-3K) pathways, may enhance
HIF-1 activity. HIF-1 binds to a conserved sequence (5-CGTG-3) known as the hypoxic re‐
sponse element in the promoter region of its target genes. These target genes are involved in
processes that promote cellular survival, angiogenesis, blood vessel vasodilatation, erythro‐
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poiesis, anaerobic metabolism, buffering of the intracellular compartment and induction of
growth factors. HIF-1 activity in vivo promotes tumor growth in the most of the studies and
resistance to several chemotherapy agents, as platinum compounds [22]. Carbonic anhy‐
drase (CA) IX and glucose transporter-1 are other transcriptional targets of HIF-1 and, along
with HIF-1, have been identified as novel markers of hypoxia in different tumor types
[27-31]. Up-regulation of CA IX in vivo in a perinecrotic pattern suggests this may be an im‐
portant pathway in hypoxia, possibly regulating pH to allow survival of cells under hypoxic
conditions [28].

Other study showed that HIF-1 is commonly expressed in NSCLC and is involved in the
pathogenesis  of  NSCLC.  HIF-1  expression  seems  associated  with  a  poor  prognosis  and
this was found to be as an independent factor. A similar observation has been made for
the prognostic impact of the extent of TN, another marker for hypoxia in NSCLC, where
although extensive TN predicts outcome in earlier stages of the disease, no such effect is
seen in locally advanced disease. Thus, a number of other studies have included patients
with locally  advanced disease  in  different  cancer  types  and reported an association be‐
tween HIF-1 expression and prognosis  [22].  Although some other studies have reported
different results [32].

The associations between HIF-1, CA IX, TN and squamous NSCLC are coherent with the
known pathways that regulate and are regulated by HIF-1. CA IX is regulated by HIF-1. TN
and CA IX have been associated with a poor prognosis in NSCLC [22,31].

By other hand, glucose transporter GLUT-1 is a potential intrinsic marker of hypoxia in can‐
cer [29]. VEGF and GLUT-1 are similarly regulated in response to hypoxia [33]. They may
functionally help each other to endure hypoxia. Therefore, an upregulated expression of
GLUT-1 allows the cell to better use an inadequate source of glucose, while an upregulated
expression of VEGF will improve the reserve of glucose and oxygen through the recruitment
of additional blood vessels [33].

3. Pathophysiology and clinical implications of VEGF

The role of angiogenesis in cancer biology was defended by Folkman in 1971, who first
postulated that solid tumors remained latent at a specific size due to the absence of neovas‐
cularization, that was conditioned by the diffusion of oxygen and nutrients [34].

Subsequent studies have shown that angiogenesis is involved in tumor development from
the initial stages to the most advanced stages of the disease [35]. Angiogenesis plays there‐
fore, an important role in tumor growth and metastasis development.

Since then, one of the most important questions has been the identification of proangio‐
genic  factors  and the mechanisms in order to  block its  action.  One of  the most  studied
has been the VEGF.

VEGF is a potent mediator of angiogenesis. It is a growth factor that stimulates the prolifera‐
tion and migration, promotes survival, inhibits apoptosis and regulates the permeability of
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vascular endothelial cells. It belongs to the growth factors family, which includes four ho‐
mologues VEGF-A (commonly referred to as VEGF)-B, -C, -D, -E and placental growth fac‐
tor (PIGF). The biological activity of VEGF is mediated by binding to receptors with tyrosine
kinase activity VEGFR-1 (also known as fms-like tyrosine kinase 1, ftl-1), VEGFR-2 (also
known as kinase-insert domain receptor, KDR) and VEGFR-3 (ftl4).

When VEGF binds to its receptors it causes receptor dimerization, autophosphorylation, and
downstream signaling of different pathways, as v-src sarcoma viral oncogene homolog
(Src), phosphoinositol (PI)-3 kinase (PI3K) and phospholipase-C γ (PLCγ) which activate
proliferation and angiogenesis.

In animal tumor models, VEGF is produced both by tumor cells and also by stromal tissues [4].

VEGF and its receptor are expressed in tumor cells in both small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC) [36,37]. It is involved in tumor growth by neoangio‐
genesis, lymphangiogenesis and lymph nodal dissemination [38]. High levels of VEGF have
been correlated with poor prognosis [39]. But there are several questions about the role of
VEGF levels and its various isoforms plays as a potential biomarker, which may be useful in
the use and selection of therapies against it. VEGF levels are elevated in lung cancer patients
when compared to controls [40]. There is also a correlation between VEGF levels and the
clinical stage in NSCLC patients [7,10,13,15] and an inverse correlation between the VEGF
serum levels and survival [41]. Low levels of VEGF have shown to be correlated with a good
response to chemotherapy [12]. Moreover, a study showed that low levels of VEGF were
correlated with a good response to anti-EGFR. Furthermore, levels of VEGF in responders
were not significantly different from volunteers, but were different from non-responders
[42]. However, it remains unclear whether the clinical effects of anti-EGFR in patients with
NSCLC are correlated with reductions in the levels of angiogenic growth factors. Further‐
more, it is unclear whether these factors are correlated with response to anti-EGFR treat‐
ment, blocking EGFR autophosphorylation [43] and the subsequent signal transduction
pathways implicated in proliferation, metastasis and inhibition of apoptosis, as well as an‐
giogenesis [44,45]. The inhibition of EGFR has been shown to reduce production of angio‐
genic growth factors in various types of cancer cells [45,46].

Antiangiogenic drugs have demonstrated efficacy in the treatment of NSCLC in the last
years. The more tested antiangiogenic drug in lung cancer is bevacizumab, a monoclonal an‐
tibody directed against VEGF, which is the first antiangiogenic approved for treatment of
metastatic NSCLC in combination with chemotherapy. Two phase III studies have assessed
the efficacy of chemotherapy combinations associated with bevacizumab. The AVAiL study
[47] analyzed the combination of cisplatin and gemcitabine with or without bevacizumab in
first line treatment for NSCLC. The primary endpoint was reached, showing a benefit in
progression-free survival in the bevacizumab arm. The second study [48] compared the ad‐
dition of bevacizumab with carboplatin and paclitaxel regimen, aiming differences in over‐
all survival, progression-free survival and response rate.

These detailed studies further in subsequent chapters, show that bevacizumab is an effective
and safe drug in the treatment of advanced NSCLC.

Oncogenesis, Inflammatory and Parasitic Tropical Diseases of the Lung6

4. Pathophysiology and clinical implications of EGF/PDGF/VEG

It is known that other several growth factors regulate developmental processes, among
which are the Epidermal Growth Factor (EGF), Fibroblast Growth Factor (FGF), growth fac‐
tor Insulin-like type I (IGF-I) and Platelet Derived Growth Factor platelet (PDGF).

4.1. EGF

Members of the EGF family of peptide growth factors serve as agonists for ErbB family re‐
ceptors. They include EGF, TGFα, amphiregulin (AR), betacellulin (BTC), heparin-binding
EGF-like growth factor (HB-EGF), epiregulin (EPR), epigen (EPG), and the neuregulins
(NRGs).

EGF is a polypeptide of 53 amino acids (6 Kda) that appears as a product of proteolytic proc‐
essing of a large protein integral membrane (1207aa). This precursor protein is consisting of
8 domains called EGF-like, of which only one is active. The gene corresponding to this
growth factor is located on chromosome 4q25 and stimulates epithelial cell proliferation, on‐
cogenesis and is involved in wound healing. Its three-dimensional structure is characterized
by the presence of common domain to other family ligands. This protein shows a strong se‐
quential and functional homology with TGFα, which is a competitor for EGF receptor sites.

Collectively, these agonists regulate the activity of the four ErbB (Erythroblastic Leukemia
Viral Oncogene Homolog) family receptors, each of which appears to make a unique set of
contributions to a complicated signaling network.

EGF binds to a specific receptor on the surface of responsive cells known as EGFR (Epider‐
mal growth factor receptor). EGFR is a member of the ErbB family receptors, a subfamily of
four closely related to tyrosine kinase receptors: EGFR (ErbB1), Her2/c-neu (ErbB2), Her3
(ErbB3) and Her4 (ErbB4) (Fig.1). The EGF family ligands exhibits a complex pattern of in‐
teractions with the four ErbB family receptors; for example, EGFR can bind eight different
EGF family members and Neuregulin 2beta (NRG2β) binds EGFR, ErbB3 and ErbB4. Given
that ErbB2 lacks an EGF family ligand, ErbB3 lacks kinase activity, and the four ErbB recep‐
tor display distinct coupling patterns to different signaling effectors in the affinity of a given
EGF family member as a key determinant of specificity for the ligand [49].

In response to toxic environmental stimuli,  such as ultraviolet irradiation, or to receptor
occupation  by  EGF,  the  EGFR  forms  Homo-  or  Heterodimers  with  other  family  mem‐
bers. Binding of EGF to the extracellular domain of EGFR leads to receptor dimerization,
activation  of  the  intrinsic  PTK  (Protein  Tyrosine  Kinase),  tyrosine  autophosphorylation,
and recruitment of  various signaling proteins to these autophosphorylation sites located
primarily  in  the  C-terminal  tail  of  the  receptor.  Tyrosine  phosphorylation  of  the  EGFR
leads  to  the  recruitment  of  diverse  signaling  proteins,  including  the  Adaptor  proteins
GRB2 (Growth Factor  Receptor-Bound Protein-2)  and Nck (Nck Adaptor  Protein),  PLC-
&γ;  (Phospholipase-C-γ),  SHC  (Src  Homology-2  Domain  Containing  Transforming  Pro‐
tein),  STATs  (Signal  Transducer  and  Activator  of  Transcription),  and  several  other
proteins and molecules (Fig 2).
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Figure 1. The binding of specific ligands to the receptor activates EGFR and generates a signal transduction cascade
through its 2-way main PI3K/Akt and Ras / Raf / MAPK eventually stimulate proliferation, cell cycle progression, repair,
angiogenesis and invasion.

Figure 2. Binding specificities of EGF-related peptide growth factors
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Although EGFR plays  an  important  role  in  maintaining  normal  cell  function,  deregula‐
tion of EGFR pathway contributes to the development of malignancy progression, inhibi‐
tion  of  apoptosis,  induction  of  angiogenesis,  promotion  of  tumor-cell  motility  and
metastasis.  Aberrant  regulation of  the activity or  action of  EGFR and other members of
the RTK family have been involved in multiple cancers,  including of brain,  lung, breast
and ovary. Furthermore, in many tumors EGF-related growth factors are produced either
by the tumor cells themselves or are available from surrounding stromal cells, leading to
constitutive  EGFR  activation.  In  gliomas,  EGFR  amplification  is  often  accompanied  by
structural rearrangements that cause in-frame deletions in the extracellular domain of the
receptor,  the  most  frequent  is  the  EGFRvIII  variant.  Somatic  mutations  in  the  tyrosine-
kinase domain of EGFR were also identified in NSCLC.

When mutated, EGFR tyrosine kinase is constitutively activated, resulting in uncontrolled
proliferation, invasion and metastasis. Expression of EGFR and their ligands, especially
TGFα, by lung cancer cells, indicates the presence of an autocrine (self-stimulatory) growth
factor loop. Activating EGFR mutations are observed in approximately 10% of North Ameri‐
can and European populations and 30% to 50% of Asian populations [50] and are signifi‐
cantly more common in never-smokers (100 or less cigarettes per lifetime) or light former
smokers (quit 1 year or more ago and less than ten-pack per year smoking history). The leu‐
cine to arginine substitution at position 858 (L858R) in exon 21 and short in-frame deletions
in exon 19 are the most common mutations seen in adenocarcinomas of the lung. These mu‐
tations result in prolonged activation of the receptor and downstream signaling through
phosphorylated Akt, in the absence of ligand stimulation of the extracellular domain. EGFR
mutations are both prognostic for response rate to chemotherapy and survival irrespective
of therapy and are predictive of response to specific inhibitors of the EGFR tyrosine kinase.

4.2. PDGF

Platelet-derived growth factor (PDGF) is a major mitogen for fibroblasts, smooth muscle
cells (SMCs), and glia cells. Originally, was identified as a constituent of whole blood serum
that was absent in cell-free plasma-derived serum, and was subsequently purified from hu‐
man platelets [51]. Although the α-granules of platelets are a major storage site for PDGF,
can be synthesized by a number of different cell types including fibroblasts, muscle, bone /
cartilage, and connective tissue cells.

The synthesis is often increased in response to external stimuli, such as exposure to low oxy‐
gen tension, thrombin, or stimulation with various growth factors and cytokines [52].

PDGF is a family of cationic homo- and heterodimers of disulphide-bonded polypeptide
chains. In mammals, a total of four different genes encode four PDGF chains (PDGF-A,
PDGF-B, PDGF-C, and PDGF-D), which are assembled in five different isoforms known as:
AA, AB, BB, CC and DD [53]. All members carry a growth factor core domain containing a
conserved set of cysteine residues. The core domain is necessary and sufficient for receptor
binding and activation. Classification into PDGFs is based on receptor binding. It has been
generally assumed that PDGF is selective for their owns receptors.
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PDGF isoforms exert their effects on target cells by activating two structurally related pro‐
tein tyrosine kinase receptors. The α and β receptors have molecular sizes of 170 and 180
kda, respectively, after maturation of their carbohydrates. Extracellularly, each receptor con‐
tains five immunoglobulin-like domains, and intracellularly there is a tyrosine kinase do‐
main that contains a characteristic inserted sequence without homology to kinases.

The human α-receptor gene is localized on chromosome 4q12, close to the genes for the SCF
(stem cell factor) receptor and VEGF receptor-2, and the β-receptor gene is on chromosome 5
close to the CSF-1 (colony stimulating factor-1) receptor gene [54].

Because PDGF isoforms are dimeric molecules, they bind two receptors simultaneously and
dimerize receptors upon binding. The α receptor binds both the A and B chains of PDGF
with high affinity, whereas the β receptor binds only the B chain with high affinity. There‐
fore, PDGF-AA induces αα receptor homodimers, PDGF-AB αα receptor homodimers or αβ
receptor heterodimers, and PDGF-BB all three dimeric combinations of α and β receptors
(Fig 3). General mesenchymal expression of PDGFRs is low in vivo, but increases dramati‐
cally during inflammation and in culture. Several factors induce PDGFR expression, includ‐
ing TGF-β, estrogen (probably linked to hypertrophic smooth muscle responses in the
pregnant uterus), interleukin-1α (IL-1α), basic fibroblast growth factor-2 (FGF-2), tumor ne‐
crosis factor-β, and lipopolysaccharide [55].

Figure 3. adapted from J Andrae 2008): PDGF–PDGFR interactions. Each chain of the PDGF dimer interacts with one
receptor subunit. The active receptor configuration is therefore determined by the ligand dimer configuration. The
top panel shows the interactions that have been demonstrated in cell culture. Hatched arrows indicate weak interac‐
tions or conflicting results.
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The  detailed  expression  patterns  of  the  individual  PDGF  ligands  and  receptors  are
complex.  There  are  some  general  patterns,  however:  PDGF-B  is  mainly  expressed  in
vascular  endothelial  cells,  megakaryocytes,  and  neurons.  PDGF-A  and  PDGF-C  are  ex‐
pressed  in  epithelial  cells,  muscle,  and  neuronal  progenitors.  PDGF-D  expression  is
less  well  characterized,  but  it  has  been observed in  fibroblasts  and SMCs at  certain  lo‐
cations  (possibly  suggesting  autocrine  functions  via  PDGFR-β).  PDGFR-α  is  expressed
in  mesenchymal  cells.  Particularly  strong  expression  of  PDGFR-α  has  been  noticed  in
subtypes  of  mesenchymal  progenitors  in  lung,  skin,  and  intestine  and  in  oligodendro‐
cyte  progenitors  (OPs).  PDGFR-β  is  expressed  in  mesenchyme,  particularly  in  vascular
SMCs (vSMCs) and pericytes.

PDGF biosynthesis and processing are controlled at multiple levels and differ for the differ‐
ent PDGFs. PDGF-A and PDGF-B become disulphide-linked into dimers already as propep‐
tides. PDGF-C and PDGF-D have been less studied on this regard. PDGF-A and PDGF-B
contain N-terminal pro-domains that are removed intracellularly by furin or related propro‐
tein convertases. Likely, PDGF-B also requires N-terminal propeptide removal to become ac‐
tive. In contrast, PDGF-C and PDGF-D are not processed intracellularly but are instead
secreted as latent (conditionally inactive) ligands. Activation in the extracellular space re‐
quires dissociation of the growth factor domain.

Dimerization is the key event in PDGF receptor activation as it allows for receptor auto‐
phosphorylation  on  tyrosine  residues  in  the  intracellular  domain.  Autophosphorylation
activates the receptor kinase and provides docking sites for downstream signaling mole‐
cules and further signal propagation involves protein–protein interactions through specif‐
ic  domains;  e.g.,  Src  homology  2  (SH2)  and  phosphotyrosine  binding  (PTB)  domains
recognizing  phosphorylated  tyrosines,  SH3  domains  recognizing  proline-rich  regions,
pleckstrin  homology (PH)  domains  recognizing membrane phospholipids,  and PDZ do‐
mains  recognizing  C  terminal  specific  sequences.  Most  of  the  PDGFR  effectors  bind  to
specific sites on the phosphorylated receptors through their SH2 domains. Both PDGFR-
α and PDGFR-β  engage  several  well-characterized  signaling  pathways,  e.g.  Ras-MAPK,
PI3K and PLC-γ, which are known to be involved in multiple cellular and developmen‐
tal responses [56].

The PDGFR is expressed on capillary endothelial cells and PDGF has been shown to have an
angiogenic effect. The effect is, however, weaker than that of fibroblast growth factors or
VEGF, and PDGF does not appear to be of importance for the initial formation of blood ves‐
sels. PDGF B-chain produced by capillaries may have an important role to recruit pericytes
that is likely to be required to promote the structural integrity of the vessels. PDGF has also
been implicated in the regulation of the tonus of blood vessels [57].

PDGF functions have been implicated in a broad range of diseases. For a few of them, i.e.,
some cancers, there is a strong evidence for a causative role of PDGF signaling in this hu‐
man disease process. In these cases, genetic aberrations cause uncontrolled PDGF signaling
in the tumor cells.
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4.3. VEG/PF

Vascular  endothelial  growth/permeability  factor  (VEG/PF)  is  a  40  kda disulphide-linked
dimeric  glycoprotein  that  is  active  in  increasing  blood  vessel  permeability,  endothelial
cell growth and angiogenesis. These properties suggest that the expression of VEG/PF by
tumor cells  could contribute to the increased neovascularization and vessel  permeability
that are associated with tumor vasculature. The cDNA sequence of VEG/PF from human
U937 cells was shown to code for a 189-amino acid polypeptide that is similar in struc‐
ture  to  the  B  chain  of  PDGF-B and other  PDGF-B-related proteins.  The  overall  identity
with PDGF-B is  18%. However,  all  eight  of  the cysteines in PDGF-B were conserved in
human VEG/PF,  an  indication  that  the  folding  of  the  two  proteins  is  probably  similar.
Clusters  of  basic  amino  acids  in  the  COOH-terminal  halves  of  human  VEG/PF  and
PDGF-B are also prevalent. Thus, VEG/PF appears to be related to the PDGF/v-sis family
of proteins [58].

5. Angiogenesis and radiological assessment techniques

Neoangiogenesis,  the  formation  of  new  blood  vessels  from  a  pre-existing  vascular  net‐
work,  is  essential  for tumor growth,  tumor proliferation and metastasis.  The angiogene‐
sis  process is  regulated by different proangiogenic and antiangiogenic factors,  being the
primary  stimulus  of  new  vessel  formation  the  hypoxia  induced  by  expansion  of  the
growing tumor mass [59].

Tumor  angiogenesis  is  an  attractive  target  for  anticancer  therapy,  and a  wide  range  of
novel  therapies  directed  against  tumor  vascularity  has  been  developed.  Because  many
antiangiogenic  agents  are  not  cytotoxic  but  instead produce  disease  stabilization,  meas‐
urement  of  tumor  size  alone  may be  not  informative  regarding  therapeutic  effects.  For
that  reason,  there  has  been  great  interest  in  the  use  of  physiologic,  rather  than  solely
anatomic, imaging techniques [60]. Tumor vascularity has different features that are char‐
acteristic  of  malignancy,  such  as  spatial  heterogeneity,  chaotic  structure,  fragility  and
high permeability  to  macromolecules.  These  structural  abnormalities  of  new tumor ves‐
sels lead to pathophysiologic changes within the neoplastic tissue,  including an increase
in  capillary  permeability,  volume of  extravascular-extracellular  space,  and tumor  perfu‐
sion,  that permit distinction of malignant from benign vascularity with functional imag‐
ing techniques.

Several commonly available imaging modalities, including magnetic resonance (MR), com‐
puted tomography (CT), ultrasound and positron emission tomography (PET), have been
used to indirectly assess the angiogenic status of human tumors [61]. But perfusion imaging
with MR, and specially CT, are the most useful in clinical practice. They have the advantage
of good spatial resolution, minimal invasiveness and rapid acquisition of data. Both techni‐
ques sequentially demonstrate passage of a bolus of contrast medium through a region of
interest and allow quantification of the profile of tissue enhancement.
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6. Perfusion CT

The fundamental principle of perfusion CT is based on the temporal changes in tissue at‐
tenuation after intravenous administration of iodinated contrast material (CM). This en‐
hancement depends on the tissue iodine concentration, existing a direct linear relationship
between contrast concentration and CT enhancement [62].

Recent progress in multidetector CT technology has enabled the rapid scanning of large ana‐
tomic volumes with high resolution. In perfusion CT, repeated series of images of the vol‐
ume analyzed are performed in quick succession before, during and after intravenous
administration of CM. The ensuing tissue enhancement can be divided into two phases
based on CM distribution: a initial phase where the enhancement is attributable to the distri‐
bution of contrast within the intravascular space (“first pass”, lasting 40-60 secs. from the
contrast arrival), and a second phase as contrast diffuses from the intravascular to the ex‐
travascular compartment across the capillary basement membrane (2-5 minutes duration).
To objectively quantify the “real” perfusion parameters of tissues from the density differ‐
ence produced by the contribution of contrast material, a mathematic model is applied to
the dynamic CT data. The quantitative parameters generated include blood volume (BV),
blood flow (BF), mean transit time and capillary permeability surface.

Perfusion CT is a biomarker for angiogenesis that have been validated with other surrogate
markers, such as VEGF levels, tumor perfusion and microvascular density (Fig 4) [63]. There
has been a gradual increase of its use in oncology, ranging the wide spectrum of clinical ap‐
plications of this technique, from lesion characterization, (differentiation between benign
and malignant lesions), to prognostic information based on tumor vascularity and monitor‐
ing therapeutic effects of chemoradiation and antiangiogenic drugs. In a recent study using
a 320-detector row CT, Ohno et al. concluded that perfusion CT has the potential to be more
specific and accurate than PET/CT for differentiating malignant from benign pulmonary
nodules [64]. Another study have also shown that in patients with NSCLC treated with sora‐
fenib and erlotinib, early changes in tumor blood flow were predictive of objective response
and tended to indicate a longer progression-free survival [65].

Figure 4. Parametric maps of perfusion CT studies representing blood flow in two different patients with NSCLC. (A) Tumor
with very low perfusion depicted in blue and (B) a highly vascularized neoplasm showing yellow and red zones (scale at left).
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4.3. VEG/PF
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puted tomography (CT), ultrasound and positron emission tomography (PET), have been
used to indirectly assess the angiogenic status of human tumors [61]. But perfusion imaging
with MR, and specially CT, are the most useful in clinical practice. They have the advantage
of good spatial resolution, minimal invasiveness and rapid acquisition of data. Both techni‐
ques sequentially demonstrate passage of a bolus of contrast medium through a region of
interest and allow quantification of the profile of tissue enhancement.
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Radiation exposure, the requirement of long breath holding during chest imaging acquisi‐
tion and lack of standardized protocols, remain potential drawbacks of this technique. How‐
ever, implementation of low-dose scanning strategies may allow a more widespread use in
the future.

7. Dynamic MR

Quantification of tumor vascularity by dynamic MR (DCE MR) is technically more challeng‐
ing than perfusion CT because there is a lack of a direct relationship between MR signal in‐
tensity and contrast agent concentration. This is due to the fact that tissue signal intensity on
MR is related to the effect of CM on water in the microenvironment, which changes tissue
relaxivity in complex and unpredictable ways [66].

While perfusion CT yield information is based predominantly on the first pass of CM (BV,
BF), the MR imaging technique may sample a volume of interest over a longer time and
yields parameters that reflect microvessel perfusion, permeability and extracellular leakage
of space. In addition, by applying pharmacokinetic models to the MR imaging acquisitions,
it is possible to calculate quantitative parameters, such as the transfer constant (Ktrans) that
describes the transendothelial transport of the CM.

A central flaw of dynamic MR is that acquisition and pharmacokinetic models vary widely.
Thus, comparing studies from different institutions is difficult. This technique, on the other
hand, is of limited value in organs with physiological movement such as the lungs.

Few studies have applied dynamic MR in the assessment of lung cancer. Ohno et al [67]
evaluated the role of DCE MR as a prognostic indicator in NSCLC patients treated with che‐
motherapy using cisplatin and vincristine. In their study, the mean survival period of pa‐
tients with lower slope of enhancement was significantly longer than that seen in the group
with higher slope of enhancement. This study provides promising data for the application of
dynamic MR in response assessment to chemotherapy and targeted therapy.

8. Current state of antiangiogenic therapy for NSCLC: VEGF as target
treatment

In this section, we analyze the activity of a monoclonal antibody (bevacizumab) and other
new antiangiogenic therapies.

8.1. Bevacizumab

Bevacizumab is a monoclonal antibody directed against VEGF and was the first antiangio‐
genic drug approved for the treatment of advanced NSCLC. Currently it’s the only ap‐
proved in this setting in Europe and the USA.

Oncogenesis, Inflammatory and Parasitic Tropical Diseases of the Lung14

After  proving the improvement in  the response rate  (RR) and progression free survival
(PFS) of bevacizumab together with chemotherapy in first line in a randomized phase II
study in which 99 patients with advanced or metastatic NSCLC were included [68],  the
ECOG group undertook a phase III trial (ECOG 4599) in first line, in which patients with
brain metastasis,  hemoptysis,  and squamous histology were excluded, due to the risk of
hemoptysis observed in the previous study with this histology [69]. The studied random‐
ized  878  patients  with  recurrent  or  advanced  NSCLC  to  receive  carboplatin/paclitaxel
with or  without  bevacizumab on a  dose of  15 mg/kg every 21 days and crossover  was
not  allowed.  The  main  objective,  overall  survival  (OS),  was  improved  in  the  trial  arm:
12.3 months vs 10.3 months,  with a hazard ratio (HR):  0.79 (95% CI:  0.67-0.92;  p=0.003).
In addition, the RR was also improved (35 vs 15% (p<0.001)) and the PFS went from 4.5
to  6.2  months  (HR:  0.66;  95% CI:  0.57-0-77,  p<0.001).  However,  adding  bevacizumab to
the chemotherapy also increased toxicity; there were 15 toxic deaths (2 in the arm of che‐
motherapy alone) due to pulmonary hemorrhage, digestive bleeding, febrile neutropenia,
ictus and lung embolism. A subgroup analysis found that patients over 70 had a higher
incidence of grade 3-5 toxicities (87 vs 61%).

The AVAiL study [70] randomized 1043 patients to receive cisplatin and gemcitabine with
or without bevacizumab in a dose of 7.5 or 15 mg/kg each 21 days. In this study the main
goal was PFS, which was higher in patients which received the drug than those who took
placebo, both in small dose arm (6.7 months vs 6.1 months; HR: 0.75, p=0.003) as well as in
higher one (6.5 months vs 6.1 months, HR: 0.82, p=0.03). Nevertheless, OS didn’t improve,
which could be explained by the high percentage of patients who received treatment after‐
wards (more than 60%). Regarding toxicity, 7 patients died due to lung hemorrhage in the
trial arm (2 in the control trial), although it was observed that in patients who were under
anticoagulant treatment there was no lung hemorrhage.

The SAiL safety study, which included more than 2000 patients, showed the effectiveness of
combining other doublets of chemotherapy; in terms of safety it displayed a grade 3 or high‐
er lung hemorrhage incidence only in 1% of the patients [71].

An efficiency meta-analysis published in 2011 confirms effectiveness in terms of PFS, pre‐
senting uncertainty in terms of improvement of OS [72].

A meta-analysis published recently with 2210 patients evaluated the bevacizumab toxicity
profile with high dose of bevacizumab (15 mg/kg), and stated that bevacizumab is related to
a higher risk of toxicity deaths (HR: 2.04; 95% CI: 1.18-3.52), but it was not the case in lower
doses of 7.5 mg/kg (HR: 1.20; 95% CI: 0.60-2.41). In addition, bevacizumab was associated to
a greater incidence of grade 3-4 toxicities, especially in the group of high doses [73].

More studies have been conducted in sub-populations, for example, the PASSPORT study in
109 patients with brain metastasis, subgroup that had not been included in previous studies,
and which proved that bevacizumab can be administrated in patients with controlled brain
metastasis [74]. Another review on the incidence of bleeding in patients with brain metasta‐
sis treated with antiangiogenic drugs proved to be safe when it is administered to treated
patients as well as patients with metastasis that appears during treatment [75].
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The combination of bevacizumab with some of the new agents has been studied as well.
In  the  ATLAS study,  after  having received four  cycles  of  cisplatin-based chemotherapy
and bevacizumab, patients were randomized to receive treatment with bevacizumab (15
mg/kg)  and  erlotinib  (150  mg  daily)  or  only  bevacizumab.  The  main  objective  of  this
study was reached (PFS),  with 4.8 months vs 3.7 months (HR: 0.72,  p=0.0012);  neverthe‐
less  no  improvement  was  made  in  OS,  a  secondary  goal  of  the  study  (14.4  months  vs
13.3 months; p=0.56) [76].

The phase III BeTa trial compared the activity of the combination of bevacizumab and erloti‐
nib vs erlotinib in second line in 636 patients. An improvement in PFS was found (3.4 vs 1.7
months; HR: 0.62, p<0.0001), but again, no significant differences were found in OS (9.3 vs
9.2 months; p=0.75)

Hypertension has been found to be a marker of clinical benefit from bevacizumab in var‐
ious malignancies [77],  although no single biomarker have proven to be ready for clini‐
cal  use.  Cytokines  and  angiogenic  factors  profiling  may  help  identify  drug-specific
markers of activity.

8.2. Aflibercept

Aflibercept (VEGF-Trap) is a recombining fusion protein, which is added to VEGFR-1,
VEGFR-2 and to the placental growth factor (PlGF).

In a phase II trial in patients with lung adenocarcinoma treated after several treatment lines,
aflibercept in a dose of 4 mg/kg was administered intravenously every 14 days, reaching a
RR of 2%, with a PFS of 2.7 months and an OS of 6.2 months [78]. A phase III trial in second
line after failure to cisplatin-based chemotherapy compared aflibercept vs docetaxel (VITAL
trial). This trial showed an improved RR (23.3& vs 8.9%) and PFS (HR: 0.82), but the primary
endpoint, OS, was not reached (HR: 1.01).

9. Vascular disrupting agents

Vadimezan, fosbretabulin and plinabulin are vascular disrupting agents (VDA); fosbretabu‐
lin selectively disrupts VE-cadherin and plinabulin acts on cytoskeleton. A phase II trial of
carboplatin, paclitaxel, bevacizumab and fosbretabulin was well tolerated and with a trend
to improve OS and PFS [79], also a phase II trial with docetaxel with or without plinabulin
showed a higher response rate with the combination (55% vs 5%) [80]; however, a random‐
ized phase III study with vadimezan in first line failed to show an improvement in OS [81].

10. Multi-targeted tyrosine kinase inhibitors

Several anti-angiogenic small-molecule tyrosine kinase inhibitors (TKIs) are in current clini‐
cal development. An advantage of TKIs includes the fact that they inhibit multiple receptors
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simultaneously, with anti-angiogenic and anti-proliferative activity against NSCLC, thereby
potentially providing a higher likelihood of single-agent activity. Another benefit is that
these agents are often available orally, offering patients greater convenience. However, tox‐
icity remains a concern given the multi-targeted kinase inhibition and the additive adverse
effects that may be of particular concern when the agents are combined with chemotherapy.

11. Sorafenib

Sorafenib is an oral multi-kinase inhibitor of VEGFR-2 and -3, PDGFR-β, RAF-kinase, c-Kit,
RET, and Ftl-3.

In the phase II ECOG 2501 trial, 342 patients with NSCLC who has failed at least two prior
chemotherapy regimens received sorafenib for two cycles. Those patients who were noted to
have stable disease after two cycles (n = 97) were randomized to receive sorafenib or place‐
bo. Sorafenib prolonged PFS compared with placebo (3.6 versus 1.9 months) [82]. In another
phase II trial, of 52 patients with relapsed or refractory advanced NSCLC, 59% achieved SD,
and in these patients, median PFS was 5.5 months [83].

The results of two phase III trials in the first-line treatment of NSCLC, ESCAPE (sorafenib
plus paclitaxel/carboplatin) and NEXUS (sorafenib plus gemcitabine/cisplatin), were unsat‐
isfactory. Because of the safety findings from the ESCAPE trial, patients with squamous cell
histology were withdrawn from the NEXUS trial in February 2008 and excluded from analy‐
sis. Median OS, the primary endpoint of both trials, was similar in the sorafenib and placebo
groups [84,85].

The Biomarker-Integrated Approaches of Targeted Therapy for Lung Cancer Elimination
(BATTLE) study randomized pretreated lung cancer patients to erlotinib, vandetanib, erloti‐
nib plus bexarotene or sorafenib based upon biomarker results obtained from individual pa‐
tients. K-ras-mutant patients treated with sorafenib had a non-statistically significant trend
toward improved disease control rate (DCR) (61 versus 32%, p = 0.11), suggesting a prefer‐
ential benefit of sorafenib in k-ras-mutant patients [86].

Phase III MISSION trial of sorafenib in patients with advanced relapsed or refractory non-
squamous NSCLC whose disease progressed after two or three previous treatments, did not
meet its primary endpoint of improving OS. An improvement in the secondary endpoint of
PFS was observed [87].

These findings have led to suspend the development of sorafenib in NSCLC.

12. Vandetanib

Vandetanib is an oral TKI that inhibits VEGFR-2 and -3, RET and EGFR.

Vandetanib in combination with carboplatin/paclitaxel resulted in prolonged PFS (56 weeks;
HR= 0.76, p= 0.098) compared with carboplatin/paclitaxel alone (52 weeks) in previously un‐
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These findings have led to suspend the development of sorafenib in NSCLC.

12. Vandetanib

Vandetanib is an oral TKI that inhibits VEGFR-2 and -3, RET and EGFR.

Vandetanib in combination with carboplatin/paclitaxel resulted in prolonged PFS (56 weeks;
HR= 0.76, p= 0.098) compared with carboplatin/paclitaxel alone (52 weeks) in previously un‐
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treated patients with advanced NSCLC. The secondary endpoint of OS was not significantly
different between the two arms [88]. Another phase II trial showed that vandetanib in com‐
bination with docetaxel was superior to docetaxel alone in pretreated NSCLC patients with
regard to PFS (18.7 weeks versus 12 weeks; HR = 0.64, p = 0.037) [89].

The phase III ZODIAC trial randomized patients with advanced NSCLC to receive either
docetaxel/vandetanib or docetaxel/placebo as second-line treatment. Although vandetanib
improved ORR (17 versus 10%, p= 0.0001) and PFS (HR: 0.79, p< 0.0001), OS was not signifi‐
cantly improved (HR: 0.91, p= 0.196) [90]. In the ZEAL trial, vandetanib was investigated in
combination with pemetrexed also in the second-line setting. Despite an improvement in
ORR (19 versus 8%, p < 0.001), this study did not meet its primary endpoint of PFS (HR:
0.86, p = 0.108) [91]. In another phase III trial (ZEPHYR), patients who had progressed after
chemotherapy and erlotinib were randomized to vandetanib versus placebo. PFS was im‐
proved (HR: 0.63, p < 0.0001), but not OS (HR: 0.95, p = 0.527) [92]. The above phase III trials
did not carry out stratified analysis on the EGFR gene status and therefore were not able to
further identify the potential populations that may benefit from vandetanib.

These results led to withdrawal of the application for approval of vandetanib in NSCLC.

13. Sunitinib

Sunitinib is an oral TKI of VEGFR-1, -2, -3, PDGFR-α/β, c-kit, Flt-3 and RET.

It has been studied in advanced NSCLC in two phase II trials. In the first one, 63 pretreated
patients received sunitinib as single agent, achieving an ORR of 11.1% (95%CI: 4.6–21.6), me‐
dian PFS of 12 weeks (95%CI: 10.0-16.1) and median OS of 23.4 weeks (95%CI: 17.0-28.3)
[93]. In the other phase II trial, 47 pretreated patients received sunitinib on a continuous-
dosing schedule (37.5 mg/day). The ORR was only 2.1%, but median PFS and OS were 11.9
weeks (95%CI: 8.6-14.1) and 37.1 weeks (95%CI: 31.1-69.7), respectively [94].

There are ongoing studies investigating sunitinib in patients with NSCLC, including the
phase II CALGB 30704 trial evaluating sunitinib as second-line therapy and the phase III
CALGB 30607 study of sunitinib as maintenance therapy.

14. Other multi-targeted TKIs

Axitinib, with VEGFR, PDGFR-β and c-Kit as its main targets, is currently the most potent
TKI in inhibiting VEGFR signal pathways. In a phase II study in advanced NSCLC, in which
28% of patients had received no prior chemotherapy, ORR was 9.4%, with PFS and OS of 4.9
and 14.8 months, respectively [95]. Currently, three ongoing phase II studies are exploring
the effectiveness and safety of axitinib-based combination therapies in non-squamous
(AGILE1030: with paclitaxel/carboplatin; AGILE1039: with pemetrexed/cisplatin) and squa‐
mous NSCLC (AGILE1038: with cisplatin/gemcitabine).
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Motesanib mainly inhibits targets including VEGFR, PDGFR, c-Kit and RET. In a phase II
study of motesanib or bevacizumab in combination with carboplatin/paclitaxel as frontline
treatment for advanced non-squamous NSCLC, the efficacy was similar, with a median PFS
of 7.7 months (versus 8.3 months with bevacizumab) and a median OS of 14.0 months in
both arms [96]. However, the phase III study of motesanib plus carboplatin/paclitaxel in pa‐
tients with non-squamous advanced NSCLC (MONET1) did not meet its primary endpoint
of improved OS (HR: 0.89, p = 0.137) [97].

BIBF 1120 inhibits VEGFR-1, -2 and -3, in addition to PDGFR-α/β and FGFR-1-3. In a phase
II trial of 73 patients with relapsed or advanced NSCLC, the median PFS and OS were 11.6
and 37.7 weeks, respectively, with a disease control rate (DCR) of 46% [98]. BIBF 1120 is be‐
ing studied, in the second-line NSCLC setting, in two phase III trials, in combination with
docetaxel (LUME-Lung 1) and with pemetrexed (LUME-Lung 2).

A phase Ib/II  study of  cabozantinib,  a  TKI with potent  activity  against  MET,  VEGFR-2,
RET,  c-Kit  and Ftl-3,  with  or  without  erlotinib  in  pretreated  advanced NSCLC patients
showed  that  the  combination  was  well  tolerated  with  evidence  of  clinical  activity  in  a
largely  erlotinib  pretreated  cohort,  including  patients  with  EGFR  T790M  mutation  and
MET amplification [99].

Another multikinase inhibitors like pazopanib are in an earlier stage of development.

Although multitargeted TKIs have made certain advances in treating NSCLC, the outcomes
remain unsatisfactory if they were applied non-selectively among NSCLC patients. Among
the non-selective populations, TKI monotherapies showed no significant differences when
compared with mono-targeted agent therapies (erlotinib, gefitinib) in treating NSCLC in
terms of ORR, PFS and OS. Therefore, it is extremely important to identify populations that
are suitable for TKIs. The future of multi-targeted drugs is highly depended on the capabili‐
ty of delivering these molecule-targeted therapies to patients most likely to benefit.

15. Conclusions

In recent years, we have acquired a lot of information regarding the role of angiogenesis
and its pathophysiological relationship with some types of neoplasias, engaging in proc‐
esses  such as  tumour growth and dissemination capacity  as  loco-regional  as  distant.  In
lung cancer,  we know that neoangiogenesis is  the result  of the action of several growth
factors  (mainly VEGF,  TGF-alpha,  EGF,  VEG/PF and PDGF) whose output  is  controlled
by transcription factors hypoxia-induced such as HIF-1, whose expression has been asso‐
ciated as an independent factor of poor prognosis. Acquired knowledge has allowed de‐
signing  therapeutic  strategies  aimed  at  blocking  the  action  of  various  pro-angiogenic
factors and thereby altering the disease natural course. Some drugs acting against VEGF,
as  bevacizumab,  have  demonstrated  clinical  efficacy  improving  OS  and  PFS  although
with  treatment-related  toxicities  expected  with  blocking  this  pathway,  as  showed some
trials,  particularly in patients subsets with a known clinical  profile that when is present
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makes it more susceptible to those complications. Another line of research has been that
of small-molecule tyrosine kinase inhibitors (sorafenib, vandetanib, sunitinib, axitinib, pa‐
zopanib and motesanib), showing some benefits in PFS but without a positive impact in
OS when were applied non-selectively among NSCLC patients, so in the future probably
we will need identify populations with a right profile that allows us to predict who have
more chance to benefit from this therapy. Structural abnormalities in tumor neovasculari‐
zation lead to pathophysiological changes within the neoplastic tissue. The study of these
functional changes have allowed to develop imaging techniques that, not only differenti‐
ate  a  benign  lesion  from other  malignant,  but  also  provide  prognostic  information  and
monitor  the  therapeutic  effects  of  drugs  used.  Thus,  techniques  such  as  perfusion  CT
and dynamic MR allow anatomical and functional assessment of neoplasia, based on the
characteristics and changes of intratumoral capillary network.
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1. Introduction

Lung cancer is the leading cause of cancer deaths in the world, which is a cause for more
solid tumor-related deaths than all other carcinomas combined. More than 170,000 new cas‐
es are diagnosed each year in the United States alone, of whom ~160,000 will eventually die,
accounting for nearly 30% of all cancer deaths (Siegel et al., 2012). The annual incidence for
lung cancer per 100,000 population is highest among African Americans (76.1), followed by
whites (69.7), American Indians/Alaska Natives (48.4), and Asian/Pacific Islanders (38.4).
Hispanic people have much lower lung cancer incidence (37.3) than non-Hispanics (71.9)
(CDC, 2010). These results identify the racial/ethnic populations and geographic regions that
would benefit from enhanced efforts in lung cancer prevention, specifically by reducing cig‐
arette smoking and exposure to environmental carcinogens.

Lung lobectomy provides the best chance for patients with early-stage disease to be cured.
African American patients with early-stage lung cancer have lower five-year survival rates
than whites, which has been attributed to lower rates of resection in former patients (Wisni‐
vesky et al., 2005). Several potential factors underlying racial differences in receiving surgical
therapy include differences in pulmonary function, access to care, beliefs about tumor
spread at the time of operation, and the possibility of cure without surgery. Of these, access
to care is considered to be the most important factor underlying racial disparities.

The most outstanding modifiable risk factor for lung cancer is cigarette smoking (Swierzew‐
ski III, 2011). Other risk factors include asbestos exposure, radon, occupational chemicals,
radiation, and alcohol. People who smoke tend to drink more alcohols and consume more
non-narcotic pain relievers than non-smokers, thus reducing the intoxicating effects of alco‐
hol, promoting the progression from moderate to heavy drinking. Alcoholism is also associ‐
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ated with significant immune suppression - therefore, a history of drinking may increase a
person's susceptibility to lung cancer.

Lung cancer has a high morbidity because it is difficult to detect early and is frequently re‐
sistant to available chemotherapy and radiotherapy. The overall 5-year survival rate for all
types of lung cancer is around 15 % at most, and it is even worse in SCLC (~5 %) although
SCLC is more sensitive to chemo/radiation therapy than NSCLC (Meuwissen & Berns, 2005;
Schiller, 2001; Worden & Kalemkerian, 2000). Non-smokers who develop lung cancer may
experience delays in diagnosis due to the fact that many early symptoms of lung cancer
mimic those of non-specific respiratory infections (Menon, 2012). Thus, a physician may
misdiagnose the malignant disease for asthma or other respiratory illnesses. Another reason
for delayed diagnosis of lung cancer is that there is no sensitive and specific biomarker, such
as prostate-specific antigen in prostate cancer (Brambilla et al., 2003). Thus several biomark‐
ers will have to be used together for early diagnosis of lung cancer at present, which include
mutant Ras, mutant p53, and methylation of a variety of genes using bronchial biospies or
bronchoalveolar lavage (Brambilla et al., 2003).

Certain combinations of clinical signs and symptoms – e.g. endocrine, neurologic, immuno‐
logic, and hematologic - are associated with lung cancer as a manifestation of the secretion
of cytokines/hormones by tumor cells or as an associated immunologic response (Yeung et
al., 2011). These paraneoplastic syndromes occur commonly in patients with SCLC. Since the
syndromes can be the first clinical manifestation of malignant disease, increased awareness
of these syndromes associated with lung cancer is critical to the earlier diagnosis of malig‐
nancies, thereby improving the overall prognosis of patients.

Lung cancer has been categorized into two major histopathological groups: non-small-cell
lung cancer (NSCLC) (Moran, 2006) and small-cell lung cancer (SCLC) (Schiller, 2001), the
latter of which show neuroendocrine features and thus are different from the former. Ap‐
proximately 80 % of lung cancers are NSCLC, and they are subcategorized into adenocarci‐
nomas (AdCA), squamous cell (SqCLC), bronchioalveolar, and large-cell carcinomas (LCLC)
(Travis, 2002). SCLC and NSCLC show major differences in histopathologic characteristics
that can be explained by the distinct patterns of genetic alterations found in both tumor
types (Zochbauer-Muller et al., 2002). The K-Ras gene is mutated in 20~30 % of NSCLC while
its mutation is rare in SCLC; Rb inactivation is found in ~90 % of SCLC while p16INK4a is inac‐
tivated by gene deletion and/or promoter hypermethylation in ~50 % of NSCLC (Fong et al.,
2003; Meuwissen & Berns, 2005). Responsiveness of tumor cells to chemotherapy and/or ra‐
diation therapy significantly varies between NSCLC and SCLC, and thus, has a dramatic ef‐
fect on the prognosis of patients.

Progress in whole genome approaches to detect genetic alterations found in human lung
cancer has resulted in the identification of a growing number of genes. Genome-wide associ‐
ation studies, whether they are based on single-nucleotide polymorphism array or in gene
copy number assays, have identified mutations in lung cancer-related genes. Identification
of these lung cancer-related genes will provide great potential as therapeutic targets for lung
cancer intervention. Target validation should be done through intervention studies of specif‐
ic genetic alterations in human lung cancer cell lines. Since in vitro cell culture studies cannot
fully mimic more complex in vivo onset/development of lung carcinogenesis, developing en‐
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dogenous lung cancer in mice that harbor specific mutations will undoubtedly provide a
further insight into the mutation-specific effects on lung tumor initiation/development.
Moreover, a high degree of pathophysiological similarity between mouse lung tumors and
human lung carcinomas will make it possible to use these mouse models in pre-clinical tests
for novel anticancer drug screening. Various intervention strategies against specific muta‐
tion can then be tested to evaluate both specificity and efficacy in mouse lung tumors at ev‐
ery developing stage. The number of genetically engineered mouse models for lung cancer
is ever expanding. Continuous attempt to manipulate the mouse genome has enabled us to
adjust compound mouse models of lung cancer in a way that they start to reproduce the
more complex human lung cancer in a higher degree.

While susceptibility and incidence of spontaneous lung tumors vary among well-established
mouse strains, endogenous mouse lung tumors share many similarities with human lung
cancers. This was clearly demonstrated in early studies where defined chemical carcinogens
were used to induce lung tumors in mice (Wakamatsu et al., 2007). The incidence of sponta‐
neous and induced lung tumors were very high (61%) in A/J and SWR strains, but very low
(6%) in resistant strains such as C57BL/6 and DBA (Wakamatsu et al., 2007). Contrary to hu‐
man lung cancer with its complex molecular genetics and four distinct tumor types (adeno‐
carcinoma, squamous cell carcinoma, large-cell carcinoma, and small-cell carcinoma) that
easily metastasize, spontaneous and chemically-induced lung lesions in mice often result in
pulmonary adenomas and more infrequent adenocarcinomas. Mouse lung adenocarcinomas
are usually 5mm or more in diameter; however, they are categorized into carcinomas when
nuclear atypia or signs of local invasion/metastasis is found in tumors less than 5mm.
Mouse lung tumor development shows initial hyperplastic foci in bronchioles and alveoli,
which then become benign adenomas and eventually adenocarcinomas (Shimkin et al.,
1975). The tumor latency depends on mouse strain and carcinogen administration protocols.
Most potent carcinogens are found in cigarettes, such as polycyclic aromatic hydrocarbons,
tobacco-specific nitrosamine, and benzopyrene (BaP) (Pfeifer et al., 2002). It has been espe‐
cially difficult to reproduce well-characterized pre-malignant lesions found in human air‐
way epithelium in mice (Sato et al., 2007). Nevertheless, major histopathological features
remain the same between the two species and molecular characterization of spontaneous
and carcinogen-induced murine lung tumors revealed a high degree of similarity as com‐
pared to their human counterparts (Malkinson, 2001). A common early event is the occur‐
rence of activating K-ras mutations in hyperplastic lesions. Besides overexpression of c-Myc,
inactivation of well-known tumor suppressor genes, such as p53, fhit, Apc, Rb, Mcc, p16Ink4a

and/or Arf occur in both mice and human lung cancers; only a small percentage of lung ade‐
nomas progress into AdCAs (Malkinson, 2001).

2. The first generation mouse models for lung cancer

The first generation transgenic models for lung cancer were created by ectopic transgene ex‐
pression under control of lung-specific promoters. Thus transgenic expression was constitu‐
tive. Transgene expression was mainly found in specific subsets of lung epithelial cells.
Lung surfactant protein C (SPC) promoter was used for constitutive gene expression in type II
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Most potent carcinogens are found in cigarettes, such as polycyclic aromatic hydrocarbons,
tobacco-specific nitrosamine, and benzopyrene (BaP) (Pfeifer et al., 2002). It has been espe‐
cially difficult to reproduce well-characterized pre-malignant lesions found in human air‐
way epithelium in mice (Sato et al., 2007). Nevertheless, major histopathological features
remain the same between the two species and molecular characterization of spontaneous
and carcinogen-induced murine lung tumors revealed a high degree of similarity as com‐
pared to their human counterparts (Malkinson, 2001). A common early event is the occur‐
rence of activating K-ras mutations in hyperplastic lesions. Besides overexpression of c-Myc,
inactivation of well-known tumor suppressor genes, such as p53, fhit, Apc, Rb, Mcc, p16Ink4a

and/or Arf occur in both mice and human lung cancers; only a small percentage of lung ade‐
nomas progress into AdCAs (Malkinson, 2001).

2. The first generation mouse models for lung cancer

The first generation transgenic models for lung cancer were created by ectopic transgene ex‐
pression under control of lung-specific promoters. Thus transgenic expression was constitu‐
tive. Transgene expression was mainly found in specific subsets of lung epithelial cells.
Lung surfactant protein C (SPC) promoter was used for constitutive gene expression in type II
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alveolar cells whereas Clara Cell Secretory Protein (CCSP) promoter was used to target the
non-ciliated secretory (Clara) cells that exist on the airways. In early studies, SV40 Tag (Sim‐
ian virus large T-antigen) that neutralizes the activity of both Rb and p53 was constitutively
expressed under the control of CCSP (DeMayo et al., 1991; Sandmoller et al., 1994) or SPC
promoters (Wikenheiser et al., 1992). Although each tumor originated from either Clara cells
or type II alveolar cells, they both resulted in quite similar aggressive AdCAs without meta‐
stases (Wikenheiser et al., 1997). A similar strategy was used to express distinct oncogenes
(such as c-Raf and c-Myc [Geick et al., 2001]) in the lung/bronchial epithelium, ending up
with a milder phenotype, as both transgenic mice mainly developed adenomas, and a few
progressed to AdCAs without any metastases.

Ehrhardt et al. (2001) created transgenic mouse models to study tumorigenesis of bronchio‐
lo-alveolar AdCAs derived from alveolar type II pneumocytes. Transgenic lines expressing
c-Myc under the control of the SPC promoter developed multifocal bronchiolo-alveolar hy‐
perplasias, adenomas, AdCAs, whereas transgenic lines expressing a secretable form of the
epidermal growth factor, TGFα, developed hyperplasias of the alveolar epithelium. Since
the oncogenes c-Myc and TGFα are frequently overexpressed in human lung bronchiolo-al‐
veolar carcinomas, these mouse lines will be useful as those for human lung bronchiolo-al‐
veolar carcinomas (Ehrhardt et al., 2001).

Sunday et al. created a transgenic model for primary pulmonary neuroendocrine cell hyperpla‐
sia/neoplasia using v-Ha-ras driven by the neuroendocrine (NE)-specific calcitonin promoter
(named rascal). All rascal transgenic mouse lineages developed hyperplasias of NE and non-
NE cells, but mostly non-NE cells developed lung carcinomas (Sunday et al., 1999). Analyses of
embryonic lung demonstrated rascal mRNA in undifferentiated epithelium, consistent with
expression in a common pluripotent precursor cell. These observations indicate that v-Ha-ras
can lead to both NE and non-NE hyperplasia/carcinoma in vivo (Sunday et al., 1999).

A strong correlation exists between p53 mutations and lung malignancies, and LOH for p53
has been reported in 40% of NSCLC with specific primers (Mallakin et al., 2007). Preceding
this study, Morris et al. (1998) established a transgenic mouse model with disrupted p53
function in the epithelial cells of the peripheral lung. A dominant-negative mutant form of
p53 was expressed from the human SPC promoter. The dominant-negative p53 (dnp53) ex‐
pressed from the SPC promoter antagonized wild-type p53 functions in alveolar type II
pneumocytes and some bronchiolar cells of the transgenic animals, and thereby promoted
the development of carcinoma of the lung. This mouse model should prove useful to the
study of lung carcinogenesis and to the identification of agents that contribute to neoplastic
conversion in the lung. Another group later created CCSP-dnp53 transgenic mice and report‐
ed significant increase in the incidence of spontaneous lung cancer in 18-month-old trans‐
genic mice (Tchon-Wong et al., 2002). In addition to the increased incidence of spontaneous
lung tumor, these transgenic mice were more susceptible to the development of lung adeno‐
carcinoma after exposure to BaP. The risk of lung tumors was 25.3 times greater in BaP-
treated mice adjusted for transgene expression. These results suggest that p53 function is
important for protecting mice from both spontaneous and BaP-induced lung cancers.
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The receptor tyrosine kinase RON (recepteur d’origine nantais) is a member of the MET pro‐
to-oncogene family, which is expressed by a variety of epithelial-derived tumors and cancer
cell lines and has been implicated in the pathogenesis of lung adenocarcinomas (Chen et al.,
2002). To determine the oncogenic potential of RON, transgenic mice were generated using
the lung SPC promoter to express human wild-type RON in type II cell phenotypes (Chen et
al., 2002). The mice were born normal without morphological alterations in the lung, howev‐
er, multiple adenomas appeared as a single mass in the lung around 2 months of age and
gradually developed into multiple nodules throughout the lung. Most of the tumors were
characterized as cuboidal epithelial cells with type II cell phenotypes which transformed
from pre-malignant adenomas to adenocarcinomas. Interestingly, Ras expression was dra‐
matically increased in the majority of tumors without mutation in the ‘hot spots’ of the K-
Ras or p53 genes suggesting that SPC-RON is a mouse lung tumor model with unique
biological characteristics (Chen et al., 2002).

Many prominent genetic lesions found in human lung cancer clearly link the inactivation of
well-known tumor suppressor genes (Sekido et al., 2003) to lung cancer development. Initial
attempts to mimic some of these lesions implicated in lung cancer by using conventional
knockout mice had limited success with respect to the onset of lung cancer. The main reason
for this failure was that germ-line deletion of many essential tumor suppressor genes (such
as the retinoblastoma gene (Rb) (Jacks et al., 1992) lead to embryonal lethality. Non-essential
tumor suppressor gene (for embryonic survival) knockout mice often had a very broad tu‐
mor spectrum of which lung tumors formed only a minor fraction. Thus, p53, p16Ink4a and
p19Arf (Meuwissen & Berns, 2005) null allele mice seldom develop lung AdCAs. However,
introducing similar mutations into endogenous p53 alleles, such as those prominently found
in Li–Fraumeni patients, generated p53R270H/+ and p53R172H/+ which had a different tumor spec‐
trum compared with p53+/- mice (Olive et al., 2004), although their mean survival times were
identical. Interestingly these mice, but especially p53R270H/+ and p53R270H/- mice, gave rise to
more malignant lung AdCAs, and even their metastases, which never occurred in p53-/-

mice. These results suggest that “humanized” p53 mutations have a greater impact on lung
tumor progression than complete p53 loss (Olive et al., 2004; Lang et al., 2004).

Targeting genes deleted early in human lung tumorigenesis, such as the complete cluster at
chromosome 3p21.3, showed that heterozygous deletion for this 370 kb region showed no
obvious predisposition for lung cancer development albeit homozygous deletion caused
embryonal lethality (Smith et al., 2002). A more specific deletion of candidate tumor sup‐
pressor genes on chromosome 3 like RassF1a, FHIT and VHL, showed that 31% of Rassf1a-/-

mice produced spontaneous mainly lymphomas but also lung adenomas (Tommasi et al.,
2005). Treatment of Rassf1a-/- mice with BP or urethane resulted in an even higher rate of
lung tumors. No spontaneous lung tumors were observed in Fhit-/- or Vhl+/- mice, but 44% of
Fhit-/-;Vhl+/- mice developed AdCAs by age 2 years. Again use of mutagens such as dimethyl‐
nitrosamine led to 100% adenoma and AdCA induction in Fhit-/-;Vhl+/- mice and even adeno‐
mas in 40% of Fhit-/- mice by age 20 months (Zanesi et al., 2005). This showed the usefulness
of these knockout mice in recapitulating a pattern of early lung cancer development similar
to human pattern.
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function in the epithelial cells of the peripheral lung. A dominant-negative mutant form of
p53 was expressed from the human SPC promoter. The dominant-negative p53 (dnp53) ex‐
pressed from the SPC promoter antagonized wild-type p53 functions in alveolar type II
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the development of carcinoma of the lung. This mouse model should prove useful to the
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ed significant increase in the incidence of spontaneous lung cancer in 18-month-old trans‐
genic mice (Tchon-Wong et al., 2002). In addition to the increased incidence of spontaneous
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carcinoma after exposure to BaP. The risk of lung tumors was 25.3 times greater in BaP-
treated mice adjusted for transgene expression. These results suggest that p53 function is
important for protecting mice from both spontaneous and BaP-induced lung cancers.
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the lung SPC promoter to express human wild-type RON in type II cell phenotypes (Chen et
al., 2002). The mice were born normal without morphological alterations in the lung, howev‐
er, multiple adenomas appeared as a single mass in the lung around 2 months of age and
gradually developed into multiple nodules throughout the lung. Most of the tumors were
characterized as cuboidal epithelial cells with type II cell phenotypes which transformed
from pre-malignant adenomas to adenocarcinomas. Interestingly, Ras expression was dra‐
matically increased in the majority of tumors without mutation in the ‘hot spots’ of the K-
Ras or p53 genes suggesting that SPC-RON is a mouse lung tumor model with unique
biological characteristics (Chen et al., 2002).

Many prominent genetic lesions found in human lung cancer clearly link the inactivation of
well-known tumor suppressor genes (Sekido et al., 2003) to lung cancer development. Initial
attempts to mimic some of these lesions implicated in lung cancer by using conventional
knockout mice had limited success with respect to the onset of lung cancer. The main reason
for this failure was that germ-line deletion of many essential tumor suppressor genes (such
as the retinoblastoma gene (Rb) (Jacks et al., 1992) lead to embryonal lethality. Non-essential
tumor suppressor gene (for embryonic survival) knockout mice often had a very broad tu‐
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trum compared with p53+/- mice (Olive et al., 2004), although their mean survival times were
identical. Interestingly these mice, but especially p53R270H/+ and p53R270H/- mice, gave rise to
more malignant lung AdCAs, and even their metastases, which never occurred in p53-/-

mice. These results suggest that “humanized” p53 mutations have a greater impact on lung
tumor progression than complete p53 loss (Olive et al., 2004; Lang et al., 2004).

Targeting genes deleted early in human lung tumorigenesis, such as the complete cluster at
chromosome 3p21.3, showed that heterozygous deletion for this 370 kb region showed no
obvious predisposition for lung cancer development albeit homozygous deletion caused
embryonal lethality (Smith et al., 2002). A more specific deletion of candidate tumor sup‐
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2005). Treatment of Rassf1a-/- mice with BP or urethane resulted in an even higher rate of
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Fhit-/-;Vhl+/- mice developed AdCAs by age 2 years. Again use of mutagens such as dimethyl‐
nitrosamine led to 100% adenoma and AdCA induction in Fhit-/-;Vhl+/- mice and even adeno‐
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3. The second generation models

3.1. K-rasLA and LSL K-ras models

A different approach to address lung cancer onset was the use of knock-in alleles to activate
oncogenes. One example of this is based on the somatic K-ras activation via an oncogenic
KrasG12D knock-in allele (KrasLA2), which is expressed only after a spontaneous recombination
event (Johnson et al., 2001). In this way, sporadic KrasG12D expression occurred on an endoge‐
nous level, which in turn augments efficient development of lung AdCAs. However, these
mice also developed other tumor lesions as K-RasG12D expression was not limited to the lung
epithelial tissues.

Dmp1 (Dmtf1) is a Myb-like protein with tumor suppressive activity that had been isolated in a
yeast two-hybrid screen with cyclin D2 bait (Hirai and Sherr, 1996; Inoue and Sherr, 1998; for
review, Inoue et al., 2007; Sugiyama et al., 2008a). The promoter is activated by oncogenic Ras-
Raf signaling and induces cell-cycle arrest in an Arf, p53-dependent fashion (Inoue et al., 1999;
Sreeramaneni et al., 2005). Both Dmp1+/- and Dmp1-/- mice are prone to spontaneous and carcino‐
gen-induced tumor development, indicating that it is haplo-insufficient for tumor suppres‐
sion, the mechanism of which have not been elucidated yet (Inoue et al., 2000, 2001, 2007). The
survival of K-rasLA mice was shortened by approximately 15 weeks in both Dmp1+/- and Dmp1-/-

backgrounds, the lung tumors of which showed significantly decreased frequency of p53 mu‐
tations compared to Dmp1+/+. Approximately 40% of K-rasLA lung tumors from Dmp1 wild-type
mice lost one allele of the Dmp1 gene, suggesting the primary involvement of Dmp1 in K-ras-in‐
duced tumorigenesis (Mallakin et al., 2007). Tumors from Dmp1-deficient mice showed more
invasive and aggressive phenotypes than those from Dmp1 wild-type mice. Loss of hetero‐
zygosity (LOH) of the hDMP1 locus was detectable in approximately 35% of human lung carci‐
nomas, which was found in mutually exclusive fashion with LOH of INK4a/ARF or that of p53.
Thus, DMP1 is a novel tumor suppressor for both human and murine NSCLC (Mallakin et al.,
2007; Sugiyama et al., 2008b).

Integration of gene expression data from a KrasLA2 mouse model and KRAS mutated human
lung tumors showed a significant overlap but also revealed a gene-expression signature for
K-ras mutation in human lung cancer itself (Sweet-Cordero et al., 2005). By using KrasLA2

knock-in mouse model and human lung cancer specimen, they compared gene expression
patterns between these two species (Sweet-Cordero et al., 2005). They applied this method to
the analysis of a model of KrasLA2-mediated lung cancer and found a good relationship to hu‐
man lung AdCA, thereby validating the usefulness of this transgenic model. Furthermore,
integrating mouse and human data uncovered a gene-expression signature of KRAS2 muta‐
tion in human lung cancer. They confirmed the importance of this signature by gene-expres‐
sion analysis of shRNA-mediated inhibition of oncogenic KrasLA2 (Sweet-Cordero et al.,
2005). However, one problem of KrasLA mice is that they develop tumors other than lung
cancer (Mallakin et al., 2007). To overcome this issue, Jackson et al. (2001) developed a new
model of lung AdCA in mice having a conditionally activatable allele of oncogenic K-ras
(LSL KrasG12D). They show that the use of a recombinant adenovirus expressing Cre recombi‐
nase (AdenoCre) to induce KrasG12D expression in the lungs of mice allows control of the tim‐
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ing and multiplicity of tumor initiation. Through the ability to synchronize tumor initiation
in these mice, they could characterize the stages of tumor progression. Of particular signifi‐
cance, this system led to the identification of a new cell type contributing to the develop‐
ment of pulmonary AdCA (Jackson et al., 2001). By using this Cre-lox system, the same
group later created conditional knock-in mice with mutations in K-ras combined with one of
mutant p53 alleles (Jackson et al., 2005). p53-loss strongly promoted the progression of Kras-
induced lung AdCAs, yielding a mouse model that precisely recapitulates advanced human
lung AdCA. The influence of p53-loss on malignant progression was observed as early as 6
weeks after tumor initiation. They also found that the contact mutant p53R270H behaved in
a dominant-negative fashion to promote K-ras-driven lung AdCAs. Of note, a subset of mice
also developed sinonasal adenocarcinomas, suggesting specific expression of K-ras in this
tissue. In contrast to the lung tumors, expression of the point-mutant p53 alleles strongly
promoted the development of sinonasal AdCAs compared with simple loss-of-function,
suggesting a tissue-specific gain-of-function of mutant p53 (Jackson et al., 2005).

Since activating K-ras mutation models recapitulate the human lung tumor phenotypes well,
closer analyses of early lung tumor initiating events were performed (Ji et al., 2006). A com‐
bination of both CCSP-Cre recombinase and LSL KrasG12D alleles (Jackson et al., 2005) resulted
in a progressive phenotype of cellular atypia, adenoma and finally AdCA. The activation of
K-ras mutant allele in CC10-positive cells resulted in a progressive phenotype characterized
by cellular atypia, adenoma and ultimately AdCA. Surprisingly, Kras activation in the bron‐
chiolar epithelium was associated with a robust inflammatory response characterized by an
abundant infiltration of alveolar macrophages and neutrophils. These mice displayed early
mortality in the setting of this pulmonary inflammatory response. Bronchoalveolar lavage
fluid from these mutant mice contained the MIP-2, KC, MCP-1 and LIX chemokines that in‐
creased significantly with age. Thus, Kras activation in the lung induces inflammatory che‐
mokines and provides an excellent means to study the complex interactions between
inflammatory cells, chemokines, and tumor progression (Ji et al., 2006).

3.2. Doxycycline (dox)-inducible/de-inducible lung cancer models

In KrasLA mice, oncogene can be induced, but it cannot be de-induced after lung carcinogene‐
sis. To improve this mouse model, a better method of replicating gene expression patterns of
target oncogenes had to be taken into account. Furthermore, a general knock-in or knockout
procedure only poorly represents genetic events that occur during sporadic lung cancer
since genes are already deleted already in utero (Jonkers & Berns, 2002). Conditional regula‐
tion of the temporal-spatial expression of oncogenes or inactivation of tumor suppressor
genes in somatic tissues of choice can more accurately mimic the in vivo situation leading to
the onset of sporadic cancer (Jonkers & Berns, 2002; Lewandoski, 2001). This is why the sec‐
ond generation of mouse models for lung cancer makes use of a conditional bitransgenic tet-
inducible system (Lewandoski, 2001). Most often, the reverse tetracycline (tet)-controlled
transactivator (rtTA) inducible system is used. The first transgene with the rtTA element be‐
hind a tissue-specific promoter causes the rtTA expression in a specific cell types, e.g.
MMTV-rtTA, CCSP-rtTA. This transgene is then combined with a second transgene, consist‐
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suggesting a tissue-specific gain-of-function of mutant p53 (Jackson et al., 2005).
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creased significantly with age. Thus, Kras activation in the lung induces inflammatory che‐
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In KrasLA mice, oncogene can be induced, but it cannot be de-induced after lung carcinogene‐
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ing of a target gene behind a tet-responsive promoter (tetO7) vector, e.g. pTRE-Tight (2nd

generation vector from Clontech). The presence of tet/dox ensures stable interaction of the
rtTA element with the tetO7 promoter, which, in turn, expresses the target gene upon expo‐
sure to tet or dox.

Therefore, on/off target gene expression is possible depending on administration or with‐
drawal of tet/dox (Gossen et al., 1992). Both SPC-rtTA and CCSP-rtTA transgenes (Perl et al.,
2002) have been used for directing dox-responsive rtTA to either alveolar type II or Clara
cells. Although both of these promoters have been used to create lung cancer models of
mice, CCSP-rtTA has more widely been used than SPC-rtTA since the CCSP promoter is ac‐
tive in both Clara cells and alveolar type II cells while the SPC promoter is active only in
alveolar type II cells (Floyd et al., 2005). Several transgenic mice such as CCSP-rtTA;tetO7-
FGF-7 and CCSP-rtTA;tetO7-KrasG12D have been successfully created to induce lung lesions in
response to antibiotics (Tichelaar et al., 2000; Fisher et al., 2001). Induction of FGF-7 caused
initial epithelial cell hyperplasia followed by adenomatous hyperplasia after dox applica‐
tion. All hyperplasia disappeared after withdrawal of dox (Tichelaar et al., 2000). However,
mouse KrasG12D induction caused epithelial cell hyperplasia, adenomatous hyperplasia and,
after 2 months dox application, multiple adenomas and AdCAs. Again, no lesion was de‐
tected after 1 month of dox withdrawal (Fisher et al., 2001). When the CCSP-rtTA;tetO7

KrasG12D alleles were combined with conventional p53 or Ink4a/Arf-null alleles, AdCAs with a
more malignant phenotype appeared after 1 month dox treatment, thus showing a synergy
of mutant K-ras and p53 or Ink4a/Arf deficiencies. However, even in these compound tet-in‐
ducible mouse models, all lesions disappeared after dox withdrawal. This finding demon‐
strated the importance of mutant K-ras as a “driving” oncogene not only at tumor onset, but
also during maintenance of AdCA in these mice (Fisher et al., 2001).

Other models for early, benign lung tumor lesions have been created by using a bitransgenic
tet-inducible human KrasG12C allele that can be expressed in both Clara and/or alveolar type
II cells (Tichelaar et al., 2000; Floyd et al., 2005). Expression of human KrasG12C caused multi‐
ple, small lung tumors over a 12-month time period. Although tumor multiplicity increased
upon continued K-ras expression, most lung lesions were hyperplasias or well-differentiated
adenomas (Floyd et al., 2005). This is in good contrast to the more severe phenotypes ob‐
served in other transgenic mouse models in which different mutant K-ras alleles were ex‐
pressed in the lung. Expression of K-rasG12C was associated with a 2-fold increase in the
activation of the Ras and Ral signaling pathways and increased phosphorylation of Ras
downstream effectors, including Erk, p90 ribosomal S6 kinase, ribosomal S6 protein, p38
and MAPKAPK-2. In contrast, expression of K-rasG12C had no effect on the activation of the
JNK and Akt signaling pathways explaining low tumor induction by human KrasG12C. This
observation was in strong contrast to the effects of the previously described mouse KrasG12D

models (Fisher et al., 2001).

3.3. Cre/loxP or Flp/Frt models

The Cre/loxP or Flp/FRT system (Jonkers & Berns, 2002; Lewandoski, 2001; Dutt et al., 2006)
provided excellent tools for reproducing more complicated lung tumor genetics found in
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human lung cancers, by introducing somatic mutations in a limited number of differentiated
cells of choice whereby other cells of the fully developed lung remained normal. In short,
mutations of targeted regions, flanked by loxP (also known as being “floxed”) or flippase
recombination target (Frt) sequence sites, were introduced through deletion by their respec‐
tive site-specific recombinases Cre or Flp. Thus, in the case of tumor suppressor genes, con‐
ditional hypomorphic mutations (i.e., lower than normal function of the protein) or null
allele, several coding or non-coding exons are floxed and can, therefore, be deleted by its
corresponding recombinase. Conversely, floxed transcription stops (Lox-Stop-Lox or LSL) in
front of oncogene or knock-in alleles can control their respective conditional activation (Jack‐
son et al., 2001) as in the case of LSL KRasG12D mice described in the previous section.

The determining factor of this conditional approach is the control of temporal-spatial Cre or
FRT recombinase expression. For that purpose, several Cre transgenic lines have been gener‐
ated, with or without tet-inducible promoters (Perl et al., 2002). Apart from this, Cre-mediat‐
ed recombination can also be achieved through the administration of an engineered Adeno-
Cre virus via nasal or tracheal inhalation (Meuwissen et al., 2001; Jackson et al., 2001). An
advantage of the latter method is that a limited amount of adult lung cells can be targeted in
a very concise, localized, and timely fashion. Efficacy of this method was tested with condi‐
tional alleles of KRasG12D and KRasG12V (Jackson et al., 2001; Guerra et al., 2003). Infection of
adult lungs with Adeno-Cre virus rapidly resulted in the onset of adenomatous alveolar hy‐
perplasia, followed by the development of adenomas and AdCAs at 3-4 months post-infec‐
tion. Although a latency of 8 months was also observed (Guerra et al., 2003), no metastases
could be found in any of the models. Most probably a single K-ras activation is not enough
to allow the AdCAs to progress into a higher state of malignancy as would be required for
fully metastasizing lesions. However, these straightforward experiments disclosed the im‐
portant role of K-ras in human lung cancer onset and progression (Guerra et al., 2003). An‐
other important aspect of this model was that lung tumor multiplicity could be controlled
by the dose of Adeno-Cre virus infecting only a subset of lung epithelial cells. This, together
with a controlled time-point of Adeno-Cre application, mimics sporadic character of human
lung cancer development. However, one has to be careful to note that variability of the Ade‐
no-Cre virus delivery and infection (especially with the intranasal method) might lead to in‐
consistent experimental results. Nevertheless this versatile method remains powerful in that
it resembles human lung cancer events.

4. Specific oncogenes in mouse lung cancer models

4.1. Kras downstream effectors and lung cancer − Roles of Raf

Since Kras mutations are very common (20-25%) in NSCLC, the understanding of the precise
signaling cascade of the Kras pathway is very important (Ji et al., 2007). One of the best char‐
acterized Ras pathways is Ras/Raf/MEK/ERK. In fact, BRAF gene mutations have been
found in a variety of human cancers including NSCLC (Davies et al., 2002; Ji et al., 2007). On‐
cogenic mutations of BRAF render constitutively phosphorylation of the protein, resulting in
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continued ERK activation. Of all the BRAF mutations, BRAF-V600E is the most frequent.
(Mercer et al., 2003). Dankort et al. (2007) created BRaf(CA) (CA: constitutively active) mice
to express normal BRaf prior to Cre-mediated recombination after which BRaf(V600E) was
expressed at physiological levels. BRaf(CA) mice infected with an Adenovirus expressing
Cre recombinase developed benign lung tumors that only rarely progressed to AdCA. The
reason for this is the initial proliferation is halted by increased expression of senescence
markers p53 and Ink4a/Arf. Consistent with the tumor suppressor function for Ink4a/Arf
and p53, BRaf(V600E) expression combined with mutation of either locus led to lung cancer
progression. Moreover, BRaf(VE)-induced lung tumors were prevented by pharmacological
inhibition of MEK1/2.

In another study, Ji et al generated a lung-specific, tet-inducible, mice model in which the
CCSP-rtTA;tetO7-BRAFV600E induced a development of lung AdCA with bronchioalveolar
carcinoma type. The extracellular signal-regulated kinase (ERK)-1/2 (MAPK) pathway was
highly activated by the expression of BRAF(V600E) mutant. Upon dox withdrawal, the dein‐
duction of BRAF-mutant expression led to regression of lung tumors together with a marked
decrease in phosphorylation of ERK1/2. Furthermore, the in vivo use of a specific
MAPK/ERK kinase (MEK) inhibitor also induced lung tumor regression. All these results
showed that both activated BRAF and KRAS signaling converge onto the same MAPK path‐
way, making this pathway a potential target for lung tumor intervention.

The significance of c-Raf was also investigated in K-RasG12V-driven NSCLCs. Ablation of c-
Raf in K-Ras+/G12V; c-Raf lox/lox mice induced dramatic increase of survival rate and life span due
to the decrease of tumor burden. This result suggests the essential role of c-Raf in mediating
oncogenic Ras signaling in NSCLCs (Blasco et al, 2011).

Further investigation during KrasG12D-driven lung tumorigenesis showed the MAPK antago‐
nist Sprouty-2 (Spry-2) was upregulated. When Spry-2 was knocked out in Cre/lox depend‐
ent Spry-2flox/flox;LSL KrasG12D mice, both tumor number and total tumor area were
significantly increased. This clearly suggested a tumor suppressor activity for Sprouty-2 dur‐
ing Kras-dependent lung tumorigenesis by involving in antagonism of Ras/MAPK signaling
(Shaw et al., 2007).

By using CCSP-rtTA;TetO-Cre;LSL-Kras(G12D)mice Cho et al. (2011) established a dox-indu‐
cible, Kras(G12D)-driven lung AdCA to pursue the cellular origin and molecular processes
involved in Kras-induced tumorigenesis. The EpCAM(+)MHCII(-) cells (bronchiolar origin)
were more enriched with tumorigenic cells in generating secondary tumors than Ep‐
CAM(+)MHCII(+) cells (alveolar origin). In addition, secondary tumors derived from Ep‐
CAM(+)MHCII(-) cells showed diversity of tumor locations compared with those derived
from EpCAM(+)MHCII(+) cells. Secondary tumors from EpCAM(+)MHCII(-) cells expressed
differentiation marker, pro-SPC, consistent with the notion that cancer-initiating cells dis‐
play not only the abilities for self-renewal, but also the features of differentiation to generate
tumors of heterogeneous phenotypes. High level of ERK1/2 activation and colony-forming
ability as well as lack of Sprouty-2 expression were also observed in EpCAM(+)MHCII(-)
cells. Their data suggested that bronchiolar Clara cells are the origin of tumorigenic cells for
Kras(G12D)-induced lung cancer.
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4.2. PI3K and lung cancer

Another important pro-survival pathway that is interlinked with RAS is PI3K/Akt signaling
pathway. Phosphoinositide-3-kinase (PI3K) consists of a regulatory (p85) and a catalytic
(p110) subunit. The overexpression of both subunits was reported in lung carcinomas (Sa‐
muels & Velculescu 2004; Wojtalla et al., 2011). Furthermore, selective PIK3CA amplification
was found in lung squamous cell carcinomas (Angulo et al., 2008). To investigate the onco‐
genic potential of PIK3CA, transgenic mice were generated with a tet-inducible expression
of an activated p110α mutant, H1047R, and it was crossed with CCSP-rtTA mice to generate
CCSP-rtTA;tetO7;PIK3CA(H1047R) compound mice. Upon dox treatment of animals for 14
weeks, double transgenic mice developed AdCAs, which subsequently disappeared after
dox withdrawal for 3 weeks (Engelman et al., 2008). To identify the effect of loss of PI3K sig‐
naling in Kras-induced lung tumorigenesis, PI3K activity was completely eliminated in p85
knockouts (Pik3r2-/-;Pik3r1-/-), and a dramatic decrease in the number of lung tumors was ob‐
served in LSL KrasG12D;Pik3r2-/-;Pik3r1-/- mice (Engelman et al., 2008). The clinical efficacy of
NVP-BEZ235, a dual pan-PI3K and mammalian target of rapamycin (mTOR) inhibitor was
also evaluated against p110α H1047R-induced mouse lung tumors. Application of this drug
led to marked tumor regression. In contrast, NVP-BEZ235 barely had effect on mouse lung
cancers driven by mutant Kras. However, a combination of NVP-BEZ235 and a MEK inhibi‐
tor ARRY-142886, had marked synergistic effect on tumor regression. These in vivo studies
suggest that inhibitors of the PI3K-mTOR pathway when combined with MEK inhibitors,
may effectively treat KRAS mutated lung cancers. Of note, Ras proteins directly interact
with the p110α subunit of PI3K and introduction of specific mutations (T208D and K227A)
in PIK3CA blocks this interaction (Gupta et al., 2007). To study the Ras-p110α interactions in
vivo and its effects on tumorigenesis, these point mutations were introduced into the Pik3ca
gene in the mice and these mice were crossed with KrasLA2 alleles (Gupta et al., 2007). Inter‐
estingly, they were highly resistant to Kras induced lung tumor development, which suggest
Ras-p110α interaction is required for Ras-driven tumorigenesis (Gupta et al., 2007). All these
results emphasize the importance of PI3K signaling, not only in lung tumor induction, but
also maintenance.

4.3. Rac and lung cancer

Rac is a member of the Rho family of small GTPases, and it mediates the regulation of vari‐
ous important cellular processes including cell migration, proliferation and adhesion, all of
which may contribute to tumorigenesis (Mack et al., 2011). The important role of Rac in Ras
induced lung tumorigenesis was demonstrated in a mice model in which an oncogenic allele
of Kras was activated by Cre-mediated recombination in the presence or absence of condi‐
tional deletion of Rac1. They showed that Rac1 function was required for tumorigenesis in
lung carcinogenesis for mice with Rac1 deletion had tumor regression and longer survival.
These data showed a specific requirement for Rac1 function in cells expressing oncogenic K-
ras (Kissil et al., 2007).
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4.4. Receptor-type protein tyrosine kinase and lung cancer − Roles of EGFR

4.4.1. EGFR and lung cancer

Epidermal growth factor (EGF) receptor family is one type of RTKs, on which the tyrosine
residues phosphorylation lead to activation of downstream TK signaling that contributes to
cell proliferation, motility and invasion (Stella et al., 2012). The activation mutations on
EGFR gene are found in about 10-20% of advanced NSCLC cases and its protein overexpres‐
sion is found in more than 60% of all lung cancers (Lynch et al., 2004; Soria, et al., 2012).
Lynch et al. reported that EGFR mutation correlated with clinical responsiveness to the tyro‐
sine kinase inhibitor gefitinib (2004). Since these mutations lead to increased growth factor
signaling with susceptibility to the inhibitor, screening for such mutations in lung cancers
will identify patients who will have a response to gefitinib. To study a specific oncogenic
potential of EGFR mutant, the variant III (vIII) deletion, Ji et al. (2006a) produced Tet-op-
EGFRvIII; CCSP-rtTA mice, in which the EGFRvIII expression was induced in lung type II
pneumocytes upon dox administration. Mice developed atypical adenomatous hyperplasia
after 6-8 weeks of dox induction and progressed to lung adenocarcinomas after 16 weeks
with high activation of AKT and ERK signaling pathways. De-induction of EGFRvIII result‐
ed in significant tumor regression, supporting the requirement of continuous EGFRvIII ex‐
pression in lung tumorigenesis. Furthermore, by using an EGFR/ERB2 inhibitor HKI-272,
they found tumor volume in EGFRvIII ; CCSP-rtTA; Ink4a/Arf-/- mice was dramatically de‐
creased, suggesting a therapeutic strategy for lung cancers with EGFRvIII mutation by an ir‐
reversible EGFR inhibitor (Ji et al., 2006a). Politi et al. (2006) also studied the role of EGFR
mutations in the initiation and maintenance of lung cancer, and developed transgenic mice
that express an exon 19 deletion mutant (EGFR(ΔL747-S752)) or the L858R mutant
(EGFR(L858R)) in type II pneumocytes under the control of dox, and reported that expres‐
sion of either EGFR mutant lead to the development of lung AdCa. Ji et al. (2006b) later cre‐
ated bitransgenic mice with inducible expression in type II pneumocytes of two common
hEGFR mutants (hEGFRDEL and hEGFRL858R) seen in human lung cancer. Both bitransgenic
lines developed lung AdCa with hEGFR mutant expression, confirming their oncogenic po‐
tential. Maintenance of transformed phenotypes of these lung cancers was dependent on
sustained expression of the EGFR mutants. Treatment with small molecule inhibitors (erloti‐
nib or HKI-272) as well as a humanized anti-hEGFR antibody (cetuximab) led to dramatic
tumor regression (Ji et al., 2006b). Thus persistent EGFR signaling is required for tumor
maintenance in human lung AdCas expressing EGFR mutants. Li et al. (2007) generated an‐
other dox-inducible lung cancer mice model harboring both erlotinib sensitizing and resis‐
tence mutations L858R and T790M (EGFR TL). They found that specific expression of EGFR
TL in lung compartments led to the development of typical bronchioloalveolar carcinoma af‐
ter 4-5 weeks and peripheral adenocarcinoma after 7-9 weeks. Treatment of EGFR TL-driven
tumors is most effective when using combined regimen of HKI-272 and rapamycin, suggest‐
ing that this combination therapy may benefit pateints harboring erlotinib resistence EGFR
mutation (Li et al., 2007).
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4.5. HER2 and lung cancer

The c-ERBB2  gene is located on chromosome 17q11.2-12 and encodes Human Epidermal
Growth Factor Receptor 2 (HER2) (Hu et al., 2011). This is a transmembrane glycoprotein re‐
ceptor p185HER2, which has been targeted by the humanized monoclonal antibody trastuzu‐
mab (Herceptin). HER2 is amplified and overexpressed in approximately 25% of breast cancer
patients and is associated with an aggressive clinical course and poor prognosis. HER2 pro‐
tein overexpression without gene amplification happens in some cases, possibly due to pro‐
moter activation and/or protein stabilization. HER2 overexpression stimulates cell growth in
p53-mutated cells while it inhibits cell proliferation in those with wild-type p53. The molecular
mechanisms for these differential responses have recently been clarified: the Dmp1 promoter
was activated by HER2/neu through the PI3K-Akt-NF-κB pathway, which in turn stimulated
Arf transcription and p53 activation to prevent tumorigenesis. Conversely HER2 simply stim‐
ulate cell proliferation in cells that lack Dmp1, Arf, or p53 (Taneja et. al., 2010).

HER2 receptor overexpression has been reported in 11% to 32% of NSCLC tumors, with
gene amplification found in 2%-23% of cases (Hirsch et al., 2009; Swanton et al., 2006). High-
level ERBB2 amplification occurs in a small fraction of lung cancers with a strong propensity
to high-grade adenocarcinomas (Grob et al., 2012). The frequency of HER2 amplification in
NSCLC and the widespread availability of HER2 fluorescence in situ hybridization analysis
may justify a study of trastuzumab monotherapy in NSCLC cases. However, sensitivity to
HER2-directed therapies is complex and involves expression not only of HER2, but also of
other EGFR family members (HER1, HER2, and HER4), their ligands, and molecules that in‐
fluence pathway activity (Swanton et al., 2006). The role played by HER2 as a heterodimeri‐
zation partner for other EGFR family members makes HER2 an attractive target regardless
of receptor overexpression in lung cancer. However, targeted therapies in patients overex‐
pressing HER2 have proven less successful in clinical trials for NSCLC. One reason to ex‐
plain the failure is intratumoral heterogeneity of ERBB2 amplification, which was found in 4
of 10 cases (Grob et al., 2012). Of note, this heterogeneity is rare in breast cancer that re‐
sponds relatively well to anti-HER2 therapy. Laboratory data indicate that forced expression
of HER2 in a NSCLC line increases sensitivity to gefitinib. They speculated that this may re‐
sult from the gefitinib-mediated inhibition of HER2/HER3 heterodimerization and HER3
phosphorylation. It might thus be expected that combinatorial approaches, such as EGFR in‐
hibition (by gefitinib) together with HER2 dimerization blockade (by pertuzumab) may be
even more effective. Preclinical data indicate this may be the case, with the combination of
erlotinib and pertuzumab promoting more than additive antitumor activity in the NSCLC
(Swanton et al., 2006).

While HER2 is overexpressed in about 20% of lung cancers, mutations in HER2 also occur in
about 2-3% of cases. HER2 mutations typically occur in adenocarcinomas and are more fre‐
quent in women and never-smokers (Pinder, 2011). Mutations in HER2 lead to constitutive
activation of the HER2 receptor, similar to the situation with EGFR. In good contrast to what
we experienced in breast cancer, early clinical trials of Herceptin combined with chemother‐
apy in lung cancer patients with HER2 overexpression did not show a benefit for patients.
However, there are case reports of lung cancer with HER2 mutations who have responded
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4.4. Receptor-type protein tyrosine kinase and lung cancer − Roles of EGFR

4.4.1. EGFR and lung cancer

Epidermal growth factor (EGF) receptor family is one type of RTKs, on which the tyrosine
residues phosphorylation lead to activation of downstream TK signaling that contributes to
cell proliferation, motility and invasion (Stella et al., 2012). The activation mutations on
EGFR gene are found in about 10-20% of advanced NSCLC cases and its protein overexpres‐
sion is found in more than 60% of all lung cancers (Lynch et al., 2004; Soria, et al., 2012).
Lynch et al. reported that EGFR mutation correlated with clinical responsiveness to the tyro‐
sine kinase inhibitor gefitinib (2004). Since these mutations lead to increased growth factor
signaling with susceptibility to the inhibitor, screening for such mutations in lung cancers
will identify patients who will have a response to gefitinib. To study a specific oncogenic
potential of EGFR mutant, the variant III (vIII) deletion, Ji et al. (2006a) produced Tet-op-
EGFRvIII; CCSP-rtTA mice, in which the EGFRvIII expression was induced in lung type II
pneumocytes upon dox administration. Mice developed atypical adenomatous hyperplasia
after 6-8 weeks of dox induction and progressed to lung adenocarcinomas after 16 weeks
with high activation of AKT and ERK signaling pathways. De-induction of EGFRvIII result‐
ed in significant tumor regression, supporting the requirement of continuous EGFRvIII ex‐
pression in lung tumorigenesis. Furthermore, by using an EGFR/ERB2 inhibitor HKI-272,
they found tumor volume in EGFRvIII ; CCSP-rtTA; Ink4a/Arf-/- mice was dramatically de‐
creased, suggesting a therapeutic strategy for lung cancers with EGFRvIII mutation by an ir‐
reversible EGFR inhibitor (Ji et al., 2006a). Politi et al. (2006) also studied the role of EGFR
mutations in the initiation and maintenance of lung cancer, and developed transgenic mice
that express an exon 19 deletion mutant (EGFR(ΔL747-S752)) or the L858R mutant
(EGFR(L858R)) in type II pneumocytes under the control of dox, and reported that expres‐
sion of either EGFR mutant lead to the development of lung AdCa. Ji et al. (2006b) later cre‐
ated bitransgenic mice with inducible expression in type II pneumocytes of two common
hEGFR mutants (hEGFRDEL and hEGFRL858R) seen in human lung cancer. Both bitransgenic
lines developed lung AdCa with hEGFR mutant expression, confirming their oncogenic po‐
tential. Maintenance of transformed phenotypes of these lung cancers was dependent on
sustained expression of the EGFR mutants. Treatment with small molecule inhibitors (erloti‐
nib or HKI-272) as well as a humanized anti-hEGFR antibody (cetuximab) led to dramatic
tumor regression (Ji et al., 2006b). Thus persistent EGFR signaling is required for tumor
maintenance in human lung AdCas expressing EGFR mutants. Li et al. (2007) generated an‐
other dox-inducible lung cancer mice model harboring both erlotinib sensitizing and resis‐
tence mutations L858R and T790M (EGFR TL). They found that specific expression of EGFR
TL in lung compartments led to the development of typical bronchioloalveolar carcinoma af‐
ter 4-5 weeks and peripheral adenocarcinoma after 7-9 weeks. Treatment of EGFR TL-driven
tumors is most effective when using combined regimen of HKI-272 and rapamycin, suggest‐
ing that this combination therapy may benefit pateints harboring erlotinib resistence EGFR
mutation (Li et al., 2007).
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4.5. HER2 and lung cancer

The c-ERBB2  gene is located on chromosome 17q11.2-12 and encodes Human Epidermal
Growth Factor Receptor 2 (HER2) (Hu et al., 2011). This is a transmembrane glycoprotein re‐
ceptor p185HER2, which has been targeted by the humanized monoclonal antibody trastuzu‐
mab (Herceptin). HER2 is amplified and overexpressed in approximately 25% of breast cancer
patients and is associated with an aggressive clinical course and poor prognosis. HER2 pro‐
tein overexpression without gene amplification happens in some cases, possibly due to pro‐
moter activation and/or protein stabilization. HER2 overexpression stimulates cell growth in
p53-mutated cells while it inhibits cell proliferation in those with wild-type p53. The molecular
mechanisms for these differential responses have recently been clarified: the Dmp1 promoter
was activated by HER2/neu through the PI3K-Akt-NF-κB pathway, which in turn stimulated
Arf transcription and p53 activation to prevent tumorigenesis. Conversely HER2 simply stim‐
ulate cell proliferation in cells that lack Dmp1, Arf, or p53 (Taneja et. al., 2010).

HER2 receptor overexpression has been reported in 11% to 32% of NSCLC tumors, with
gene amplification found in 2%-23% of cases (Hirsch et al., 2009; Swanton et al., 2006). High-
level ERBB2 amplification occurs in a small fraction of lung cancers with a strong propensity
to high-grade adenocarcinomas (Grob et al., 2012). The frequency of HER2 amplification in
NSCLC and the widespread availability of HER2 fluorescence in situ hybridization analysis
may justify a study of trastuzumab monotherapy in NSCLC cases. However, sensitivity to
HER2-directed therapies is complex and involves expression not only of HER2, but also of
other EGFR family members (HER1, HER2, and HER4), their ligands, and molecules that in‐
fluence pathway activity (Swanton et al., 2006). The role played by HER2 as a heterodimeri‐
zation partner for other EGFR family members makes HER2 an attractive target regardless
of receptor overexpression in lung cancer. However, targeted therapies in patients overex‐
pressing HER2 have proven less successful in clinical trials for NSCLC. One reason to ex‐
plain the failure is intratumoral heterogeneity of ERBB2 amplification, which was found in 4
of 10 cases (Grob et al., 2012). Of note, this heterogeneity is rare in breast cancer that re‐
sponds relatively well to anti-HER2 therapy. Laboratory data indicate that forced expression
of HER2 in a NSCLC line increases sensitivity to gefitinib. They speculated that this may re‐
sult from the gefitinib-mediated inhibition of HER2/HER3 heterodimerization and HER3
phosphorylation. It might thus be expected that combinatorial approaches, such as EGFR in‐
hibition (by gefitinib) together with HER2 dimerization blockade (by pertuzumab) may be
even more effective. Preclinical data indicate this may be the case, with the combination of
erlotinib and pertuzumab promoting more than additive antitumor activity in the NSCLC
(Swanton et al., 2006).

While HER2 is overexpressed in about 20% of lung cancers, mutations in HER2 also occur in
about 2-3% of cases. HER2 mutations typically occur in adenocarcinomas and are more fre‐
quent in women and never-smokers (Pinder, 2011). Mutations in HER2 lead to constitutive
activation of the HER2 receptor, similar to the situation with EGFR. In good contrast to what
we experienced in breast cancer, early clinical trials of Herceptin combined with chemother‐
apy in lung cancer patients with HER2 overexpression did not show a benefit for patients.
However, there are case reports of lung cancer with HER2 mutations who have responded

Genetically Engineered Mouse Models for Human Lung Cancer
http://dx.doi.org/10.5772/53721

41



well to treatment with Herceptin plus chemotherapy. For instance, BIBW2992 (a small mole‐
cule inhibitor of EGFR and HER2) has shown evidence of activity in lung cancer patients
with HER2 mutations. Most of the patients described had cancers that had shown resistance
to chemotherapy and/or EGFR inhibitors. More patients with SCLC should be screened for
HER2 mutations since the number of patients described to date is too small to draw any de‐
finitive conclusions (Pinder, 2011).

4.6. Cyclin D1 and lung cancer

The development of human lung carcinogenesis is very complex. Several oncogenes in‐
volved in this process have been identified, one of which is cyclin D1 (Meuwissen & Berns,
2005). Cyclin D1 is a crucial regulator in mammalian cell cycle, which drives cells to enter S
phase by binding and activating CDK4/6. The cyclin D1/CDK4 complex phosphorylates the
retinoblastoma protein (pRb), which releases E2F transcriptional factors from pRb con‐
straint. The E2Fs can then activate genes that are required for the cell to enter S phase (Sherr,
1996, 2004). Cyclin D1 overexpression results in deregulation of phosphorylation of pRB,
which can cause loss of growth control. In fact, Cyclin D1 gene and protein products are fre‐
quently overexpressed in a wide rang of cancers. In NSCLC, the CCND1 locus at 11q13 is
amplified in up to 32% of cases, and its protein is expressed at high level in average of 45%
of all cases (Gautschi et al., 2007).

The ability of cyclin D1 to cause malignant transformation has been demonstrated in breast
cancer transgenic mice model, in which MMTV-Cyclin D1 transgenic mice developed mam‐
mary AdCA (Wang et al., 1994). Just like in breast cancer, CCND1 is often found amplified
and overexpressed in NSCLC patients. It has been shown that cyclin D1 overexpression is a
marker for an increased risk of upper aerodigestive tract premalignant lesions for progress‐
ing to cancer (Kim et al., 2011). A polymorphism, G/A870, has been identified in the CCND1
gene and it results in an aberrantly spliced protein (Cyclin D1b) lacking the Thr-286 phos‐
phorylation site necessary for nuclear export (Diehl et al., 1997). It has been shown that the
MMTV-D1T286A (analogous to Cyclin D1b in humans) mice developed mammary AdCAs
at an increased rate relative to MMTV-D1 mice. Even though cyclin D1b was detected in all
NSCLC samples, and the G/A870 polymorphism in CCND1 gene is predictive of the risk of
lung malignancy (Gautschi et al., 2007), its impact on lung carcinogenesis has never been in‐
vestigated. Thus creation of mouse models for aberrant cyclin D1 expression in lung epithe‐
lial tissue is needed to test whether it is a key factor in the development of lung
carcinogenesis.

Cancer chemoprevention uses dietary or pharmaceutical agents to suppress or prevent car‐
cinogenic progression to invasive cancer. In a recent study, it was shown that a combination
of retinoid bexarotene and EGFR inhibitor erlotinib can suppress lung carcinogenesis in
transgenic lung cancer cells as well as NSCLC patients in both early and advanced stages.
Bexarotene can induce the proteasomal degradation of cyclin D1 and erlotinib can act as an
inhibitor of EGFR which represses transcription of cyclin D1 (Kim et al., 2011). This finding
implicates cyclin D1 as a chemopreventive target and the combination of bexarotene and er‐
lotinib is an attractive candidate for lung cancer chemoprevention (Dragnev et al., 2011). Be‐
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fore using this regimen in clinical lung cancer chemoprevention, its activity should first be
tested in clinically predictive cyclin D1 mouse lung cancer models.

4.7. PTEN and lung cancer

Since expression of phosphatase and tensin homologue deleted from chromosome 10
(PTEN; reviewed in Inoue et al., 2012) is often down regulated in NSCLC, several mice mod‐
els have been generated in which Pten was inactivated in the bronchial epithelium (Yanagi et
al., 2007; Iwanaga et al., 2008). PTEN is a tumor suppressor gene that acts by blocking the
PI3K dependent activation of serine-threonine kinase Akt (Inoue et al., 2012). Since Pten-/-

mice are embryonic lethal, one had to make use of floxed Pten alleles (Ptenflox/flox), combined
with CCSP-Cre transgene, targeting Pten deletion into bronchial epithelial cells. However,
these Ptenflox/flox;CCSP-Cre mice did not show any aberrant pulmonary development or phe‐
notypic abnormalities even when mice were followed for more than 12 months (Iwanaga et
al., 2008). This changed dramatically when the Ptenflox/flox;CCSP-Cre alleles were crossed with
LSLKrasG12D. Lung tumor development was markedly accelerated compared in Pten-/-;KrasG12D

mice to that of single LSLKrasG12D mice. Pten-deficient, Kras mutant tumors were often of the
more advanced AdCA with higher vascularity (Iwanaga et al., 2008), suggesting that Pten-
loss cooperates with Kras mutations in NSCLC. Contrary to these results were the findings
of another study in which Pten-inactivation was targeted in bronchioalveolar epithelium
with SPC-rtTA;tetO7-Cre (Yanagi et al., 2007). When dox was applied in utero at E10-16 dur‐
ing embryogenesis, most mice died post-natally from hypoxia. Their lungs showed an im‐
paired alveolar epithelial cell differentiation with an overall lung epithelial cell hyperplasia.
The few surviving mice developed spontaneous lung AdCAs. Post-natal dox application
during P21-27 resulted in a mild bronchiolar and alveolar cell hyperplasia and increased cell
size but no lethality. A majority of these animals developed AdCAs in comparison to WT
controls. Prior addition of urethane induced an even higher amount of AdCAs. Interesting‐
ly, most Pten-/- AdCAs (33%), with or without urethane addition, showed spontaneous Kras
mutations. The latter observation again indicates the importance of Kras activity in cooper‐
ating with Pten-loss during NSCLC development.

4.8. LKB1 and lung cancer − A novel player

Mutations in liver kinase B1 (LKB1) are found in Peutz–Jeghers syndrome (PJS) patients and
are characterized by intestinal polyps (hamartoma) and increased incidence of epithelial tu‐
mors, such as hamartomatous polyps in the gastrointestinal tract, as well as breast, colorec‐
tal, and thyroid cancers (Giardiello et al., 2000). It is a serine threonine kinase also known as
STK11 (Sanchez-Cespedes et al., 2002). LKB1 is a primary upstream kinase of adenine mono‐
phosphate-activated protein kinase (AMPK), a necessary element in cell metabolism that is
required for maintaining energy homeostasis. It is now clear that LKB1 exerts its growth
suppressing effects by activating a group of other ~14 kinases, creating a group of AMPK
and AMPK-related kinases. Activation of AMPK by LKB1 suppresses cell growth and prolif‐
eration when energy and nutrient levels are low. The LKB1 gene has been implicated in the
regulation of multiple biological processes, signaling pathways (Wei et al., 2005), and tu‐
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well to treatment with Herceptin plus chemotherapy. For instance, BIBW2992 (a small mole‐
cule inhibitor of EGFR and HER2) has shown evidence of activity in lung cancer patients
with HER2 mutations. Most of the patients described had cancers that had shown resistance
to chemotherapy and/or EGFR inhibitors. More patients with SCLC should be screened for
HER2 mutations since the number of patients described to date is too small to draw any de‐
finitive conclusions (Pinder, 2011).

4.6. Cyclin D1 and lung cancer

The development of human lung carcinogenesis is very complex. Several oncogenes in‐
volved in this process have been identified, one of which is cyclin D1 (Meuwissen & Berns,
2005). Cyclin D1 is a crucial regulator in mammalian cell cycle, which drives cells to enter S
phase by binding and activating CDK4/6. The cyclin D1/CDK4 complex phosphorylates the
retinoblastoma protein (pRb), which releases E2F transcriptional factors from pRb con‐
straint. The E2Fs can then activate genes that are required for the cell to enter S phase (Sherr,
1996, 2004). Cyclin D1 overexpression results in deregulation of phosphorylation of pRB,
which can cause loss of growth control. In fact, Cyclin D1 gene and protein products are fre‐
quently overexpressed in a wide rang of cancers. In NSCLC, the CCND1 locus at 11q13 is
amplified in up to 32% of cases, and its protein is expressed at high level in average of 45%
of all cases (Gautschi et al., 2007).

The ability of cyclin D1 to cause malignant transformation has been demonstrated in breast
cancer transgenic mice model, in which MMTV-Cyclin D1 transgenic mice developed mam‐
mary AdCA (Wang et al., 1994). Just like in breast cancer, CCND1 is often found amplified
and overexpressed in NSCLC patients. It has been shown that cyclin D1 overexpression is a
marker for an increased risk of upper aerodigestive tract premalignant lesions for progress‐
ing to cancer (Kim et al., 2011). A polymorphism, G/A870, has been identified in the CCND1
gene and it results in an aberrantly spliced protein (Cyclin D1b) lacking the Thr-286 phos‐
phorylation site necessary for nuclear export (Diehl et al., 1997). It has been shown that the
MMTV-D1T286A (analogous to Cyclin D1b in humans) mice developed mammary AdCAs
at an increased rate relative to MMTV-D1 mice. Even though cyclin D1b was detected in all
NSCLC samples, and the G/A870 polymorphism in CCND1 gene is predictive of the risk of
lung malignancy (Gautschi et al., 2007), its impact on lung carcinogenesis has never been in‐
vestigated. Thus creation of mouse models for aberrant cyclin D1 expression in lung epithe‐
lial tissue is needed to test whether it is a key factor in the development of lung
carcinogenesis.

Cancer chemoprevention uses dietary or pharmaceutical agents to suppress or prevent car‐
cinogenic progression to invasive cancer. In a recent study, it was shown that a combination
of retinoid bexarotene and EGFR inhibitor erlotinib can suppress lung carcinogenesis in
transgenic lung cancer cells as well as NSCLC patients in both early and advanced stages.
Bexarotene can induce the proteasomal degradation of cyclin D1 and erlotinib can act as an
inhibitor of EGFR which represses transcription of cyclin D1 (Kim et al., 2011). This finding
implicates cyclin D1 as a chemopreventive target and the combination of bexarotene and er‐
lotinib is an attractive candidate for lung cancer chemoprevention (Dragnev et al., 2011). Be‐

Oncogenesis, Inflammatory and Parasitic Tropical Diseases of the Lung42

fore using this regimen in clinical lung cancer chemoprevention, its activity should first be
tested in clinically predictive cyclin D1 mouse lung cancer models.

4.7. PTEN and lung cancer

Since expression of phosphatase and tensin homologue deleted from chromosome 10
(PTEN; reviewed in Inoue et al., 2012) is often down regulated in NSCLC, several mice mod‐
els have been generated in which Pten was inactivated in the bronchial epithelium (Yanagi et
al., 2007; Iwanaga et al., 2008). PTEN is a tumor suppressor gene that acts by blocking the
PI3K dependent activation of serine-threonine kinase Akt (Inoue et al., 2012). Since Pten-/-

mice are embryonic lethal, one had to make use of floxed Pten alleles (Ptenflox/flox), combined
with CCSP-Cre transgene, targeting Pten deletion into bronchial epithelial cells. However,
these Ptenflox/flox;CCSP-Cre mice did not show any aberrant pulmonary development or phe‐
notypic abnormalities even when mice were followed for more than 12 months (Iwanaga et
al., 2008). This changed dramatically when the Ptenflox/flox;CCSP-Cre alleles were crossed with
LSLKrasG12D. Lung tumor development was markedly accelerated compared in Pten-/-;KrasG12D

mice to that of single LSLKrasG12D mice. Pten-deficient, Kras mutant tumors were often of the
more advanced AdCA with higher vascularity (Iwanaga et al., 2008), suggesting that Pten-
loss cooperates with Kras mutations in NSCLC. Contrary to these results were the findings
of another study in which Pten-inactivation was targeted in bronchioalveolar epithelium
with SPC-rtTA;tetO7-Cre (Yanagi et al., 2007). When dox was applied in utero at E10-16 dur‐
ing embryogenesis, most mice died post-natally from hypoxia. Their lungs showed an im‐
paired alveolar epithelial cell differentiation with an overall lung epithelial cell hyperplasia.
The few surviving mice developed spontaneous lung AdCAs. Post-natal dox application
during P21-27 resulted in a mild bronchiolar and alveolar cell hyperplasia and increased cell
size but no lethality. A majority of these animals developed AdCAs in comparison to WT
controls. Prior addition of urethane induced an even higher amount of AdCAs. Interesting‐
ly, most Pten-/- AdCAs (33%), with or without urethane addition, showed spontaneous Kras
mutations. The latter observation again indicates the importance of Kras activity in cooper‐
ating with Pten-loss during NSCLC development.

4.8. LKB1 and lung cancer − A novel player

Mutations in liver kinase B1 (LKB1) are found in Peutz–Jeghers syndrome (PJS) patients and
are characterized by intestinal polyps (hamartoma) and increased incidence of epithelial tu‐
mors, such as hamartomatous polyps in the gastrointestinal tract, as well as breast, colorec‐
tal, and thyroid cancers (Giardiello et al., 2000). It is a serine threonine kinase also known as
STK11 (Sanchez-Cespedes et al., 2002). LKB1 is a primary upstream kinase of adenine mono‐
phosphate-activated protein kinase (AMPK), a necessary element in cell metabolism that is
required for maintaining energy homeostasis. It is now clear that LKB1 exerts its growth
suppressing effects by activating a group of other ~14 kinases, creating a group of AMPK
and AMPK-related kinases. Activation of AMPK by LKB1 suppresses cell growth and prolif‐
eration when energy and nutrient levels are low. The LKB1 gene has been implicated in the
regulation of multiple biological processes, signaling pathways (Wei et al., 2005), and tu‐
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morigenesis. It has been reported that LKB1 directly activates AMP-activated kinase and
regulates apoptosis in response to energy stress (Shaw et al., 2004).

A large fraction of NSCLC cells have germ-line mutations and impaired expression of LKB1.
LOH for LKB1 has been reported in more than 50% in lung cancer (Makowski & Hayes,
2008) and thus LKB1 inactivation is a common event for NSCLC (Sanchez-Cespedes et al.,
2002, Sanchez-Cespedes, 2007). The highest numbers of mutations were found in AdCAs, es‐
pecially in those with KRAS mutations (Matsumoto et al., 2007; Sanchez-Cespedes, 2007).
LKB1 inactivation cooperates with KRAS activation, suggesting a role for LKB1 as an active
repressor of the KRAS downstream pathway (Ji et al., 2007). Lkb1flox/flox;LSLKrasG12D mice
showed a broad spectrum of NSCLCs: the majority of lung tumors were AdCAs, but
SqCLCs and large cell carcinoma (LCLC) also occurred. Conversely, no SqCLC or LCLC was
detected in p53flox/flox;LSLKrasG12D and (Ink4a/Arf)flox/flox;LSLKrasG12D mice. Furthermore, 61% of
AdCA in Lkb1flox/flox;LSLKrasG12D mice developed metastases, but none found for SqCLC and
LCLC. These results show that LKB1-loss permits squamous differentiation and facilitates
metastases, but these two are independent events. AdCA from Lkb1 flox/flox;LSLKrasG12D mice
had reduced pAMPK (phosphorylated, adenosyl monophosphate-activated protein kinase)
and pACCA (phosphorylated, acetyl-CoA carboxylase α-subunit) levels and activated
mTOR pathway. It is probable that LKB1-loss influences differentiation of NSCLC into sub‐
types by affecting discrete pathways (Shah et al., 2008). A large panel of human NSCLC
showed LKB1 mutations in AdCA (34%), SqCLC (19%), and LCC (16%) (Ji et al., 2007). Si‐
multaneous mutations in p53 and LKB1 suggest non-overlapping roles in NSCLC. Moreover,
reconstitution of LKB1 in human NSCLC cell lines showed anti-tumor effects independent
of their p53 or INK4A/ARF status (Ji et al., 2007). Finally, loss of LKB1 expression in alveolar
adenomatous hyperplasia, precursor lesion for AdCA, suggests an early role of LKB1-inacti‐
vation during AdCA development (Ghaffar et al., 2003).

The same group conducted a mouse trial that mirrors a human clinical trial in patients with
KRAS-mutant lung cancers (Chen et al., 2012). They demonstrated that simultaneous loss of
either p53 or Lkb1, strikingly weakened the response of Kras-mutant cancers to single thera‐
py by docetaxel. Addition of selumetinib provided substantial benefit for mice with lung
cancer caused by Kras and Kras and p53 mutations, but not in mice with Kras and Lkb1 muta‐
tions (Chen et al., 2012). Thus synchronous ‘clinical’ trials performed in mice, not only will
be useful to anticipate the results of ongoing human clinical trials, but also to generate clini‐
cally-relevant hypotheses that will affect the analysis and design of human studies.

4.9. miRNAs and lung cancer

Not only might genetic mutations in oncogenes and tumor suppressor genes affect their tar‐
get gene expression during lung tumorigenesis, but also microRNAs (miRNAs) can also per‐
form similar roles. microRNAs are evolutionarily conserved, endogenous, non-protein
coding, 20–23 nucleotide, single-stranded RNAs that negatively regulate gene expression in
a sequence-specific manner. In order to become active, small interfering RNA (siRNA) must
undergo catalytic cleavage by the RNase DICER1. In human lung cancer, increased activities
of DICER1 and variant regulations of miRNA clusters have been observed. For the latter, a
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frequent down regulation of the let-7 miRNA family as well as an upregulation of miR-17-92
have been reported (Hayashita et al., 2005). miR-17-92 encodes a cluster of seven miRNAs
transcribed as single primary transcript. To date, functional analyses of Dicer1 and let-7 have
been performed in the background Kras-induced NSCLC models. A conditional deletion of
Dicer1 in the background of LSLKrasG12D;Dicer1flox/flox mice let to a marked increase of tumor
development (Kumar et al., 2007). However, since the 3′ UTR region of Kras transcripts has
been shown to be a direct target of let-7 (Johnson et al., 2005), it has become very tempting to
increase let-7 expression in KrasG12D lung tumors. let-7 inhibits the growth of multiple human
lung cancer cell lines in culture, as well as the growth of lung cancer cell xenografts in vivo.
Intranasal application of both adenoviral (Esquela-Kerscher et al., 2008) and lentiviral (Ku‐
mar et al., 2008) let-7 miRNA caused a significant decrease of KrasG12D;p53-/- lung tumors.
These findings provide direct evidence that let-7 acts as a tumor suppressor gene in the lung
and indicate that this miRNA might be useful as a novel therapeutic agent in lung cancer.

A large scale survey conducted by a different group to determine the miRNA signature of
>500 lung, breast, stomach, prostate, colon, and pancreatic cancers and their normal adjacent
tissue revealed that miR-21 was the only miRNA up-regulated in all these tumors (Volinia et
al., 2006). Functional studies in cancer cell lines suggest that miR-21 has oncogenic activity.
Knockdown of miR-21 in cultured glioblastoma cells activated caspases leading to apoptotic
cell death, suggesting miR-21 is an anti-apoptotic factor (Chan et al., 2005). In MCF-7 cells,
miR-21 knock-down resulted in suppression of cell growth both in vitro and in vivo (Si et al.,
2007). Knock-down of miR-21 in the breast cancer cells reduced invasion and metastasis
(Zhu et al., 2008). Targeted deletion of miR-21 colon cancer cells resulted in tumorigenesis
through compromising cell cycle progression and DNA damage-induced checkpoint func‐
tion by targeting Cdc25a (Wang et al., 2009). miR-21 expression is increased and predicts
poor survival in NSCLC. Hatley et al. used transgenic mice with loss-of-function and gain-
of-function miR-21 alleles combined with a model of NSCLC (K-rasLA2) to determine the role
of miR-21 in lung cancer (Hatley et al., 2010). They showed that overexpression of miR-21
enhances lung tumorigenesis and that genetic deletion of miR-21 protects against tumor for‐
mation. miR-21 drives tumorigenesis through inhibition of negative regulators of the
Ras/MEK/ERK pathway and inhibition of apoptosis (Hatley et al., 2010). These studies indi‐
cate that knocking-down of miR-21 expression in cancer cells results in phenotypes impor‐
tant for tumor biology.

Hennessey et al. (2012) conducted Phase I/II biomarker study to examine the feasibility of
using serum miRNA as biomarkers for NSCLC. Examination of miRNA expression levels in
serum from a multi-institutional cohort of 50 subjects (30 NSCLC patients and 20 healthy
controls) identified differentially expressed miRNAs. They found that 140 candidate miRNA
pairs distinguished NSCLC from healthy controls with a sensitivity and specificity of at least
80% each. Several miRNA pairs involving miRNAs-106a, miR-15b, miR-27b, miR-142-3p,
miR-26b, miR-182, 126#, let7g, let-7i (described above) and miR-30e-5p exhibited a negative
predictive value and a positive predictive value of 100%. Notably, a combination of two dif‐
ferentially expressed miRNAs miR-15b and miR-27b, was able to discriminate NSCLC from
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morigenesis. It has been reported that LKB1 directly activates AMP-activated kinase and
regulates apoptosis in response to energy stress (Shaw et al., 2004).

A large fraction of NSCLC cells have germ-line mutations and impaired expression of LKB1.
LOH for LKB1 has been reported in more than 50% in lung cancer (Makowski & Hayes,
2008) and thus LKB1 inactivation is a common event for NSCLC (Sanchez-Cespedes et al.,
2002, Sanchez-Cespedes, 2007). The highest numbers of mutations were found in AdCAs, es‐
pecially in those with KRAS mutations (Matsumoto et al., 2007; Sanchez-Cespedes, 2007).
LKB1 inactivation cooperates with KRAS activation, suggesting a role for LKB1 as an active
repressor of the KRAS downstream pathway (Ji et al., 2007). Lkb1flox/flox;LSLKrasG12D mice
showed a broad spectrum of NSCLCs: the majority of lung tumors were AdCAs, but
SqCLCs and large cell carcinoma (LCLC) also occurred. Conversely, no SqCLC or LCLC was
detected in p53flox/flox;LSLKrasG12D and (Ink4a/Arf)flox/flox;LSLKrasG12D mice. Furthermore, 61% of
AdCA in Lkb1flox/flox;LSLKrasG12D mice developed metastases, but none found for SqCLC and
LCLC. These results show that LKB1-loss permits squamous differentiation and facilitates
metastases, but these two are independent events. AdCA from Lkb1 flox/flox;LSLKrasG12D mice
had reduced pAMPK (phosphorylated, adenosyl monophosphate-activated protein kinase)
and pACCA (phosphorylated, acetyl-CoA carboxylase α-subunit) levels and activated
mTOR pathway. It is probable that LKB1-loss influences differentiation of NSCLC into sub‐
types by affecting discrete pathways (Shah et al., 2008). A large panel of human NSCLC
showed LKB1 mutations in AdCA (34%), SqCLC (19%), and LCC (16%) (Ji et al., 2007). Si‐
multaneous mutations in p53 and LKB1 suggest non-overlapping roles in NSCLC. Moreover,
reconstitution of LKB1 in human NSCLC cell lines showed anti-tumor effects independent
of their p53 or INK4A/ARF status (Ji et al., 2007). Finally, loss of LKB1 expression in alveolar
adenomatous hyperplasia, precursor lesion for AdCA, suggests an early role of LKB1-inacti‐
vation during AdCA development (Ghaffar et al., 2003).

The same group conducted a mouse trial that mirrors a human clinical trial in patients with
KRAS-mutant lung cancers (Chen et al., 2012). They demonstrated that simultaneous loss of
either p53 or Lkb1, strikingly weakened the response of Kras-mutant cancers to single thera‐
py by docetaxel. Addition of selumetinib provided substantial benefit for mice with lung
cancer caused by Kras and Kras and p53 mutations, but not in mice with Kras and Lkb1 muta‐
tions (Chen et al., 2012). Thus synchronous ‘clinical’ trials performed in mice, not only will
be useful to anticipate the results of ongoing human clinical trials, but also to generate clini‐
cally-relevant hypotheses that will affect the analysis and design of human studies.

4.9. miRNAs and lung cancer

Not only might genetic mutations in oncogenes and tumor suppressor genes affect their tar‐
get gene expression during lung tumorigenesis, but also microRNAs (miRNAs) can also per‐
form similar roles. microRNAs are evolutionarily conserved, endogenous, non-protein
coding, 20–23 nucleotide, single-stranded RNAs that negatively regulate gene expression in
a sequence-specific manner. In order to become active, small interfering RNA (siRNA) must
undergo catalytic cleavage by the RNase DICER1. In human lung cancer, increased activities
of DICER1 and variant regulations of miRNA clusters have been observed. For the latter, a
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frequent down regulation of the let-7 miRNA family as well as an upregulation of miR-17-92
have been reported (Hayashita et al., 2005). miR-17-92 encodes a cluster of seven miRNAs
transcribed as single primary transcript. To date, functional analyses of Dicer1 and let-7 have
been performed in the background Kras-induced NSCLC models. A conditional deletion of
Dicer1 in the background of LSLKrasG12D;Dicer1flox/flox mice let to a marked increase of tumor
development (Kumar et al., 2007). However, since the 3′ UTR region of Kras transcripts has
been shown to be a direct target of let-7 (Johnson et al., 2005), it has become very tempting to
increase let-7 expression in KrasG12D lung tumors. let-7 inhibits the growth of multiple human
lung cancer cell lines in culture, as well as the growth of lung cancer cell xenografts in vivo.
Intranasal application of both adenoviral (Esquela-Kerscher et al., 2008) and lentiviral (Ku‐
mar et al., 2008) let-7 miRNA caused a significant decrease of KrasG12D;p53-/- lung tumors.
These findings provide direct evidence that let-7 acts as a tumor suppressor gene in the lung
and indicate that this miRNA might be useful as a novel therapeutic agent in lung cancer.

A large scale survey conducted by a different group to determine the miRNA signature of
>500 lung, breast, stomach, prostate, colon, and pancreatic cancers and their normal adjacent
tissue revealed that miR-21 was the only miRNA up-regulated in all these tumors (Volinia et
al., 2006). Functional studies in cancer cell lines suggest that miR-21 has oncogenic activity.
Knockdown of miR-21 in cultured glioblastoma cells activated caspases leading to apoptotic
cell death, suggesting miR-21 is an anti-apoptotic factor (Chan et al., 2005). In MCF-7 cells,
miR-21 knock-down resulted in suppression of cell growth both in vitro and in vivo (Si et al.,
2007). Knock-down of miR-21 in the breast cancer cells reduced invasion and metastasis
(Zhu et al., 2008). Targeted deletion of miR-21 colon cancer cells resulted in tumorigenesis
through compromising cell cycle progression and DNA damage-induced checkpoint func‐
tion by targeting Cdc25a (Wang et al., 2009). miR-21 expression is increased and predicts
poor survival in NSCLC. Hatley et al. used transgenic mice with loss-of-function and gain-
of-function miR-21 alleles combined with a model of NSCLC (K-rasLA2) to determine the role
of miR-21 in lung cancer (Hatley et al., 2010). They showed that overexpression of miR-21
enhances lung tumorigenesis and that genetic deletion of miR-21 protects against tumor for‐
mation. miR-21 drives tumorigenesis through inhibition of negative regulators of the
Ras/MEK/ERK pathway and inhibition of apoptosis (Hatley et al., 2010). These studies indi‐
cate that knocking-down of miR-21 expression in cancer cells results in phenotypes impor‐
tant for tumor biology.

Hennessey et al. (2012) conducted Phase I/II biomarker study to examine the feasibility of
using serum miRNA as biomarkers for NSCLC. Examination of miRNA expression levels in
serum from a multi-institutional cohort of 50 subjects (30 NSCLC patients and 20 healthy
controls) identified differentially expressed miRNAs. They found that 140 candidate miRNA
pairs distinguished NSCLC from healthy controls with a sensitivity and specificity of at least
80% each. Several miRNA pairs involving miRNAs-106a, miR-15b, miR-27b, miR-142-3p,
miR-26b, miR-182, 126#, let7g, let-7i (described above) and miR-30e-5p exhibited a negative
predictive value and a positive predictive value of 100%. Notably, a combination of two dif‐
ferentially expressed miRNAs miR-15b and miR-27b, was able to discriminate NSCLC from
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healthy volunteers with high sensitivity, specificity (Hennessey et al., 2012). Upon further
testing on additional 130 subjects, this miRNA pair predicted NSCLC with a specificity of
84%, sensitivity of 100%. These data provide evidence that serum miRNAs have the poten‐
tial to be sensitive, cost-effective biomarkers for the early detection of NSCLC.

5. Mouse models for squamous cell lung cancer (SqCLC)

So far genomic alterations in SqCLC have not been comprehensively characterized. The
Cancer Genome Atlas group recently profiled 178 lung squamous cell carcinomas to provide
a comprehensive view of genomic and epigenomic alterations (Hammerman et al., 2012).
They showed that the SqCLC is characterized by hundreds of exonic mutations, genomic re‐
arrangements, and gene copy number alterations. In addition to TP53 mutations found in
nearly all specimens, loss-of-function mutations were found in the HLA-A class I gene. In
addition, Nuclear factor (erythroid-derived 2)-like 2, Kelch-like ECH-associated protein 1, Squamous
differentiation, and Phosphatidylinositol-3-OH kinase pathway genes were frequently altered.
CDKN2A and RB1 genes were inactivated in as many as 72% of SqCLC cases. This compre‐
hensive study identified a potential therapeutic target in most tumors, offering new avenues
of investigation for the treatment of human SqCLC (Hammerman et al., 2012).

Although squamous cell carcinoma is a common type of lung cancer causing nearly 400,000
deaths per year worldwide, there is no established gene-engineered mouse model for squa‐
mous cell carcinoma of the lung. Human lung SqCLC is closely linked with smoking and
shows a distinct order of pre-malignant changes in the bronchial epithelium from hyperpla‐
sia, metaplasia, dysplasia and carcinoma in situ to invasive and metastatic SqCLC (Brambilla
et al., 2000). A better understanding of the cell of origin that give rise to SqCLC and identifi‐
cation of unique genetic alterations that are specific to lung squamous cell carcinoma as re‐
ported by the comprehensive study might help to create SqCLC mouse models. One
important issue that should be taken into account is that normal human or mouse lungs do
not contain squamous epithelium. Mice do not smoke, so only under pathological condi‐
tions does squamous metaplasia accompanied by high expression levels of keratins occur in
the airway epithelium (Wistuba et al., 2002, 2003). Only a few mouse models reported the
onset of SqCLC, mostly after carcinogen application. For instance, intratracheal intubation of
methyl carbamate (Jetten et al., 1992) or extensive topical application of N-nitroso-com‐
pounds (Nettesheim et al., 1971; Rehm et al., 1991) caused SqCLC in mice. Wang et al. (2004)
treated eight different inbred strains of mice with N-nitroso-tris-chloroethylurea by skin
painting and found that this chemical induced SqCLCs in five strains (SWR, Swiss, A/J,
BALB/c, and FVB), but not in the others (AKR, 129/svJ, and C57BL/6). Besides, specific loci
for SqCLC susceptibility have been identified through linkage analyses in several mice
strains (Wang et al., 2004), using 6,128 markers in publically available databases. Three
markers (D1Mit169, D3Mit178, and D18Mit91) were found significantly associated with sus‐
ceptibility to SqCLC. Interestingly, none of these sites overlapped with the major suscepti‐
bility loci associated with lung adenoma/adenocarcinomas in mice indicating that different
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sets of genes are responsible for SqCLC and AdCA. Their model can be used in determining
genetic modifiers that contribute to susceptibility or resistance to SqCLC development.

The other group tried to induce SqCLC through constitutive expression of human K14 by
creating CC10-hK14 mice (Dakir et al., 2008). Although hK14 is highly expressed in bronchial
epithelium, only precursor lesions varying from hyperplasia to squamous metaplasia were
observed (Dakir et al., 2008). Clearly, the increased K14 expression and onset of squamous
cell metaplasia alone was not sufficient to generate fully developed SqCLC. As far as trans‐
genic/knockout mice models are concerned, only the LSLKrasG12D;Lkb1flox/flox somatic mouse
model has been able to generate advanced SqCLC. By using a somatically activatable mu‐
tant Kras-driven model of mouse lung cancer (K-rasLA), Ji et al. (2007) compared the role of
Lkb1 to other tumor suppressors in lung cancer. Although Kras mutation cooperated with
loss of p53 or Ink4a/Arf in this system, the strongest cooperation was seen with homozygous
inactivation of Lkb1. Lkb1-deficient tumors demonstrated shorter latency, an expanded histo‐
logical spectrum (adeno-, squamous, and large-cell carcinoma) and more frequent metasta‐
sis as compared to tumors lacking p53 or Ink4a/Arf. Interestingly up to 60% of Lkb1 deficient
lung tumors had squamous or mixed squamous histology (Ji et al., 2007), which has not been
reported in other mouse lung cancer models. Pulmonary tumorigenesis was also accelerated
by hemizygous inactivation of Lkb1, confirming its haplo-insufficiency. Consistent with
these findings, inactivation of LKB1 was found in 34% and 19% of 144 human lung adeno‐
carcinomas and squamous cell carcinomas, respectively. They also identified a variety of
metastasis-promoting genes, such as NEDD9, VEGFC and CD24, as targets of LKB1 repres‐
sion in lung cancer. These studies established LKB1 as a critical barrier to prevent lung carci‐
nogenesis, controlling initiation, differentiation and metastasis (Ji et al., 2007).

6. Clinical implications and future directions for mouse lung cancer
models

Xenograft models where manipulated human lung cancer cell lines are subcutaneously in‐
jected into nude mice have been extensively used for pre-clinical testing of novel drugs for
lung cancer. The major issue for this approach is that lung cancer cell lines have already
been adapted for long-term culture in a plastic dish with artificial medium and acquired
stem-cell like phenotypes, and thus are not suitable for models of primary human lung can‐
cer obtained by surgical resection. The more preferred method, however, have been ortho‐
topical transplantation of human lung tumor cells in their lung cavity. To date, the results
have shown that xenograft models do not accurately predict the clinical efficacy of anti-tu‐
mor drugs. Therefore, a question arises as to whether spontaneous and/or genetically-engi‐
neered mouse models for lung cancer would be more useful as tools for pre-clinical drug
tests. It is obvious that there are differences in the lung anatomy and physiology between
mice and humans, but some of the mouse models that we have described have a striking
histological similarity, with an analogous genetic signature to that of human NSCLC. Impor‐
tantly, genetically-engineered mouse model-derived tumors develop in an innate immune
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healthy volunteers with high sensitivity, specificity (Hennessey et al., 2012). Upon further
testing on additional 130 subjects, this miRNA pair predicted NSCLC with a specificity of
84%, sensitivity of 100%. These data provide evidence that serum miRNAs have the poten‐
tial to be sensitive, cost-effective biomarkers for the early detection of NSCLC.

5. Mouse models for squamous cell lung cancer (SqCLC)

So far genomic alterations in SqCLC have not been comprehensively characterized. The
Cancer Genome Atlas group recently profiled 178 lung squamous cell carcinomas to provide
a comprehensive view of genomic and epigenomic alterations (Hammerman et al., 2012).
They showed that the SqCLC is characterized by hundreds of exonic mutations, genomic re‐
arrangements, and gene copy number alterations. In addition to TP53 mutations found in
nearly all specimens, loss-of-function mutations were found in the HLA-A class I gene. In
addition, Nuclear factor (erythroid-derived 2)-like 2, Kelch-like ECH-associated protein 1, Squamous
differentiation, and Phosphatidylinositol-3-OH kinase pathway genes were frequently altered.
CDKN2A and RB1 genes were inactivated in as many as 72% of SqCLC cases. This compre‐
hensive study identified a potential therapeutic target in most tumors, offering new avenues
of investigation for the treatment of human SqCLC (Hammerman et al., 2012).

Although squamous cell carcinoma is a common type of lung cancer causing nearly 400,000
deaths per year worldwide, there is no established gene-engineered mouse model for squa‐
mous cell carcinoma of the lung. Human lung SqCLC is closely linked with smoking and
shows a distinct order of pre-malignant changes in the bronchial epithelium from hyperpla‐
sia, metaplasia, dysplasia and carcinoma in situ to invasive and metastatic SqCLC (Brambilla
et al., 2000). A better understanding of the cell of origin that give rise to SqCLC and identifi‐
cation of unique genetic alterations that are specific to lung squamous cell carcinoma as re‐
ported by the comprehensive study might help to create SqCLC mouse models. One
important issue that should be taken into account is that normal human or mouse lungs do
not contain squamous epithelium. Mice do not smoke, so only under pathological condi‐
tions does squamous metaplasia accompanied by high expression levels of keratins occur in
the airway epithelium (Wistuba et al., 2002, 2003). Only a few mouse models reported the
onset of SqCLC, mostly after carcinogen application. For instance, intratracheal intubation of
methyl carbamate (Jetten et al., 1992) or extensive topical application of N-nitroso-com‐
pounds (Nettesheim et al., 1971; Rehm et al., 1991) caused SqCLC in mice. Wang et al. (2004)
treated eight different inbred strains of mice with N-nitroso-tris-chloroethylurea by skin
painting and found that this chemical induced SqCLCs in five strains (SWR, Swiss, A/J,
BALB/c, and FVB), but not in the others (AKR, 129/svJ, and C57BL/6). Besides, specific loci
for SqCLC susceptibility have been identified through linkage analyses in several mice
strains (Wang et al., 2004), using 6,128 markers in publically available databases. Three
markers (D1Mit169, D3Mit178, and D18Mit91) were found significantly associated with sus‐
ceptibility to SqCLC. Interestingly, none of these sites overlapped with the major suscepti‐
bility loci associated with lung adenoma/adenocarcinomas in mice indicating that different
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sets of genes are responsible for SqCLC and AdCA. Their model can be used in determining
genetic modifiers that contribute to susceptibility or resistance to SqCLC development.

The other group tried to induce SqCLC through constitutive expression of human K14 by
creating CC10-hK14 mice (Dakir et al., 2008). Although hK14 is highly expressed in bronchial
epithelium, only precursor lesions varying from hyperplasia to squamous metaplasia were
observed (Dakir et al., 2008). Clearly, the increased K14 expression and onset of squamous
cell metaplasia alone was not sufficient to generate fully developed SqCLC. As far as trans‐
genic/knockout mice models are concerned, only the LSLKrasG12D;Lkb1flox/flox somatic mouse
model has been able to generate advanced SqCLC. By using a somatically activatable mu‐
tant Kras-driven model of mouse lung cancer (K-rasLA), Ji et al. (2007) compared the role of
Lkb1 to other tumor suppressors in lung cancer. Although Kras mutation cooperated with
loss of p53 or Ink4a/Arf in this system, the strongest cooperation was seen with homozygous
inactivation of Lkb1. Lkb1-deficient tumors demonstrated shorter latency, an expanded histo‐
logical spectrum (adeno-, squamous, and large-cell carcinoma) and more frequent metasta‐
sis as compared to tumors lacking p53 or Ink4a/Arf. Interestingly up to 60% of Lkb1 deficient
lung tumors had squamous or mixed squamous histology (Ji et al., 2007), which has not been
reported in other mouse lung cancer models. Pulmonary tumorigenesis was also accelerated
by hemizygous inactivation of Lkb1, confirming its haplo-insufficiency. Consistent with
these findings, inactivation of LKB1 was found in 34% and 19% of 144 human lung adeno‐
carcinomas and squamous cell carcinomas, respectively. They also identified a variety of
metastasis-promoting genes, such as NEDD9, VEGFC and CD24, as targets of LKB1 repres‐
sion in lung cancer. These studies established LKB1 as a critical barrier to prevent lung carci‐
nogenesis, controlling initiation, differentiation and metastasis (Ji et al., 2007).

6. Clinical implications and future directions for mouse lung cancer
models

Xenograft models where manipulated human lung cancer cell lines are subcutaneously in‐
jected into nude mice have been extensively used for pre-clinical testing of novel drugs for
lung cancer. The major issue for this approach is that lung cancer cell lines have already
been adapted for long-term culture in a plastic dish with artificial medium and acquired
stem-cell like phenotypes, and thus are not suitable for models of primary human lung can‐
cer obtained by surgical resection. The more preferred method, however, have been ortho‐
topical transplantation of human lung tumor cells in their lung cavity. To date, the results
have shown that xenograft models do not accurately predict the clinical efficacy of anti-tu‐
mor drugs. Therefore, a question arises as to whether spontaneous and/or genetically-engi‐
neered mouse models for lung cancer would be more useful as tools for pre-clinical drug
tests. It is obvious that there are differences in the lung anatomy and physiology between
mice and humans, but some of the mouse models that we have described have a striking
histological similarity, with an analogous genetic signature to that of human NSCLC. Impor‐
tantly, genetically-engineered mouse model-derived tumors develop in an innate immune
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environment and, therefore, have all the tumor-stromal interactions, such as angiogenesis
and degradation of the tissue matrix.

We have described two models for NSCLC in which either the continuous oncogenic activi‐
ty of Kras (Fisher et al, 2001) or EGFR (Politi et al, 2006) are prerequisites of tumor mainte‐
nance since lung tumors underwent spontaneous regression with disappearance of the
oncogene by dox withdrawal. This not only shows that tumor growth critically depends on
the initiating active oncogenic pathways, but it also stresses the usefulness of these oncogen‐
ic pathways as therapeutic targets. Direct tumor intervention studies with tyrosine kinase
inhibitors against EGFR mutations proved to be highly effective in several hEGFR-transgen‐
ic mouse models. TKIs such as gefitinib, erlotinib, and HKI-272 led to complete tumor re‐
gression (Politi et al., 2006; Ji et al., 2006a,b). In addition, treatment of lung cancer with
humanized anti-hEGFR antibody (cetuximab) caused a significant tumor regression (Ji et al.,
2006a). Further studies will be needed to investigate the signaling cascades that determine
the sensitivity and resistance to EGFR-related tyrosine kinase interventions.

Other mouse models for NSCLC have also been used for targeted therapies. First, dox-in‐
duced overexpression of the PI3K p110α catalytic subunit PIK3CA, mutated in its kinase do‐
main (H1047R) in CCSP-rtTA;tetO7-PIK3CA(H1047R) mice, induces adenocarcinomas
(Engelman et al., 2008). Treatment of these lung tumors with NVP-BEZ235, a dual pan-PI3K
and mammalian target of rapamycin (mTOR) inhibitor, caused a marked lung tumor regres‐
sion. Interestingly, when this single agent NVP6-BEZ235 was tested on lung tumors in
CCSP-rtTA;tetO7-KrasG12D mice, no regression was observed. However, when NVP-BEZ235
was combined with MEK inhibitor ARRY-142886, significant regression of KrasG12D tumors
occurred (Engelman et al., 2008). Thus, two major RAS downstream effector pathways need‐
ed to be inactivated to get an irreversible regression in Ras mutated NSCLC.

Although K-RAS is mutated in ~30% of human NSCLC, direct targeting of RAS has been un‐
successful for lung cancer therapy. Many small molecules against Ras functions have been
tested and farnesyl transferase inhibitors are the most marked examples of these failed at‐
tempts (Mahgoub et al., 1999; Omer et al., 2000). Recent results with lung cancer mouse mod‐
els strongly suggest that KRAS4A, and not KRAS4B is driving the onset of NSCLC. An
explanation for this failure can thus be attributed to the fact that only KRAS4B is farnesylat‐
ed, but not its isoform KRAS4A. Although we still have to study if KRAS4A is important in
the pathogenesis of human NSCLC, we can imagine the importance of Kras mouse models
in testing functional inhibitiors for KRAS4A (To et al., 2008).

The use of optimized, genetically-modified mouse models for lung cancer for therapy re‐
search necessitates sophisticated non-invasive tools to follow tumor development and re‐
sponse to therapy in vivo. Measurement of tumor size as a function of time is the most
obvious way of doing this and existing techniques such as computed-tomography imaging
or magnetic resonance imaging for small animals are now in use (Engelman et al., 2008; Po‐
liti et al., 2006). However, these techniques are time-consuming and expensive, making them
less suitable for large number of animals. Other techniques, such as fluorescence imaging
and bioluminescence, can be used for measuring gene expression or tumor growth in vivo
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(Contag et al., 2000; Hadjantonakis et al., 2003). In case of latter studies, transgenic expression
of luciferase allows accurate longitudinal monitoring and good quantification of tumor bur‐
den as has been shown in the LSL Kras lung tumor model (Jackson et al., 2001). These novel
imaging techniques will greatly enhance the accuracy and reproducibility of mouse models.

Transgenic lung cancer models created by Chen et al. (2002) can be applied to clinics by rais‐
ing Ron-specific antibodies. O'Toole et al. (2006) conducted an antibody phage display li‐
brary to generate a human IgG1 antibody IMC-41A10 that binds with high affinity to RON
and effectively blocks interaction with its ligand, macrophage-stimulating protein. They
found IMC-41A10 to be a potent inhibitor of receptor and downstream signaling, cell migra‐
tion, and tumorigenesis. It antagonized MSP-induced phosphorylation of RON, MAPK, and
AKT in several cancer cell lines. In NCI-H292 lung cancer xenograft tumor models,
IMC-41A10 inhibited tumor growth by 50% to 60% as a single agent. This antibody should
be tested in vivo using the SPC-RON mice with developing lung AdCAs.

Recent strategies showed the importance of aberrant promoter methylation in lung cancer
development, such a p16INK4a, Death-associated protein kinase 1, and, RAS association domain
family 1A (Shames et al., 2006). Since chronic inflammations have been implicated in cancer
pathogenesis (Shacter & Weitzman, 2002), altered methylation for lung surfactant proteins
are good topics for future lung cancer studies; their signatures may serve as valuable mark‐
ers in lung cancer detection. The lung surfactant protein (SP) genes, SP-A and SP-D have
been identified with high throughput approach that showed an altered methylation pattern
in lung cancer compared to normal lung tissue (Vaid & Floros, 2009). However, SP-A-defi‐
cient mice were able to survive with no apparent pathology in a sterile environment (Korf‐
hagen et al., 1996), although their pulmonary immune responses were insufficient during
immune challenge. SP-D-deficient mice, on the other hand, showed phenotypic abnormali‐
ties in alveolar macrophages and type II pneumocytes with increased lipid pools, indicating
that SP-D has an important role in surfactant homeostasis (Botas et al., 1998). Paradoxically
overexpression of SP-A and/or SP-D as a result of promoter hypomethylation has also been
reported in lung cancer suggesting that it is critical to keep these protein levels within phys‐
iological ranges to prevent neoplastic transformation. Since the role of these lung surfactant
proteins in lung carcinogenesis has never been studied in vivo, it will be worthwhile to cross
lung surfactant-deficient mice with available transgenic/knockout strains to elucidate the
roles of surfactant proteins in lung cancer initiation and development.
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environment and, therefore, have all the tumor-stromal interactions, such as angiogenesis
and degradation of the tissue matrix.

We have described two models for NSCLC in which either the continuous oncogenic activi‐
ty of Kras (Fisher et al, 2001) or EGFR (Politi et al, 2006) are prerequisites of tumor mainte‐
nance since lung tumors underwent spontaneous regression with disappearance of the
oncogene by dox withdrawal. This not only shows that tumor growth critically depends on
the initiating active oncogenic pathways, but it also stresses the usefulness of these oncogen‐
ic pathways as therapeutic targets. Direct tumor intervention studies with tyrosine kinase
inhibitors against EGFR mutations proved to be highly effective in several hEGFR-transgen‐
ic mouse models. TKIs such as gefitinib, erlotinib, and HKI-272 led to complete tumor re‐
gression (Politi et al., 2006; Ji et al., 2006a,b). In addition, treatment of lung cancer with
humanized anti-hEGFR antibody (cetuximab) caused a significant tumor regression (Ji et al.,
2006a). Further studies will be needed to investigate the signaling cascades that determine
the sensitivity and resistance to EGFR-related tyrosine kinase interventions.

Other mouse models for NSCLC have also been used for targeted therapies. First, dox-in‐
duced overexpression of the PI3K p110α catalytic subunit PIK3CA, mutated in its kinase do‐
main (H1047R) in CCSP-rtTA;tetO7-PIK3CA(H1047R) mice, induces adenocarcinomas
(Engelman et al., 2008). Treatment of these lung tumors with NVP-BEZ235, a dual pan-PI3K
and mammalian target of rapamycin (mTOR) inhibitor, caused a marked lung tumor regres‐
sion. Interestingly, when this single agent NVP6-BEZ235 was tested on lung tumors in
CCSP-rtTA;tetO7-KrasG12D mice, no regression was observed. However, when NVP-BEZ235
was combined with MEK inhibitor ARRY-142886, significant regression of KrasG12D tumors
occurred (Engelman et al., 2008). Thus, two major RAS downstream effector pathways need‐
ed to be inactivated to get an irreversible regression in Ras mutated NSCLC.

Although K-RAS is mutated in ~30% of human NSCLC, direct targeting of RAS has been un‐
successful for lung cancer therapy. Many small molecules against Ras functions have been
tested and farnesyl transferase inhibitors are the most marked examples of these failed at‐
tempts (Mahgoub et al., 1999; Omer et al., 2000). Recent results with lung cancer mouse mod‐
els strongly suggest that KRAS4A, and not KRAS4B is driving the onset of NSCLC. An
explanation for this failure can thus be attributed to the fact that only KRAS4B is farnesylat‐
ed, but not its isoform KRAS4A. Although we still have to study if KRAS4A is important in
the pathogenesis of human NSCLC, we can imagine the importance of Kras mouse models
in testing functional inhibitiors for KRAS4A (To et al., 2008).

The use of optimized, genetically-modified mouse models for lung cancer for therapy re‐
search necessitates sophisticated non-invasive tools to follow tumor development and re‐
sponse to therapy in vivo. Measurement of tumor size as a function of time is the most
obvious way of doing this and existing techniques such as computed-tomography imaging
or magnetic resonance imaging for small animals are now in use (Engelman et al., 2008; Po‐
liti et al., 2006). However, these techniques are time-consuming and expensive, making them
less suitable for large number of animals. Other techniques, such as fluorescence imaging
and bioluminescence, can be used for measuring gene expression or tumor growth in vivo
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(Contag et al., 2000; Hadjantonakis et al., 2003). In case of latter studies, transgenic expression
of luciferase allows accurate longitudinal monitoring and good quantification of tumor bur‐
den as has been shown in the LSL Kras lung tumor model (Jackson et al., 2001). These novel
imaging techniques will greatly enhance the accuracy and reproducibility of mouse models.

Transgenic lung cancer models created by Chen et al. (2002) can be applied to clinics by rais‐
ing Ron-specific antibodies. O'Toole et al. (2006) conducted an antibody phage display li‐
brary to generate a human IgG1 antibody IMC-41A10 that binds with high affinity to RON
and effectively blocks interaction with its ligand, macrophage-stimulating protein. They
found IMC-41A10 to be a potent inhibitor of receptor and downstream signaling, cell migra‐
tion, and tumorigenesis. It antagonized MSP-induced phosphorylation of RON, MAPK, and
AKT in several cancer cell lines. In NCI-H292 lung cancer xenograft tumor models,
IMC-41A10 inhibited tumor growth by 50% to 60% as a single agent. This antibody should
be tested in vivo using the SPC-RON mice with developing lung AdCAs.

Recent strategies showed the importance of aberrant promoter methylation in lung cancer
development, such a p16INK4a, Death-associated protein kinase 1, and, RAS association domain
family 1A (Shames et al., 2006). Since chronic inflammations have been implicated in cancer
pathogenesis (Shacter & Weitzman, 2002), altered methylation for lung surfactant proteins
are good topics for future lung cancer studies; their signatures may serve as valuable mark‐
ers in lung cancer detection. The lung surfactant protein (SP) genes, SP-A and SP-D have
been identified with high throughput approach that showed an altered methylation pattern
in lung cancer compared to normal lung tissue (Vaid & Floros, 2009). However, SP-A-defi‐
cient mice were able to survive with no apparent pathology in a sterile environment (Korf‐
hagen et al., 1996), although their pulmonary immune responses were insufficient during
immune challenge. SP-D-deficient mice, on the other hand, showed phenotypic abnormali‐
ties in alveolar macrophages and type II pneumocytes with increased lipid pools, indicating
that SP-D has an important role in surfactant homeostasis (Botas et al., 1998). Paradoxically
overexpression of SP-A and/or SP-D as a result of promoter hypomethylation has also been
reported in lung cancer suggesting that it is critical to keep these protein levels within phys‐
iological ranges to prevent neoplastic transformation. Since the role of these lung surfactant
proteins in lung carcinogenesis has never been studied in vivo, it will be worthwhile to cross
lung surfactant-deficient mice with available transgenic/knockout strains to elucidate the
roles of surfactant proteins in lung cancer initiation and development.
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1. Introduction

Tobacco-smoke is associated with 75-90% of LC cases and ~50% occurs in developing countries
(Parkin, et al. 2005; Parkin, et al. 1994). Several studies have demonstrated that organic and
inorganic compounds are related with the development of cancer, including LC (Bradley and
Golden 2006; De Palma, et al. 2008; Stavrides 2006). The association between cigarette smoking
and various types of respiratory cancer has been demonstrated (U.S.EPA 2001) and many
carcinogenic compounds present in cigarette smoke, such as polycyclic aromatic hydrocarbons
(PAHs), have also been identified in airborne particles in different cities around the world
(Adonis, et al. 1997; Gil, et al. 1995; Minoia, et al. 1997; Monarca, et al. 1998).

Cancer rates could further increase by 50% to 15 million new cases in the year 2020, according
to the World Cancer Report (World Cancer Report, 2003). The report also reveals that cancer
has emerged as a major public health problem in developing countries, matching its effect in
industrialized nations. During 2008, more than 1.61 million of new LC cases and 1.31 million
of deaths were reported worldwide (Ferlay et al, 2010), accounting for 13% of the total. More
than half (55%), of the cases occurred in the developing countries. In South America the
estimation for 2008, showed an incidence rate for men of 20.4 /100,000 inhabitant and a
mortality rate of 18.8 /100,000 inhabitant (WHO, 2008). For the same period, the women
showed a rates/100,000 inhabitant of 8.4 for incidence and 7.4 for mortality.

PAHs are metabolized to reactive DNA binding diols epoxides by phase I enzymes as
cytochrome P4501A1 (CYP1A1) and detoxified by phase II enzymes as GSTs, before reaching
their target. Adonis et al (2005), have proposed that the contribution of individual variations
in metabolic activities of each or both phases, in regulating the clearance of DNA toxic

© 2013 Adonis et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



[149] Jackson EL, Willis N, Mercer K, et al. Analysis of lung tumor initiation and progres‐
sion using conditional expression of oncogenic K-ras. Genes Dev 2001;15:3243-8.

[150] Chen YQ, Zhou YQ, Fu LH, Wang D, Wang MH. Multiple pulmonary adenomas in
the lung of transgenic mice overexpressing the RON receptor tyrosine kinase. Recep‐
teur d'origine nantais. Carcinogenesis 2002;23:1811-9.

[151] O'Toole JM, Rabenau KE, Burns K, et al. Therapeutic implications of a human neu‐
tralizing antibody to the macrophage-stimulating protein receptor tyrosine kinase
(RON), a c-MET family member. Cancer Res 2006;66:9162-70.

[152] Shames DS, Girard L, Gao B, et al. A genome-wide screen for promoter methylation
in lung cancer identifies novel methylation markers for multiple malignancies. PLoS
Med 2006; 3:e486.

[153] Shacter E, Weitzman SA. Chronic inflammation and cancer. Oncology (Williston Park).
2002;16:217-26, 229; discussion 230-2.

[154] Vaid M, Floros J. Surfactant protein DNA methylation: a new entrant in the field of
lung cancer diagnostics? Oncol Rep 2009;21:3-11.

[155] Korfhagen TR, Bruno MD, Ross GF, et al. Altered surfactant function and structure in
SP-A gene targeted mice. Proc Natl Acad Sci USA 1996;93:9594-9.

[156] Botas C, Poulain F, Akiyama J, et al. Altered surfactant homeostasis and alveolar type
II cell morphology in mice lacking surfactant protein D. Proc Natl Acad Sci USA
1998;95:11869–74.

Oncogenesis, Inflammatory and Parasitic Tropical Diseases of the Lung60

Chapter 3

Relationship Between
Toxicogenomic and Environment and Lung Cancer

M. Adonis, M. Chahuan, A. Zambrano, P. Avaria,
J. Díaz, R. Miranda, M. Campos, H. Benítez and L. Gil

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55663

1. Introduction

Tobacco-smoke is associated with 75-90% of LC cases and ~50% occurs in developing countries
(Parkin, et al. 2005; Parkin, et al. 1994). Several studies have demonstrated that organic and
inorganic compounds are related with the development of cancer, including LC (Bradley and
Golden 2006; De Palma, et al. 2008; Stavrides 2006). The association between cigarette smoking
and various types of respiratory cancer has been demonstrated (U.S.EPA 2001) and many
carcinogenic compounds present in cigarette smoke, such as polycyclic aromatic hydrocarbons
(PAHs), have also been identified in airborne particles in different cities around the world
(Adonis, et al. 1997; Gil, et al. 1995; Minoia, et al. 1997; Monarca, et al. 1998).

Cancer rates could further increase by 50% to 15 million new cases in the year 2020, according
to the World Cancer Report (World Cancer Report, 2003). The report also reveals that cancer
has emerged as a major public health problem in developing countries, matching its effect in
industrialized nations. During 2008, more than 1.61 million of new LC cases and 1.31 million
of deaths were reported worldwide (Ferlay et al, 2010), accounting for 13% of the total. More
than half (55%), of the cases occurred in the developing countries. In South America the
estimation for 2008, showed an incidence rate for men of 20.4 /100,000 inhabitant and a
mortality rate of 18.8 /100,000 inhabitant (WHO, 2008). For the same period, the women
showed a rates/100,000 inhabitant of 8.4 for incidence and 7.4 for mortality.

PAHs are metabolized to reactive DNA binding diols epoxides by phase I enzymes as
cytochrome P4501A1 (CYP1A1) and detoxified by phase II enzymes as GSTs, before reaching
their target. Adonis et al (2005), have proposed that the contribution of individual variations
in metabolic activities of each or both phases, in regulating the clearance of DNA toxic

© 2013 Adonis et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



metabolites, are at least partially related to the individual host susceptibility to PAHs. Several
polymorphisms have been described in CYP1A1, however, 3´noncoding region (Msp1,
CYP1A1*2A) has been the most studied (Gil et al, 1992; Adonis et al. 1997, Quiñones et al, 2001;
Adonis et al, 2005a, 2005b, Ji et al, 2012).

Additionally, the association between inorganic Arsenic (iAs) and skin, bladder, and lung
carcinogenesis has been well-established. It is estimated than 220 million in 105 countries are
exposed worldwide to iAs (Murcott, 2012). In the Northern Chilean region of Antofagasta, the
population (close to 500,000 inhabitants) have been chronically exposed to As concentrations
as high as 870 μg l–1 from 1958 through 1970, with some towns still registering concentrations
of 600 μg l–1 by the year 2000 (Smith et al, 1998). This has occurred despite international
guidelines placing the maximum tolerable arsenic exposure at 10 μg l–1 (IARC, 2004).

As occurs naturally in soil, water and air, the main sources of environmental As exposure in
Chile are copper smelters and drinking water (Queirolo et al., 2000; De Gregori et al, 2003).
Chile, with a population close to 17.1 million (http://data.worldbank.org/country/chile) and a
total life expectancy at birth of 78 years, shows a high rate of lung cancer (LC), especially in
the North of Chile. During 2007, Chile showed more than 2,500 LC cases and 1,900 deaths.
Between 1990 and 2008 the LC national mortality rate/100.000 inhabitants for both gender
increased since 10.8 to 14.6; while for the period 2003–2007, the Antofagasta region (Northern
Chile) showed a rate mortality of 30.8/100.000, the second rate mortality higher after skin cancer
(Vallebuona, 2011). To stratify by gender, the Antofagasta region for the same period showed
for men the highest LC rate mortality/100.000 (53.1), higher than prostate (38.9), and skin (50.4).

The mechanism by which As causes cancer is still no clear and has been speculated that its
carcinogenicity potency in humans might be modulate by concurrent exposure to other agents
that modify the risk of cancer to As, as environmental pollution containing high levels of
carcinogen compounds (Adonis et al, 2005) and or smoking (Thomas et al, 2001), as well as
both genetic and epigenetic processes (Salnikow and Zhitkovich, 2008). As is metabolized
through a series of reductions of pentavalents to trivalent species, followed by oxidative
methylations to yield pentavalent methylated species. It is well recognized that inorganic As
is methylated to monomethyl As acid (MMA) and dimethyl As acid (DMA) with a methyl
group from S-adenosylmethionine. As reduction of As to the trivalent form is a prerequisite
for oxidative methylation, pentavalent arsenicals are reduced by endogenous thiols such as
glutathione (GSH) or by AsV reductases (Kala el al., 2000; Radabaugh & Aposhian, 2000,
Zakharyan et al., 2001; Radabaugh et al., 2002). Liver is the main site of methylation, but
methylation activity is present in all tissues (Vahter, 2002). Arsenic3 methyltransferase
(As3MT) is the key enzyme in the biotransformation of iAs. As3MT catalyzes the transfer of a
methyl group from S-adenosyl-methionine to trivalent arsenicals resulting in the production
of Monometil As(MAs) and dimethylated arsenicals *3 (DMAs). MAs is a susceptibility factor
of iAs induced toxicity, before to be excreted in the urine.

As was mentioned before, the high incidence of lung cancer (LC) has been associated with
cigarette smoking, however genetic diversity and environmental pollution must also be
considered as risk factors, especially in those cities highly exposed to environmental carcino‐
gens. Although, there are many advances in the disease control, very little is known about
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changes in detection of pre neoplastic, pre invasive lesions or in the initial steps in LC devel‐
opment. LC has been described as one of the most aggressive diseases with multiples genomic
changes or alterations in specific fragments of the DNA, some of them including genes
associated with the cell system preservation within normal parameters. Some of the changes
might promote a transformation from a normal cell into a tumour cell in a multistage process.

The genomic age, the new images technologies and informatics, probably will demand in a
short time from the government, health professionals (clinic and basic), public and private
institutions, etc., new actions to improve the public health.

Cancer diagnosis can be done in different stages of the disease. The cancer diagnosis has as
main objectives to know the localization (place) and also to identify the stage (stage) and the
histological characterization (kind). The knowledge of the place, stage and kind will help to
define the treatment and will determine the survival and the clinic success. For LC the current
technologies are arriving late, indeed more than 85% of the LC patients died after the diagnosis
(McWilliams et al, 2009; Nakamura et al., 2001; Kennedy et al., 2007; Woolner et al., 1984). The
main reason of the high mortality is related with the small fraction of the patients detected in
early stages. This is mainly related with absence of symptoms in an early stage.

Obviously, the early diagnosis will load in the clinic success in term of treatment and survival.
The use of new technologies as complementary tools might chance or improve the early
detection and the treatment success. The use of the advanced technologies might reduce the
mortality, thus it is possible not only detect early stages but also to have early treatment.

Early detection has a direct relationship with the population screening, in order to identify risk
population, healthy population and or asymptomatic population, especially for LC asympto‐
matic in the early stages. Smoking habit is probably the main risk factor for LC, however
additional factors might contribute to the risk of LC. Among the LC risk factors is valid to
mention environmental pollution, occupational exposure, life style and genetic factors. That
mean, that among the population is possible to find people with a high risk of LC, which would
be the main candidates to a screening programme to detect pre neoplastic lesions or early
stages.

Within some of the news or advances technologies can be mentioned, Quantitative Automatic
Cytology (QAC), Autofluorescence-reflectance bronchoscopy (AFB) and the tumor biomarker
DR70, used in a pilot study for early detection of LC, in a high risk population. These tech‐
nologies have been studied in Chile in a LC risk population, exposed to high levels of air
pollutants (Santiago) and on the other hand to high historical exposure to As in drinking water
(Antofagasta). Part of these results, were presented in an oral presentation, titled “Pilot Study
for Lung Cancer and Pre neoplastic Lesions”, in the XXX1 Word Congress of Internal Medicine
(WCIM, 2012), where the work got the Award for the First Best Research Work. This is a report
of an ongoing prospective bimodality cancer surveillance study for high risk LC volunteers.
This study has been done in 364 people, exposed naturally to environmental pollution and
where the biomarkers, QAC and DR70 (Onko Sure), were used as tools in the detection of
preneoplastic lesions (PNL) and neoplastic lesions (NL). The study has also included Auto‐
fluorescent Bronchoscopy (AFB) as an additional technique, to detect pre neoplastic or pre
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invasive lesions in the voluntaries with high likehood of malignance for LC, according to AQC
and DR70.

2. Materials and methods

The people that were interested and met the criteria for the inclusion factors were enrolled as
voluntaries (Figure 1).

Figure 1. Diagram of the enrolling process for recruiting the voluntaries for LC prevention.

The high risk subjects for LC were recruited via advertisement in newspaper, radio and
internet (University of Chile web) and were included in this study from two regions of Chile,
Metropolitan (Santiago city) and Antofagasta. Enrolment was based on a LC Risk Survey
(Witteman et al., 2011) by Washington University School of Medicine, which was modified by
our group. Subjects were eligible for enrolment procedure if they met the following criteria’s:
male/female aged 40 years or older; family history of LC, non-smokers and ever smokers
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exposed naturally to environmental air pollution (Metropolitan region) or to arsenic in
drinking water (Antofagasta region) for at least 10 years.

In addition, we enrolled subjects who were suspected of having lung cancer (N=12) based on
their clinical symptoms, with the final diagnosis completed in the study. These patients did
not have previous tests performed on them such as cytology or CT and did not have any
treatment. However, only 12 of them were in agreement to undergo to the AFB, while all of
them underwent a CT to rule out or confirm the LC.

The voluntaries were classified according to their risk score, which allowed for classification
of the subjects in three risk categories: low, medium and high. Subjects with medium or high
risk were invited to participate in the study. The LC risk predictor was applied to 508 volunteer
participants, obtaining 364 subjects with medium to high-risk for LC. Of those, 224 were from
Santiago and 140 were from the Antofagasta’s region.

Sputum generation was induced by inhalation of 3% saline solution, after administration of
two puffs of salbutamol. Patients were instructed to cough and expectorate before their
Specimens were collected in 50 mL centrifuge tubes, followed by adding enough SedFix
solution. Each tube was mixed with DTT solution and was shaken at 1800 rpm overnight. After
centrifugation, a cell pellet was obtained; re suspended in an ethanol solution and was placed
on slides. The cell DNA was stained with Feulgen thionin and was analysed by an automated
cytometry-based scoring system, as described by Kemp et al. (Kemp et al, 2007).

Furthermore, blood samples were taken in serum separator tubes in the morning before
ingestion of any meal. The tubes were left at room temperature for 30 minutes. The serum was
separated from the cells by centrifugation at 3,500 rpm for 10 min. Each serum specimen was
diluted 1:200 with the diluent buffer and was tested along with the calibrators according to
AMDL Diagnostics Onko Sure protocol (Radient Pharmaceuticals) as described in Adonis et
al. (2005) and Hatton et al. (2006).

Participants with positive DR70 test (threshold>1.0), or an AQC score ≥4.6 were invited to have
an AFB, using the Onco-LIFE device (Novadaq Inc., Richmond, Canada), under local anaes‐
thesia. The airways were examined by, White Light Broncoscopy (WLB) and Auto Fluores‐
cence Broncoscopy (AFB) and the visual findings were classified as normal, abnormal or
suspicious, as described by Lam et al. (1998). Endobronchial mucosal biopsies were taken from
all areas that were suspicious under WLB or AFB. In addition, surveillance biopsies were taken
from epithelium with normal appearance in all subjects. An average of 2-3 biopsies was taken
from each of the participants.

Categorical  variables  were  analysed  by  Fisher’s  exact  test.  Sensitivity,  specificity,  likeli‐
hood ratio (LR), Predictive Positive Value (PPV) and Predictive Negative Value (PNV) were
calculated with 95% CI. Statistical significance was accepted at p<0.05. The sensitivity and
specificity were assessed for each test and was used in analysis as a single test; two-test
parallel  combination  and  two-test  series  combination  (Sullivan  and  Thomson,  2000,
Kruskal, 1998).
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invasive lesions in the voluntaries with high likehood of malignance for LC, according to AQC
and DR70.

2. Materials and methods

The people that were interested and met the criteria for the inclusion factors were enrolled as
voluntaries (Figure 1).

Figure 1. Diagram of the enrolling process for recruiting the voluntaries for LC prevention.
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male/female aged 40 years or older; family history of LC, non-smokers and ever smokers
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3. Results

As show the Figure 2, 27.4% of subjects display an AQC with an increased likelihood of
malignancy (score equal or higher than 4.6) and 26.1% showed undetermined likelihood of
malignancy (score between 3.9 and < 4.6). Among samples with increased AQC (27.4 %),
15.75% and 11.68% were negative and positive (≥ 1 μg/mL) for DR70, respectively. Samples
with undetermined AQC showed 22.01% and 4.07% of negative and positive DR70 values,
respectively. Among 46.5% of samples that showed decreased likelihood of malignancy,
42.11% were negative and 4.34% were positive for DR70. In the latter group, additional clinical
tests confirmed several cancers including colon, breast and one case of prostate cancer,
currently under study.
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Figure 2. AQC and DR70 correlation and percentage (N) for each LC risk interval. Likehood LC risk: AQC: ≥ 4.6, in‐
creased; ≥ 3.9 ≤ 4.6 undetermined; ≤ 3.9 decreased DR70: ≥ 1.0, increased; ≤ 1.0 decreased

The  data  shows  that  DR70  itself  might  contribute  to  confirm tumour  diagnosis  and  to
identify  patients  with  advanced  LC,  with  high  sensitivity  (Table  3).  However,  the  test
would  be  better  identifying  negative  LC  cases  with  a  high  specificity  and  Negative
Predictive Value (NPV). AQC for itself resulted with high sensitivity and specificity for LC
with  higher  NPV than  Negative  Predictive  Value  (PPV),  confirming  especially  negative
tests, with high precision. Related to PNL, both biomarkers might be used as complemen‐
tary tools to confirm negativity for PNL, showing a higher specificity (98.6%) than both
test for itself, keeping a high NPV (97.2%).
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On the other hand, AFB identified PNL (metaplasia and dysplasia) better than the White
Light Bronchoscopy (WLB) by itself.  As show the Figure 3,  AFB detected a zone with a
score of 0.67, suspicious of malignance and normal according to WLB. The Histopatholo‐
gy assay informed for the biopsy taking in this  zone,  increasing in the coarse epithelial
and desmosomes and cellular flatting and maturation in the upper layer; in comparison to
a  normal  epithelium  (Figure  3B),  without  cytology  atypias;  classifying  the  biopsy  as  a
Squamous metaplasia (Figure 3A).
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Figure 3. AFB and WLB and Histopathology assay for a Squamous Metaplasia Volunteer A80. Squamous Metaplasia
(B) Volunteer A109. Normal Epithelium Stain HE 100x. CeteCáncer. INNOVA CORFO. Thesis Avaria P. MSc, Faculty of
Medicine, University of Chile, 2012

The Figure 4 shows an AFB with a score of 0.83 and suspicious of malignance. The Histopa‐
thology assay informed a considerable cellular increasing in the 2/3 lower, pleomorphism,
nuclear heterogeneity, chromatin density increased without mitosis, classifying the biopsy as
mild dysplasia (Figure 4A).
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3. Results

As show the Figure 2, 27.4% of subjects display an AQC with an increased likelihood of
malignancy (score equal or higher than 4.6) and 26.1% showed undetermined likelihood of
malignancy (score between 3.9 and < 4.6). Among samples with increased AQC (27.4 %),
15.75% and 11.68% were negative and positive (≥ 1 μg/mL) for DR70, respectively. Samples
with undetermined AQC showed 22.01% and 4.07% of negative and positive DR70 values,
respectively. Among 46.5% of samples that showed decreased likelihood of malignancy,
42.11% were negative and 4.34% were positive for DR70. In the latter group, additional clinical
tests confirmed several cancers including colon, breast and one case of prostate cancer,
currently under study.

0,14                                                          0,88     1,0                                  5,0     13..

AQC score
% (N)

11,68  
(43)

4,07
(15)

20,1 (74)

2,44 
(9)

1,63
(6)

3,80 
(14)

7,9 (29)

13,31
(49)

20,38 
(75)

38,31
(141) 

72 (265)

27,4 
(101)

46,5
(171)

4,34 
(16)

26,1
(96)

DR70 µg/mL % (N)

0,14                                                          0,88     1,0                                  5,0     13..

AQC score
% (N)

11,68  
(43)

4,07
(15)

20,1 (74)

2,44 
(9)

1,63
(6)

3,80 
(14)

7,9 (29)

13,31
(49)

20,38 
(75)

38,31
(141) 

72 (265)

27,4 
(101)

46,5
(171)

4,34 
(16)

26,1
(96)

DR70 µg/mL % (N)

0,14                                                          0,88     1,0                                  5,0     13..

AQC score
% (N)

11,68  
(43)

4,07
(15)

20,1 (74)

2,44 
(9)

1,63
(6)

3,80 
(14)

7,9 (29)

13,31
(49)

20,38 
(75)

38,31
(141) 

72 (265)

27,4 
(101)

46,5
(171)

4,34 
(16)

26,1
(96)

DR70 µg/mL % (N)

AQC score
% (N)

11,68  
(43)

4,07
(15)

20,1 (74)

2,44 
(9)

1,63
(6)

3,80 
(14)

7,9 (29)

13,31
(49)

20,38 
(75)

38,31
(141) 

72 (265)

27,4 
(101)

46,5
(171)

4,34 
(16)

26,1
(96)

DR70 µg/mL % (N)

Figure 2. AQC and DR70 correlation and percentage (N) for each LC risk interval. Likehood LC risk: AQC: ≥ 4.6, in‐
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The  data  shows  that  DR70  itself  might  contribute  to  confirm tumour  diagnosis  and  to
identify  patients  with  advanced  LC,  with  high  sensitivity  (Table  3).  However,  the  test
would  be  better  identifying  negative  LC  cases  with  a  high  specificity  and  Negative
Predictive Value (NPV). AQC for itself resulted with high sensitivity and specificity for LC
with  higher  NPV than  Negative  Predictive  Value  (PPV),  confirming  especially  negative
tests, with high precision. Related to PNL, both biomarkers might be used as complemen‐
tary tools to confirm negativity for PNL, showing a higher specificity (98.6%) than both
test for itself, keeping a high NPV (97.2%).
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On the other hand, AFB identified PNL (metaplasia and dysplasia) better than the White
Light Bronchoscopy (WLB) by itself.  As show the Figure 3,  AFB detected a zone with a
score of 0.67, suspicious of malignance and normal according to WLB. The Histopatholo‐
gy assay informed for the biopsy taking in this  zone,  increasing in the coarse epithelial
and desmosomes and cellular flatting and maturation in the upper layer; in comparison to
a  normal  epithelium  (Figure  3B),  without  cytology  atypias;  classifying  the  biopsy  as  a
Squamous metaplasia (Figure 3A).
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Figure 3. AFB and WLB and Histopathology assay for a Squamous Metaplasia Volunteer A80. Squamous Metaplasia
(B) Volunteer A109. Normal Epithelium Stain HE 100x. CeteCáncer. INNOVA CORFO. Thesis Avaria P. MSc, Faculty of
Medicine, University of Chile, 2012

The Figure 4 shows an AFB with a score of 0.83 and suspicious of malignance. The Histopa‐
thology assay informed a considerable cellular increasing in the 2/3 lower, pleomorphism,
nuclear heterogeneity, chromatin density increased without mitosis, classifying the biopsy as
mild dysplasia (Figure 4A).
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Figure 4. AFB and WLB and Histopathology assay for a Mild Dysplasia Volunteer A101. Mild Dysplasia (B) Volunteer
A109. Normal Epithelium Stain HE 100x. CeteCáncer. INNOVA CORFO. Thesis Avaria P. MSc, Faculty of Medicine, Uni‐
versity of Chile, 2012

Fifty percent of the samples, classified as suspicious (12%) by AFB, were confirmed as
metaplasia (33%) or dysplasia (17%) by histopathology. The rest of the samples classified by
AFB as suspicious were classified by the histopathology as inflammation (25%) and hyper‐
plasia (25%). Non one was related with a normal histopathology sample (Figure 5).

Biomarkers

Sensitivity %

(IC 95%)

Specificity %

(IC95%)

LC PNL LC PNL

DR70
95.8

(784,9- 99,0)

27.3

(6.0 -61.0)

91.9

(88.1-94.8)

91.9

(88.1-94.3)

AQC
64.0

(42.5- 82.0)

90.9

(58.7- 99.8)

89.4

(85.2-92.7)

89.4

(85.2-92.7)

Table 1. Sensitivity and Specificity for DR70 and AQC, for LC and PNL

The data shows that DR70 itself might contribute to confirm tumour diagnosis and to identify
patients with advanced LC, with high sensitivity (95.8%) and specificity (91.9%) (Table 1). AQC
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for itself resulted with high sensitivity and specificity for LC, but showed a higher sensitivity
and specificity than DR70 for PNL, 90.9% and 89.4%, respectively. Additionally, both bio‐
markers might be used as complementary tools to confirm negativity for LC and or PNL. In
conclusion, as a pre screener for LC, both biomarkers test might be employed with at high
specificity/high sensitivity as complementary tools to detect LC. For PNL, both tests would be
better confirming negativity than subjecting presence of PNL.

Figure 5. Relationship between Autofluorescence Broncoscopy (AFB) and Histopathology Assay (HA)

4. Discussion

This is the first study in Latin America to complement image techniques with cellular and
molecular biomarkers, to detect LC and PNL. These results provide scientific and clinical
information for Chilean health authorities to include early detection of LC in the AUGE
government programme, that provide additional health services for patients.

Our results presented here clearly demonstrate the reliability of both biomarkers to select good
candidates for detect LC or pre neoplasic lesions (PNL). These results suggest that both AQC
and DR70 might provide transcendentally information not only to confirm or suggest diag‐
nostic for LC, but also to surveillance screening of LC after treatment. It is as important to
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confirm diagnostic as predict a patient’s response to certain cancer therapies or determine
whether cancer has returned.

These results obtained via biomarkers in blood and sputum were quite promising in elucidat‐
ing risk to LC, especially when the biomarkers studied are non invasive and inexpensive assays
and could be an effective methods also to monitor the biological effects of environmental and
occupational carcinogens.

Additionally, we presented evidences that showed that AFB is more sensitive than WLB to
detect early lesions, thereby allowing their localisation for biopsy or interventional procedures.
Then the association of WLB and AFB would increase the sensitivity to detect PNL.

Is well known that resolution of CT scan and other images technologies improves each year,
allowing to detect more nodules, but not necessarily LC in early stages. Additionally, is well
known the high frequency of lung nodules with undetermined significance and that LC often
causes no symptoms until it is spread outside the lung. From this point of view, non invasive
biomarkers and AFB might contribute as a first step in detecting pre- neoplastic a pre- invasive
lesions. Screening in people with high LC risk including those with smoking habit and or
nodules non necessary cancerous, might means a higher survival and improve the life quality.
The screening in people with high risk of LC might be a good preventive way to improve the
survival to 5 years, especially when different studies have shown an important association
between genetic host characteristics and exposure to environmental carcinogens.

Genetic differences in metabolic activation and detoxification of environmental carcinogen,
like PAHs and or As, may partially explain host susceptibility to chemically induced cancers
(Daly et al., 1994; London et al, 2000, Kang et al, 2012).

Adonis et al (2005) showed the association of combined genotypes of cytochrome CYP1A1
(Msp1) and glutathione-S-transferase GSTM1 and lung cancer risk, for a population histori‐
cally exposed to As in the Antofagasta region. This study showed in the healthy group, a
CYP1A1 *2A allele frequency for MspI of 0.41, whereas for lung cancer group 0.46. No statically
significant difference was observed between the healthy group and lung cancer group (p =
0.437, CI =−0.224 to 0.124). However, the CYP1A1 *2A genotype was associated with an
increased relative lung cancer risk O.R. = 2.08 (95% CI = 1.04–4.03, p = 0.04). In addition, 35%
of healthy group and 39% of the lung cancer group were homozygote for the null variant allele
of GSTM1. For men the CYP1A1 *2A genotype was associated with a highly significant
estimated relative lung cancer risk O.R. = 2.60 (95% CI = 1.07–5.94, p = 0.0334). The relative lung
cancer risk for the total sample with the CYP1A1 *2A/null GSTM1 genotype was 2.51 (O.R. =
2.51, CI = 1.07–5.40, p = 0.0322), which one increased when the sample was stratified by smoking
habit (O.R. = 2.98, CI = 1.10–7.10, p = 0.0497) (Adonis et al, 2005).

These results suggest that patients with previous history of iAs exposure as the Antofagasta
population, and with smoking habit might be have an additional factor related to genetic
susceptibility to lung cancer. The cancer mortality rate in region II for iAs- associated cancers,
as lung cancer, at least might be partly related to differences in As biotransformation. Indi‐
viduals with the CYP1A1*2A and/or the combined CYP1A1*2A and GSTM1 null genotype
might have a greater capacity to metabolically active PAHs and lower capacity to conjugate
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with glutathione and clearance of As, which may result in a higher risk of lung cancer or
respiratory tract illness.

One of the main conclusion is there is an interaction between CYP1A1 polymorphism, GSTM1
null genotype and LC risk, especially in people exposed to carcinogenic compounds like to As
and PAHs. In conclusion, genetic biomarkers such as CYP1A1 and GSTM1 polymorphisms in
addition to other genetic biomarkers and other biomarkers like to QAC and DR70 and clinical
tools might provide relevant information to identify individuals at high risk to lung cancer as
prevention and protection actions of public health.
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habit (O.R. = 2.98, CI = 1.10–7.10, p = 0.0497) (Adonis et al, 2005).

These results suggest that patients with previous history of iAs exposure as the Antofagasta
population, and with smoking habit might be have an additional factor related to genetic
susceptibility to lung cancer. The cancer mortality rate in region II for iAs- associated cancers,
as lung cancer, at least might be partly related to differences in As biotransformation. Indi‐
viduals with the CYP1A1*2A and/or the combined CYP1A1*2A and GSTM1 null genotype
might have a greater capacity to metabolically active PAHs and lower capacity to conjugate
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with glutathione and clearance of As, which may result in a higher risk of lung cancer or
respiratory tract illness.

One of the main conclusion is there is an interaction between CYP1A1 polymorphism, GSTM1
null genotype and LC risk, especially in people exposed to carcinogenic compounds like to As
and PAHs. In conclusion, genetic biomarkers such as CYP1A1 and GSTM1 polymorphisms in
addition to other genetic biomarkers and other biomarkers like to QAC and DR70 and clinical
tools might provide relevant information to identify individuals at high risk to lung cancer as
prevention and protection actions of public health.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is a disease which is characterized by airway
inflammation and progressive airflow limitation with poor reversibility. Patients with COPD
can experience periods of acute deterioration, which are called exacerbations. There are
different definitions for an acute exacerbation of COPD (AECOPD). A symptom reported
AECOPD is defined solely based on a patient’s symptoms [1]. This is regardless of whether
the patient seeks medical attention or receives treatment for the exacerbation. An event defined
AECOPD requires a therapeutic intervention such as a change in COPD medications or a
change in healthcare utilization [1]. Generally accepted is the definition as in the guidelines of
the World Health Organization, US National Heart Lung and Blood Institute and Global
Initiative for Chronic Obstructive Lung Disease (GOLD), which define an exacerbation as “an
event in the natural course of the disease characterized by a change in the patient’s baseline
dyspnoea, cough, and/or sputum that is beyond normal day-to-day variations, is acute in onset
and may warrant a change in regular medication in a patient with COPD” [2]. Frequent
exacerbations can result in a decreased health related quality of life [3], a decline in lung
function [4], an increased risk of hospitalization [5] and an increase in mortality [6].

COPD and acute exacerbations of COPD (AECOPD) impose a burden on health care and so‐
ciety. It is estimated that COPD is the 4th leading cause of death worldwide and will be the
3rd leading cause of death in 2030 [7]. Along with increasing mortality rates, the loss in disa‐
bility-adjusted life years (DALYs) also rises. By 2030 COPD will be the 5th leading cause of
loss in DALYs globally, where it was only number 13 in 2004. Increasing health care costs
will be the consequence of this trend. In the European Union COPD accounts for just over
3% of the total health care budget. In the USA, the direct and indirect costs for COPD are
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almost 50 billion USD. The majority of these costs are attributed to exacerbations [8]. The im‐
portance of exacerbations is reflected in the latest update of the GOLD report, in which the
number of exacerbations in the preceding year is incorporated in the new classification of a
patient with COPD [8]. In order to try to reduce the mortality, loss in DALYs and related
costs and to lower the burden on society and health care, it is a goal to prevent and treat
COPD and exacerbations of COPD. This chapter will give a concise overview of the back‐
ground of AECOPD and the available tools for its treatment and prevention.

2. Epidemiology

The prevalence of COPD varies greatly per country and also within countries [9]. This
heterogeneity can be contributed to not only differences in diagnostic methods and classifica‐
tion but also to smoking habits, population age, in- and outdoor air pollution, occupational
exposure, prevalence of pulmonary tuberculosis, chronic asthma and socioeconomic status
[10]. Prevalences of COPD have been reported varying from 0,2-37% [11, 12]. The prevalence
of AECOPD is very difficult to determine since there is no generally agreed definition for an
AECOPD (see above). Studies show that only 32-50% of symptom defined AECOPD are
reported by patients to health care professionals [13, 14]. Although there is no reliable estimate
of the prevalence of AECOPD, much is known about the occurrence of exacerbations. Research
shows that exacerbations are more frequent in the winter season [15] and may occur clustered
in time [16]. Exacerbations are also more frequent and severe as COPD severity increases [17].
Besides COPD severity, the history of exacerbations is also a good predictor of future exacer‐
bations [17]. Furthermore, there is a strong correlation with symptoms of depression and
recurrent exacerbations [18, 19].

3. Pathophysiology of COPD and AECOPD

COPD is the result of a chronic inflammation in the airways. The inflammation is initiated by
chronic exposure to exogenic toxins (e.g. cigarette smoke) which is causing damage to the
airway epithelium and is activating the innate immune system giving a rapid, nonspecific
response [20, 21]. Of the innate immune response the neutrophillic inflammation is most
prominent in COPD. The cells of the innate immune system activate the adaptive immune
system, of which CD8+-cells, CD4+ Thelper1 cells and B-cells have an important role in COPD.
This activation of the adaptive immune response is the beginning of a cascade which causes
extensive chronic inflammation, oxidative stress and remodeling, resulting in destruction of
alveolar space and deposition of connective tissue in the subepithelium and adventitium of
the airway wall [22]. The degree of chronic inflammation in COPD correlates with the severity
of airflow limitation. This is supported by a correlation which is seen between the severity of
obstruction and presence of CD8+-cells and B-cells in the small conducting airways [22] and
the presence of neutrophils in sputum [23]. Also, bacterial colonization is more frequently
observed in patients with severe to very severe COPD, suggesting that bacterial colonization
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induces inflammation and contributes to the progression of COPD [24, 25]. The existence of
the chronic inflammation and oxidative stress is supported by the presence of oxidants and
numerous pro-inflammatory cytokines in the airways and serum. Compared to healthy
controls, sputum specimens of patients with stable COPD and AECOPD show increased
numbers of neutrophils and increased levels of pro-inflammatory cytokines like interleukin-6
(IL-6) and interleukin-8 (IL-8) [21, 23, 26-29]. During an AECOPD neutrophils, IL-6 and IL-8
are also increased in serum [27, 30, 31]. Interleukin-6 is a cytokine released during initial
immune response by different cell types of the native immune system, like macrophages. It
induces hepatic acute phase response during inflammation [32] which in turn increases
production of C-reactive protein (CRP). Interleukin-6 is also a growth factor for T- and B-cells
[33]. Interleuking-8 is released by a variety of cell types involved in inflammation, like
endothelial cells, fibroblasts and monocytes [34]. It is a potent neutrophil chemotactic and
activating factor [34]. The presence of the increased inflammation in serum both during stable
state and AECOPD may be explained by the “overspill theory”, in which the local inflamma‐
tory processes in the lung “spill over” to the systemic circulation [35]. It is therefore thought
that disease activity of COPD can be measured in serum by biomarkers. Exhaled breath
condensate (EBC) components are thought to reflect the physiological state of lining fluid of
the airways. It’s a non-invasive mean of obtaining information on oxidative stress and
inflammation in the airways. Hydrogen peroxide (H2O2, a precursor of potent oxidants OH
and HOCl) and 8-isoprostane (formed by the free radical peroxidation of arachidonic acid) are
EBC oxidative stress biomarkers proven to be elevated in patients with COPD during stable
state and during exacerbations [31, 36-38]. Heme-oxygenase-1 (HO-1) is an inducible catalyzer
of the degradation of heme to biliverdin which is thought to provide protection from oxidative
stress. It is decreased in ex-smokers with COPD compared to control subjects [39] but increased
during severe exacerbations [29], in healthy smokers and current smokers with COPD [40].

4. Aetiology of AECOPD

4.1. Microbiology

There is a great variety in reported infectious causes of COPD exacerbations. It is of importance
to determine, both for bacteria and viruses, whether the presence of the microbe is actually the
cause of the exacerbation. Estimated is that about 50-78% of acute exacerbations of COPD are
caused by respiratory infections [24, 27, 41, 42], in which the clinical presentation range from
pneumonia to coryzal symptoms with dyspnea. Patients with AECOPD of proven infectious
aetiology have a longer hospital stay and a greater decrease in FEV1 than patients with non-
infective exacerbations [27].

4.2. Viral causes

In the past viruses have been an underestimated cause of AECOPD and the causative role of
viruses in AECOPD is still not fully established. The observation that as well viral infections
and exacerbations are seasonal does suggest that viruses have a role in AECOPD [15, 43].
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the presence of neutrophils in sputum [23]. Also, bacterial colonization is more frequently
observed in patients with severe to very severe COPD, suggesting that bacterial colonization
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induces inflammation and contributes to the progression of COPD [24, 25]. The existence of
the chronic inflammation and oxidative stress is supported by the presence of oxidants and
numerous pro-inflammatory cytokines in the airways and serum. Compared to healthy
controls, sputum specimens of patients with stable COPD and AECOPD show increased
numbers of neutrophils and increased levels of pro-inflammatory cytokines like interleukin-6
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are also increased in serum [27, 30, 31]. Interleukin-6 is a cytokine released during initial
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endothelial cells, fibroblasts and monocytes [34]. It is a potent neutrophil chemotactic and
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that disease activity of COPD can be measured in serum by biomarkers. Exhaled breath
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and HOCl) and 8-isoprostane (formed by the free radical peroxidation of arachidonic acid) are
EBC oxidative stress biomarkers proven to be elevated in patients with COPD during stable
state and during exacerbations [31, 36-38]. Heme-oxygenase-1 (HO-1) is an inducible catalyzer
of the degradation of heme to biliverdin which is thought to provide protection from oxidative
stress. It is decreased in ex-smokers with COPD compared to control subjects [39] but increased
during severe exacerbations [29], in healthy smokers and current smokers with COPD [40].

4. Aetiology of AECOPD

4.1. Microbiology

There is a great variety in reported infectious causes of COPD exacerbations. It is of importance
to determine, both for bacteria and viruses, whether the presence of the microbe is actually the
cause of the exacerbation. Estimated is that about 50-78% of acute exacerbations of COPD are
caused by respiratory infections [24, 27, 41, 42], in which the clinical presentation range from
pneumonia to coryzal symptoms with dyspnea. Patients with AECOPD of proven infectious
aetiology have a longer hospital stay and a greater decrease in FEV1 than patients with non-
infective exacerbations [27].

4.2. Viral causes

In the past viruses have been an underestimated cause of AECOPD and the causative role of
viruses in AECOPD is still not fully established. The observation that as well viral infections
and exacerbations are seasonal does suggest that viruses have a role in AECOPD [15, 43].
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Recently researchers deliberately exposed patients with COPD and healthy smokers to
rhinoviruses and observed that this virus was able to cause an exacerbation in patients with
COPD [44]. Detection of viruses by culture and by serology, where a second serum sample is
also required, is less sensitive and more time consuming than PCR techniques, where only 1
sample is required. Because of the advanced PCR techniques in detecting viruses, the per‐
centage of exacerbations they account for can also be overestimated. The presence of viral DNA
or RNA does not implicate that the virus is the cause of an exacerbation as several studies
reported patients with stable COPD to carry viruses with percentages varying from 12-19%
[45, 46]. In exacerbations several studies have reported that viruses were detected in 20-56%
of cases [24, 27, 41, 42, 46, 47]. In these studies rhinovirus, influenza virus and respiratory
syncytial virus and were the most common isolated viruses. A more extensive overview can
be found in table 1.

COPD exacerbations: divided by cause

Bacteria

Streptococcus pneumoniae

Haemophilus influenzae

Moraxella catarrhalis

Haemophilus parainfluenzae

Pseudomonas aeruginosa

Staphylococcus aureus

Viruses

Human rhinovirus

Respiratory syncytial virus

Influenza virus

Parainfluenza virus

Human metapneuvirus

Coronavirus

Adenovirus

Atypical microorganisms

Mycoplasma pneumoniae

Chlamydophila pneumoniae

Legionella pneumophila

Coxiella burnetii

Other

Sulphur dioxide (SO2)

Ozone (O3)

Nitrogen dioxide (NO2)

Particulate matter (PM2,5 , PM10)

Table 1. Most common causes of exacerbations of COPD.
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4.3. Bacterial causes

Bacteria as cause of AECOPD are reported from 30% [48] up to 55% [27, 49]. The most common
bacterial pathogens are Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis
and in patients with more severe COPD also Pseudomonas aeruginosa [42, 48]. It is difficult to
determine the role of bacteria in AECOPD, as 34-48% of patients with COPD are reported to
be colonized with bacteria [26, 27, 50, 51]. Molecular typing of bacteria during exacerbations
showed that the acquisition of new strains may cause exacerbations [52], but not every
acquisition of a new strain is linked to an exacerbation.

4.4. Non-microbial causes

One tenth of AECOPD are due to environmental pollution, of which ozone, sulphur dioxide
and nitrogen dioxide known and researched causes [53, 54]. Particulate matter (PM) is also
related to increased admissions for COPD and other respiratory diseases [53, 55]. Particulate
matter consists of a mixture of solid particles and liquid aerosols suspended in the air from
natural sources, industrial activities and can also be traffic related [56]. Other possible, non-
infectious causes may be left sided heart failure, change in environmental temperature, but
about 30% of exacerbations are of unknown origin [6].

5. Clinical Presentation and Diagnosis

5.1. History

Patients with an AECOPD usually present with dyspnea, which may be acute but can also be
a history of slowly progressive dyspnea. Coughing or sputum production may or may not be
present. When expectorating sputum, it is important to assess whether sputum volume has
increased and whether it is purulent (e.g. green). Purulent sputum is usually a sign of infection
[57]. Fever or other signs of infection should be looked for. Hemoptysis may be present in case
of a severe infection. Risk factors for atypical infections should be thought of.

5.2. Laboratory tests

Laboratory test can be performed if necessary. C-reactive protein as marker for inflamma‐
tion can be  performed.  Additional  laboratory tests  can be  performed depending on the
differential diagnosis. If available, an arterial blood gas can be performed. Hypoxemia may
be present and in more severe cases a patient can also retain CO2. Hypercapnia is defined
as  arterial  blood  gas  CO2  (PaCO2)  level  above  45  mmHg  (6,00  kPa)  and  hypercapnic
respiratory failure as PaCO2 of >50 mmHg (6,67 kPa). When present it is important to assess
if the hypercapnia is longer existing and to assess if the patient is being able to metabolical‐
ly compensate the hypercapnia.
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[57]. Fever or other signs of infection should be looked for. Hemoptysis may be present in case
of a severe infection. Risk factors for atypical infections should be thought of.

5.2. Laboratory tests

Laboratory test can be performed if necessary. C-reactive protein as marker for inflamma‐
tion can be  performed.  Additional  laboratory tests  can be  performed depending on the
differential diagnosis. If available, an arterial blood gas can be performed. Hypoxemia may
be present and in more severe cases a patient can also retain CO2. Hypercapnia is defined
as  arterial  blood  gas  CO2  (PaCO2)  level  above  45  mmHg  (6,00  kPa)  and  hypercapnic
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if the hypercapnia is longer existing and to assess if the patient is being able to metabolical‐
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5.3. Radiology

A chest X-ray is mainly useful for excluding other pathology like pneumothorax, pleural fluid,
congestive heart failure or otherwise. It may reveal consolidations or other pathology. In the
acute phase a chest CT-scan has no additive value in the tract of diagnosing an exacerbation
of COPD. It can be performed if doubts exist about the presence of pulmonary embolisms as
an explanation for dyspnea and/or desaturation. In a patient with recurrent airways infections
a CT-thorax can be performed to investigate whether bronchiectasis is present.

5.4. Biomarkers

Biomarkers can be used as indicators of a physiological state in which a patient is or may
become, it can help in diagnosis, aetiology and prognosis. In theory, biomarkers could be used
to predict exacerbations, to determine if a patient has increased inflammation, to distinguish
type of inflammation (bacterial or viral infection or otherwise) or to predict clinical outcome
after an AECOPD.

Many biomarkers have been researched of which many of them are of little clinical use. At this
moment the most important biomarkers in AECOPD are CRP, serum IL-6, 8-isoprostane,
H2O2 and procalcitonin (ProCT). These biomarkers are closely related to oxidative stress and
inflammation. C-reactive protein is momentarily the most widely used marker of inflammation
in clinical practice.

In patients with frequent exacerbations, both CRP and serum IL-6 levels are increased during
a stable phase but also during the recovery period of an AECOPD [58, 59] compared to patients
with infrequent exacerbations. Interleukin-6 is a cytokine which is widely expressed and
produced in the body, and is not specific to the lung. Serum IL-6 has no additional value above
CRP in clinical decision making. Interleukin-6 levels in sputum may be of use to predict therapy
response [58], although more research is needed before clinical decisions can be made based
on this biomarker. Similarly, there is a lack of studies which investigate the use of exhaled
biomarkers 8-isoporstane and H2O2 for clinical purposes. Procalcitonin may be a biomarker
which can discriminate in aetiology of an exacerbation but may also be used as therapeutic
response parameter. Procalcitonin is the precursor of calcitonin and is released in response to
a bacterial infection by many tissues under stimulation of several cytokines. Procalcitonin
levels are minimally raised in viral infections [60], making it a relative specific diagnostic tool
for bacterial infections. Most research has been performed in patients with community
acquired pneumonia (CAP) [61]. It is suggested that ProCT could become a useful tool in
clinical decision making regarding antibiotic therapy. There have been several trials to assess
the utility of ProCT in AECOPD. In general ProCT-guided antibiotic therapy compared to
standard management in AECOPD showed no differences in death from any cause, rates of
intensive care unit (ICU) admission for any reason, duration of ICU stay, improvement of
symptoms, difference in the quality-of-life score, re-exacerbation and readmission [62].
Procalcitonin-guided antibiotic therapy showed reduction in antibiotic prescription [62] and
in one study [63] also reduction in antibiotic therapy duration, which in turn decreases the
patient’s exposure to antibiotics and related side effects, lowers the burden of antibiotic use
and the risk of antimicrobial resistance. Procalcitonin is not yet being implemented in standard
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care though, as it is relatively expensive and there has been little to no research performed
outside Europe.

6. Management

The treatment of an AECOPD consists of supportive therapy, maximal bronchodilation,
steroids to reduce the inflammation and treatment of the cause.

6.1. Supportive therapy

Oxygen delivery is one of the first supportive therapies which can be provided for a patient.
Oxygen saturation should be at least 90% though in some cases lower saturations may also be
accepted. Too much oxygen may cause hypercapnia as the drive to breathe in some COPD
patients may rely on arterial O2 pressure. Symptoms of acute hypercapnia are somnolence,
headache, drowsiness, confusion, flushed skin or agitation. Physiotherapy during an admis‐
sion for an AECOPD can prevent deterioration in skeletal muscle function and improve
exercise capacity [64, 65]. Because an AECOPD is accompanied by an impaired energy balance
due to a decreased dietary intake and an increased resting energy expenditure, nutritional
support may also benefit the patient in terms of general well-being and prevention of muscle
wasting [66-68].

6.2. Pharmacotherapy

An exacerbation is the result of increased inflammation causing increased flow limitation.
Treatment should be directed towards controlling this exacerbated inflammation and maxi‐
mizing bronchodilation. Short acting agents like salbutamol and ipratropium are mostly used
for maximal bronchodilation, usually delivered by nebulizer. Many patients may not be able
to generate the flows required to use other devices during an exacerbation. Corticosteroids
have been proven to reduce time to recovery and treatment failure, increase FEV1 and arterial
hypoxemia [8]. Treatment schemes have been reported varying from 30 mg prednisolone
orally to 60 mg intravenous, ranging from 5 days to two weeks. Studies showed that there is
no difference in clinical outcome if a patient is treated with oral steroids compared to parenteral
steroids [69]. Antibiotic treatment can be initiated when a bacterial infection is suspected. With
the Anthonisen criteria [70] one can decide whether antibiotic treatment is necessary or not.
These criteria are derived from a randomized placebo-controlled crossover trial which has
been performed in the ‘80s where patients with COPD exacerbations were treated with
antibiotics or placebo. The cardinal symptoms of infection in this study were increased sputum
volume and purulence in combination with increased dyspnea. An exacerbation with all the
previous 3 symptoms is called a type 1 exacerbation; two out of three symptoms have to be
present for a type 2 exacerbation; one out of three and at least one other “minor symptom”
(see table 2) have to be present for it to be a type 3 exacerbation. Patients with type 1 and type
2 exacerbations are most likely to benefit from antibiotic therapy. In Spain a pilot study was
performed with hospitalized patients with AECOPD, where antibiotic therapy was given to
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present for a type 2 exacerbation; one out of three and at least one other “minor symptom”
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patients with self-reported purulent sputum and withheld in patients with non-purulent
sputum [71]. There was no difference between the two groups in treatment failure on day 3,
suggesting patient reported non-purulent sputum may be a valid criterion to withhold
antibiotics [71]. A Dutch study showed that addition of doxycycline to the treatment regimen
with glucocorticoids of a patient with an exacerbation was superior on day 10 but equivalent
on day 30 in terms of clinical success and clinical cure compared to glucocorticoids alone, even
in patients not showing signs of infection [72]. Most recently Spanish investigators performed
a multicenter trial where they suggested that treatment of a mild to moderate exacerbation
with amoxicillin/clavulanate, independent of glucocorticoids treatment, might give better
clinical cure after 10 days compared to placebo [73]. In this study the median time to next
exacerbation was also increased in patients receiving antibiotics compared to placebo.
Unfortunately, because of recruitment problems this study did not reach the calculated amount
of patients needed, so that definite conclusions cannot be made from the results of this study.

Classification of AECOPD according to
Anthonisen criteria

Presence of symptoms and findings

Type 1 Increased dyspnea
Increased sputum volume
Increased sputum purulence

Type 2 Two symptoms of type 1

Type 3 1 of three symptoms of type 1, plus at least one of the following
findings:
- Upper respiratory infection (sore throat, nasal discharge) within the
past 5 days
- Fever without other cause
- Increased wheezing
- Increased cough
- Increase in respiratory rate or heart rate by 20% as compared with
baseline

Table 2. Classification of acute exacerbations of COPD according to Anthonisen criteria [70]

7. Prevention

Preventing exacerbations is an important treatment goal in COPD. There is a wide range of
preventive measures which have proven to reduce exacerbation frequency or hospitalization
in patients with AECOPD.

7.1. Supportive measures

Influenza vaccination and pneumococcal vaccination have both been researched as preventive
measures for infection associated exacerbations. Current GOLD guidelines [8] advise influenza
vaccination for patients with COPD. Pneumococcal vaccination is mainly advised for elderly
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patients with COPD. Investigation on this subject is ongoing. Of the non-pharmacologic
interventions, pulmonary rehabilitation is the most effective in reducing hospital admissions
and mortality and improving health-related quality of life in COPD patients who have recently
suffered an exacerbation of COPD [74].

7.2. Long-acting bronchodilators

Long-acting bronchodilators can be divided in two groups: long acting muscarinic receptor
antagonists (LAMAs) and long acting β-agonists (LABAs). Both have proven to show a positive
effect on exacerbation reduction and improvement in quality of life [75-79]. An overview of
the long-acting bronchodilators is given in table 3.

LABA LAMA

Formoterol Tiotropium

Arfomoterol Glycopyrronium

Salmeterol

Indacaterol

Table 3. An overview of available long-acting bronchodilators.

Of the long-acting bronchodilators, indacaterol and glycopyrronium are the most recent
additions for the treatment of COPD. Indacaterol is proven to be superior to formoterol,
salmeterol and tiotropium in terms of use of rescue medication, dyspnoea score and health
related quality of life. Compared to salmeterol and formoterol it is also superior in improving
spirometry values. Indacaterol is non-inferior to tiotropium but when added to tiotropium
therapy it is superior compared to tiotropium alone [80]. Indacaterol also lowers the risk of
AECOPD compared to placebo [78, 81, 82]. Glycopyrronium has been approved in 2012 as
therapy for COPD. It provides significant improvements in lung function, dyspnoea, health
status, exacerbation frequency and rescue medication use versus placebo, and is comparable
to tiotropium [83, 84]. The combination of glycopyrronium and indacaterol has shown
superiority in bronchodilation compared to indacaterol alone [85]. Glycopyrronium has not
been compared to other LABAs yet.

7.3. Inhalation corticosteroids

Inhalation corticosteroids (ICS) can be given to patients with high risk of exacerbations. In
several studies ICS provided a reduction of symptoms (dyspnea, cough) and reduced the
frequency of exacerbations [86-88]. The GOLD guidelines advise treatment for high exacerba‐
tion risk patients with few symptoms (group C) with a combination of ICS/LABA or a LAMA
alone, or a combination of LABA and LAMA [8]. For high exacerbation risk patients who have
many symptoms (group D) the same treatment is advised as for group C, also a combination
of all three classes of inhalation drugs is possible [8].
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Table 3. An overview of available long-acting bronchodilators.

Of the long-acting bronchodilators, indacaterol and glycopyrronium are the most recent
additions for the treatment of COPD. Indacaterol is proven to be superior to formoterol,
salmeterol and tiotropium in terms of use of rescue medication, dyspnoea score and health
related quality of life. Compared to salmeterol and formoterol it is also superior in improving
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therapy it is superior compared to tiotropium alone [80]. Indacaterol also lowers the risk of
AECOPD compared to placebo [78, 81, 82]. Glycopyrronium has been approved in 2012 as
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frequency of exacerbations [86-88]. The GOLD guidelines advise treatment for high exacerba‐
tion risk patients with few symptoms (group C) with a combination of ICS/LABA or a LAMA
alone, or a combination of LABA and LAMA [8]. For high exacerbation risk patients who have
many symptoms (group D) the same treatment is advised as for group C, also a combination
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7.4. Phosphodiesterase inhibitors

Currently, two phosphodiesterase inhibitors are available for the treatment of COPD: theo‐
phylline and roflumilast. Theophylline is a xanthine derivative which acts as a non-selective
phosphodiesterase inhibitor. It has bronchodilator effects, improves symptoms and there is
evidence that it can reduce exacerbations [89-91]. It is a drug which needs therapeutic window
monitoring. It can interact with many drugs and can have toxic side effects which may be
potentially dangerous, like cardiac arrhythmia. Therapy with theophyllines is not recom‐
mended if LABAs are available but can be used as add-on therapy [8]. Roflumilast is a selective
phosphodiesterase-4 inhibitor. It increases prebronchodilator FEV1 and can reduce exacerba‐
tions in a selected group of patients with COPD [92, 93]. In all trials patients in the roflumilast
group experienced more side effects in comparison to patients in the placebo groups. The side
effects were mostly gastro-intestinal related (nausea, diarrhoea, weight loss) and headache.
These adverse events were associated with increased patient withdrawal in the roflumilast
groups. The design of the trials limits the generalizability of these results. The included COPD
patients were required to have symptoms of chronic bronchitis and AECOPD in the past. More
investigation is needed to determine the exact place of this medication in the treatment of
AECOPD.

7.5. Macrolide antibiotics

Antibiotic prevention of exacerbations is a highly researched topic in COPD. The most
promising class of antibiotics appear to be macrolides. In various chronic lung diseases they
seem to have an immune modulatory function.

7.5.1. Proposed working mechanism

Much in vivo and in vitro research has been performed with macrolide antibiotics. The effects
of macrolides can be divided in antimicrobial effects and immune modulatory effects.
Macrolides bind to the 50S subunit of the bacterial ribosome and inhibit bacterial protein
synthesis [94]. Most macrolides have a uniform degree of activity; their antimicrobial spectrum
extends from Gram-positive bacteria to a limited activity against Gram-negative bacteria [95].
Of the macrolides, azithromycin displays superior activity against Gram-negative organisms,
such as H. influenzae [94]. Compared to other macrolides as erythromycin and clarithromycin,
azithromycin also has better uptake in peripheral blood polymorphonuclear neutrophils
(PMN) with slower release [96, 97], better tissue uptake and tissue concentrations are higher
long after the last administered dose [98, 99]. Pseudomonas aeruginosa is a Gram-negative rod
which has intrinsic resistance for macrolides but has nonetheless been extensively studied in
combination with macrolides. Studies have shown that macrolides influence the virulence of
not only P. aeruginosa [100-102] but also other microorganisms, like Proteus mirabilis [103],
Salmonella enterica [104], Staphylococcus epidermidis [105] and H. influenzae [106]. Macrolides alter
the biofilm around bacteria [105-107], in P. aeruginosa this may facilitate phagocytosis by PMN
[101]. It is also suggested that macrolides block quorum sensing [108, 109] in P. aeruginosa,
reduce flagellin synthesis and expression [103, 104] and reduce production of bacterial
exoenzymes [100]. In murine models and in in vitro studies macrolides have shown to
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influence respiratory viral infections. In one study therapy with erythromycin increased
survival rates in mice infected with lethal doses of influenza virus [110]. This effect might be
exerted through the inhibitory action of erythromycin against virus-induced inflammatory
responses in the lung. The production of interferon-gamma (IFN-γ) in the lungs was signifi‐
cantly decreased by the administration of erythromycin to the infected mice. Two in vitro
studies researching the effect of erythromycin and clarithromycin in human tracheal cells
infected with rhinovirus and influenza A virus, also showed that macrolides decrease the
production of pro-inflammatory cytokines and inhibited activation of nuclear factor-κB (a
regulating factor in transcription of DNA in response to cellular stress) [111, 112]. These
antiviral effects of macrolides have not yet been proven in patients, although there is evidence
that macrolides may prevent common colds which are mostly of viral aetiology [113]. Macro‐
lides support the airway innate immune system by maintaining airway epithelial integrity
[114, 115]. In vitro [116] and in vivo [117] studies show that macrolides improve alveolar
macrophage phagocytosis function. Macrolide therapy stimulates the prolonged degranula‐
tion of neutrophils (suggesting anti-inflammatory activity in non-infective inflammation),
decreases long term oxidative burst and can decrease the release of pro-inflammatory cyto‐
kines (such as IL-6 and IL-8) in healthy individuals [118]. In vitro it is observed that macrolides
decrease the release of IL-1β, IL-6 and tumor necrosis factor-alpha (TNF-α) in sputum cells of
patients with COPD [119]. Azithromycin exerts direct inhibitory effects on mucus secretion
from airway epithelial cells in vitro and in vivo [120].

7.5.2. Success of macrolides in chronic lung diseases

Diffuse panbronchiolitis is a progressive inflammatory disorder of the airways found almost
exclusively in Japan. Clinically it is characterized by chronic cough, excessive sputum pro‐
duction, exertional breathlessness, chronic sinusitis and Pseudomonas colonization [121].
Untreated, the prognosis of diffuse panbronchiolitis is poor, with progressive deterioration of
lung function, the development of diffuse bronchiectasis and death caused by respiratory
failure. The introduction of long-term macrolide therapy has resulted in dramatic improve‐
ments in survival, with 5-year survival rates increasing from 63 to 92% [121, 122]. Significant
symptom reduction and improved pulmonary function have also been achieved [123-126].
Also in patients with cystic fibrosis (CF) who are colonized with P. aeruginosa, macrolide
therapy had led to improvement in FEV1 and forced vital capacity (FVC), a reduction in
exacerbation rate, a reduction in hospital days and days of intravenous antibiotic use, delaying
time until the first exacerbation and reducing number of additional courses of antibiotics
[127-132]. A Cochrane review of macrolide therapy concluded that treatment with azithro‐
mycin had a small but significant effect on pulmonary function in patients with cystic fibrosis
[133]. In a in New Zealand performed randomized controlled trial in non-CF bronchiectasis,
maintenance treatment with 3 times a week 500 mg azithromycin showed a reduction in
exacerbations [134] though no effects were seen in quality of life and lung function. In a Dutch
study where a treatment scheme was given with daily 250 mg azithromycin, the reduction in
exacerbations was accompanied by an improved quality of life assessed by St George’s
Respiratory Questionnaire (SGRQ) and an increase in lung function [135]. As for COPD there
have been few researches concerning macrolides in preventing AECOPD. One published study
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has examined the effect of clarithromycin treatment in COPD [136]. This was a prospective
double-blind randomized controlled trial of 67 patients with moderately severe COPD. The
effects of 3 months’ clarithromycin therapy on health status, exacerbation rate and sputum
bacterial numbers were measured. Overall, no significant benefit was seen in any measure.
However, significant improvements in both the SGRQ symptom score and 36-item short-form
health survey (SF-36) physical function score were seen. A Japanese study performed in 1997
investigated the effect of long-term erythromycin therapy on common colds in patients with
COPD [113]. It was a prospective, randomized, controlled but not blinded study. Patients who
received erythromycin therapy had less common colds and less subsequent AECOPD
compared to patients in the control group. In 2006, another study had been performed in the
UK to investigate the influence of erythromycin on exacerbation of COPD [137]. Unfortunately,
the total number of patients needed for inclusion was not reached. Although the study showed
a significant reduction in number of exacerbations in COPD patients who received 1 year daily
erythromycin, the reached conclusions should be carefully interpreted. The most recent study
published concerning long term macrolide therapy in COPD was performed in the USA with
over 1,000 patients. It showed a reduction in time to first exacerbation and a reduced risk for
exacerbations in patients receiving daily azithromycin during 1 year [138]. The study partici‐
pants were patients who had at least 1 treated exacerbation in the previous year or who were
on continuous supplemental oxygen or had an emergency department (ED) visit or hospital
admission for an exacerbation COPD. The applicability of these results is somewhat difficult.
The results of the study could suggest that long term azithromycin can be given to many COPD
patients, even to those who are not actually frequent exacerbators. The place of azithromycin
in the prevention of COPD exacerbations is a topic which needs further research.

7.5.3. Antimicrobial resistance

Giving long term antibiotic treatment to a patient may have consequences; the development
of antimicrobial resistance is by far the most important one. Several researches have shown
that the erm(B) and mef genes are mostly responsible for macrolide resistance in streptococci
bacteria [139-142]. This resistance can develop even when short term therapy with macrolides
is given [141]. The participants receiving azithromycin in the USA study, where a 1-year
therapy was administered, were less likely to be colonized with respiratory pathogens but
more likely to become colonized with macrolide resistant pathogens [138]. In the UK study in
patients with COPD the researchers found there were no significant changes in resistance of
sputum pathogens (H. influenzae, S. pneumoniae, M. catarrhalis) after 1 year of daily erythro‐
mycin [137]. In a Dutch study investigating antibiotic treatment before cardiovascular surgery
300 patients were treated with 2 weeks of clarithromycin. A significant rise in macrolide
resistance in oropharyngeal flora was observed and this resistance continued to exist for at
least 8 weeks [140]. Since macrolide resistance in pneumococci is already a known problem
[141, 143, 144] it is of great importance to prevent the development of resistance in other
microorganisms.
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1. Introduction

Neutrophils, or polymorphonuclear leukocytes (PMNs), are a key component in the innate
immune system and a powerful player in host defense. Because of this, PMNs have been
studied for over a century, although current understanding of their primary function, traf‐
ficking to sites of infection and catabolyzing microbial pathogens, is unchanged. PMNs are
viewed by some as mere blunt immune instruments, utilized by the host against a broad ar‐
ray of pathogens. However, a careful review of both neutrophil function and dysfunction re‐
veals a cell of discrete coordination in both normal homeostasis and disease. Herein, we
provide a review of neutrophil biology focusing on PMNs role in chronic inflammatory lung
disease. We provide a summary of the current knowledge of these cellular first responders
and detail novel therapeutics related to combating their dysfunction in chronic disease.

2. Evolutionary origin of neutrophils

The evolutionary origins of the human neutrophil lie in phagocytic cells found in simple
organisms. These evolutionary precursors to the human PMNs, originally studied in star‐
fish, were first observed migrating to a site of injury over a century ago. Since the semi‐
nal immunological discovery of cells that attack invading pathogens,  various phagocytic
immune  cells  along  the  evolutionary  continuum  have  been  described.  Phagocytic  cells
with  functions  and signaling  mechanisms  similar  to  mammalian  neutrophils  have  been
described in organisms as  simple as  the slime mold Dictyostelium discoideum.  [1]  Phago‐
cytes  containing  bactericidal  granules  analogous  to  those  in  the  human  neutrophil  are
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found in insects.  Although functionally similar,  these immune cells differ from their hu‐
man  counterparts  significantly  in  lifespan  and  nuclear  morphology,  suggesting  that  a
short-lived,  multi-lobed  phagocyte  is  a  more  recent  evolutionary  development.  [2]  This
trend continues  with  non-mammalian vertebrates.  Both  amphibians  and bony fish  have
granulocytic phagocytes with multi-lobed nuclei that are genetically and morphologically
similar to the human PMN. [3] Although the structure, morphology, function, and genet‐
ic  make-up of  neutrophils  is  highly conserved within mammals,  the percentage of  total
immune cells  represented by neutrophils varies significantly.  Even within primates neu‐
trophil  counts  vary  a  great  deal;  neutrophils  represent  approximately  50% of  chimpan‐
zee’s  circulating  immune cells,  whereas  the  human neutrophil  accounts  for  almost  70%
of white blood cells.  [4],[5] The commonality of PMNs and PMN-like cells make it  clear
that the neutrophil is an ancient player on the immunological stage.

3. Hematopoietic origin, differentiation/maturation of neutrophils

Neutrophil biogenesis occurs in the bone marrow from an undifferentiated hematopoietic
stem cell. Regulation of transcription factors through cytokine and growth factor signaling
dictates neutrophil differentiation, a process called granulopoiesis. Granulopoiesis is the
successive differentiation of a pluripotent hematopoietic stem cell, to a multipotent commit‐
ted myeloid progenitor cell (myeloblast), to a bipotent granulocyte-macrophage progenitor
cell (metamyelocyte) and finally to a unipotent committed granulocyte. The final stage of
PMN maturation, or terminal granulopoiesis, is characterized morphologically by the ap‐
pearance of a multi-lobed granulated nucleus. On a molecular level, granule protein synthe‐
sis and granule packaging mark neutrophil maturation. These granules and their cargo
proteins are among the primary weapons in neutrophils’ antimicrobial arsenal. [6]-[8]Syn‐
thesis of granules and granule proteins progresses concurrently with granulopoiesis. Gran‐
ules are traditionally classified as primary, secondary and tertiary according to the stage of
differentiation during which they are formed. This is important because the granules
formed at different stages of differentiation exhibit drastically different protein cargo and
thus play different roles in the immune and inflammatory response. [9]The array of neutro‐
philic granule cargo might include myeloperoxidase, lactoferrin, haptoglobin and alpha-1-
antitrypsin. [10] Specific granule proteins and their respective roles in neutrophilic lung
disease will be addressed below.

4. Release and homeostasis

Once mature, neutrophils are released from the bone marrow. Locally, release of neutrophils
into circulation is governed by cytokine signaling. Toll like receptors (TLRs) and granulo‐
cyte colony stimulating factor (G-CSF) receptors are crucial in neutrophil production, but
CXCR2 and CXCR4 appear to be the primary receptors involved in neutrophil release into
the circulation. [11],[12] Whereas activation of CXCR4 favors retention of mature PMNs in
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the bone marrow, activation of CXCR2 promotes their release into circulation. Under ho‐
meostatic conditions a normal human adult produces 1 - 2 X 10[11] neutrophils per day. The
rate of neutrophil production and release is dictated largely by G-CSF in a negative feedback
mechanism whereby an increasing number of apoptotic neutrophils decreases the amount of
G-CSF. The apoptotic neutrophils are phagocytosed by tissue macrophages, which decrease
their release of interleukin-23 (IL-23). IL-23 stimulates the release of IL-17 by helper T (TH)
cells. [13] IL-17 is in turn the primary stimulus for the release of G-CSF. Thus, increased con‐
trolled destruction of neutrophils leads to decreased levels of macrophage derived IL-23 re‐
leased by macrophages, IL-17 released by TH17 cells, G-CSF released by osteoblasts, and
thus a decrease in neutrophil synthesis and release. Conversely, IL-17 has been shown to act
through p38 MAPK to augment IL-8 release from pulmonary epithelial cells. This mecha‐
nism, ideally, allows the body to rapidly speed neutrophil production and release during in‐
fection in a regulated fashion to minimize potential damage to the host. [10],[14]Another
method by which the host regulates circulating neutrophil numbers is through the phenom‐
enon of margination and demargination. Margination occurs when resting neutrophils trav‐
el at a significantly slower pace along the endothelium of the blood vessels. The expression
of previously mentioned adhesion molecules creates distinct organ-specific (marginated)
pools of cells. Exercise induced stress, infection, or other sources of systemic stress leads to
an increase in blood flow, a release of epinephrine and demargination of the neutrophil into
the general circulation.[15]

5. Response to infection/smoking

Although the rate of neutrophil production and release may increase during an immunolog‐
ical challenge, as the most populous circulating white blood cells, neutrophils serve as first
line responders to injury and infection. During the course of their 6 to 8 hour life span in
circulation, neutrophils tend to remain near the vascular endothelium. PMNs constitutively
express two glycoprotein ligands, PSGL-1 and L-selectin, allowing neutrophils to detect in‐
flamed or injured endothelium. At sites of inflammation, bacterial peptides such as lipopo‐
lysaccharide (LPS), and f-Met-Leu-Phe (fMLP), along with host pro-inflammatory cytokines
(i.e., tumor necrosis factor-α [TNF-α]) stimulate the vascular endothelium to produce to ad‐
hesion molecules such as lymphocyte function antigen (LFA) and the immunoglobulin-de‐
rived intercellular adhesion molecule (ICAM). [4],[15]

The adhesive force between the endothelial adhesion molecules and neutrophil selectins
produces a Velcro®-like action that slows the neutrophil down, a process known as rolling.
Rolling also prompts the neutrophil to express surface molecules known as β-integrins,
which further slow the neutrophil. It is at this early stage that PMNs have already begun to
become activated and are preparing the intracellular machinery necessary to combat the in‐
vading pathogens. Slow rolling is followed by arrest and firm adhesion via clustering of β2-
integrins. Arrest initiates actin polymerization vital to migration across the endothelial
surface via a G-protein coupled receptor (GPCR) signaling cascade. [16],[17] Transendothe‐
lial migration, or exocytosis, begins as the adhesive force between the neutrophil and endo‐
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found in insects.  Although functionally similar,  these immune cells differ from their hu‐
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the bone marrow, activation of CXCR2 promotes their release into circulation. Under ho‐
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Although the rate of neutrophil production and release may increase during an immunolog‐
ical challenge, as the most populous circulating white blood cells, neutrophils serve as first
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produces a Velcro®-like action that slows the neutrophil down, a process known as rolling.
Rolling also prompts the neutrophil to express surface molecules known as β-integrins,
which further slow the neutrophil. It is at this early stage that PMNs have already begun to
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integrins. Arrest initiates actin polymerization vital to migration across the endothelial
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thelium increases and the neutrophil “crawls” in search of a suitable route to cross the vessel
wall, either paracellular or transcellular. At this point the neutrophil extends pseudopod-
like surface projections that penetrate the endothelium. Upon penetration the neutrophil in‐
creases expression of surface integrins and releases proteases that function to break through
the vascular basement membrane and into the inflamed tissue. [16]

Once in the interstitium, PMNs must target the specific site of infection amidst large number
of healthy cells. This is accomplished by a two pronged method of sensing inflammatory
chemoattractant gradients. PMNs sense a chemoattractant gradient of IL-8 produced by
damaged host cells and resident monocyte/macrophages through CXCR1 and CXCR2 (both
GPCRs), and also detect fMLP (FPR1 receptor) LPS (TLR4), flagellin (TLR5), through pattern
recognition receptors. [18] Although PMNs have been traditionally thought to promulgate
an active innate immunity with little regulation, more recent evidence suggests that PMNs
carefully coordinate a well-tailored immune response. A classic example of this regulated
coordination is the elegant response of PMNs to IL-8. [19] As PMNs travel along the IL-8
gradient activation and release of microbicidal molecules occurs in a step-wise manner.
With increasing concentrations of IL-8, neutrophils first produce more β-integrins, subse‐
quently begin the oxidative burst, and finally degranulate potent proteases into the intracel‐
lular space. [20] The trafficking of neutrophils to sites of inflammation is with dual purpose:
1) to release their antimicrobial arsenal, and 2) to recruit more neutrophils and other innate
immune cells to the site of inflammation.

The neutrophil’s arsenal includes the following weapons with which the neutrophil attacks
pathogens: release of aforementioned granules with their anti-microbial contents, synthesis
and release of anti-microbial peptides, production of reactive oxygen species (ROS) during
the respiratory/oxidative burst, phagocytosis (mainly utilized to remove debris) and the re‐
lease of neutrophil extracellular traps (NETs), composed of DNA material that entraps in‐
vading pathogens. The second objective is accomplished through the release soluble
mediators such as IL-12 and IFN-gamma that form a complex network of recruitment of oth‐
er neutrophils, dendritic cells, natural killer cells and macrophages. [21] Neutrophils can al‐
so act as antigen presenting cells in communication with CD8+ T cells, thus forming a link
between innate and adaptive immunity. Such a potent response to injury and inflammation
depends on negative feedback mechanisms, the short life span of neutrophils and the clear‐
ance of apoptotic neutrophils by macrophages. If left unchecked, the inflammatory response
mediated by neutrophils can be a major contributor to chronic disease. 4 (Fig. 1)

Neutrophils are capable of responding to a number of inflammatory stimuli other than in‐
fection. Cigarette smoking has been shown to be a primary stimulus for the activation and
migration of neutrophils into the tissues. Neutrophil treatment with cigarette smoke induces
β2-integrin activation and firm adhesion to fibrinogen. Increased levels of neutrophil elas‐
tase, and matrix metalloproteases has been demonstrated with exposure to cigarette smoke.
Furthermore, there is a decrease in superoxide production in the presence of cigarette
smoke, indicating that smoking may lead to an impaired response to bacterial challenge.

It is with this potential for destructive dysregulation that we provide the following review
of selected neutrophil mediated, inflammatory lung diseases. The definition, etiology, epi‐
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demiology, cellular pathophysiology, diagnosis and current treatment of each condition will
be discussed briefly. Following each disease will be a discussion of recent advancements in
the understanding of the disease and advancements in therapeutics directed toward each
condition.

Figure 1. Neutrophils in both normal and chronic inflammatory responses. Neutrophils are recruited into the airway in nor‐
mal acute information through the release of chemokines such as IL-8, IL-17 and LTB4. Once in the airway they release pro‐
teases and reactive oxygen species (ROS) to combat bacteria (shown in red). After the infection in resolved, the neutrophils
undergo apoptosis and prevent destructive release of their proteases and ROS into the interstitium. (A) In chronic inflam‐
mation, neutrophils continue to release harmful proteases with no pathogen presence. Eventually the neutrophils under‐
go necrosis which futher damages the epithelium and creates a feed-forward process of disease. (B)

6. COPD

6.1. Overview and epidemiology

Chronic obstructive pulmonary disease (COPD) is marked by progressive and irreversible
airway limitation, chronic bronchitis, pulmonary hypertension and emphysema. These tis‐

New Frontiers in the Diagnosis and Treatment of Chronic Neutrophilic Lung Diseases
http://dx.doi.org/10.5772/53834

103
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The neutrophil’s arsenal includes the following weapons with which the neutrophil attacks
pathogens: release of aforementioned granules with their anti-microbial contents, synthesis
and release of anti-microbial peptides, production of reactive oxygen species (ROS) during
the respiratory/oxidative burst, phagocytosis (mainly utilized to remove debris) and the re‐
lease of neutrophil extracellular traps (NETs), composed of DNA material that entraps in‐
vading pathogens. The second objective is accomplished through the release soluble
mediators such as IL-12 and IFN-gamma that form a complex network of recruitment of oth‐
er neutrophils, dendritic cells, natural killer cells and macrophages. [21] Neutrophils can al‐
so act as antigen presenting cells in communication with CD8+ T cells, thus forming a link
between innate and adaptive immunity. Such a potent response to injury and inflammation
depends on negative feedback mechanisms, the short life span of neutrophils and the clear‐
ance of apoptotic neutrophils by macrophages. If left unchecked, the inflammatory response
mediated by neutrophils can be a major contributor to chronic disease. 4 (Fig. 1)

Neutrophils are capable of responding to a number of inflammatory stimuli other than in‐
fection. Cigarette smoking has been shown to be a primary stimulus for the activation and
migration of neutrophils into the tissues. Neutrophil treatment with cigarette smoke induces
β2-integrin activation and firm adhesion to fibrinogen. Increased levels of neutrophil elas‐
tase, and matrix metalloproteases has been demonstrated with exposure to cigarette smoke.
Furthermore, there is a decrease in superoxide production in the presence of cigarette
smoke, indicating that smoking may lead to an impaired response to bacterial challenge.

It is with this potential for destructive dysregulation that we provide the following review
of selected neutrophil mediated, inflammatory lung diseases. The definition, etiology, epi‐
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demiology, cellular pathophysiology, diagnosis and current treatment of each condition will
be discussed briefly. Following each disease will be a discussion of recent advancements in
the understanding of the disease and advancements in therapeutics directed toward each
condition.

Figure 1. Neutrophils in both normal and chronic inflammatory responses. Neutrophils are recruited into the airway in nor‐
mal acute information through the release of chemokines such as IL-8, IL-17 and LTB4. Once in the airway they release pro‐
teases and reactive oxygen species (ROS) to combat bacteria (shown in red). After the infection in resolved, the neutrophils
undergo apoptosis and prevent destructive release of their proteases and ROS into the interstitium. (A) In chronic inflam‐
mation, neutrophils continue to release harmful proteases with no pathogen presence. Eventually the neutrophils under‐
go necrosis which futher damages the epithelium and creates a feed-forward process of disease. (B)

6. COPD

6.1. Overview and epidemiology

Chronic obstructive pulmonary disease (COPD) is marked by progressive and irreversible
airway limitation, chronic bronchitis, pulmonary hypertension and emphysema. These tis‐
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sue changes are secondary to persistent, chronic pulmonary inflammation in response to
persistent exposure to toxic gases or particles, primarily tobacco smoke. In addition to a
baseline inflammatory state, the disease is associated with frequent exacerbations due to
constant inflammation. [22],[23] Although preventable and treatable, COPD is a significant
cause of morbidity and mortality worldwide. As the leading cause of pulmonary-related
death in the world, COPD was the fifth leading cause of death worldwide in 2001 and is ex‐
pected to move to third by 2020. [24]

6.2. Etiology

An overwhelming proportion of COPD is related directly to cigarette smoking. Other envi‐
ronmental irritants that have been implicated in the development of COPD include coal and
metal mining dust, urban pollution, and indoor cooking with biofuels. [25] Irrespective of
secondary irritants, greater than 90% of individuals diagnosed with COPD are current or
former smokers. However, only a minority of current and former smokers develop sympto‐
matic COPD (15-20%), suggesting COPD is a confluence of environmental factors and genet‐
ic susceptibility. [26] The complex nature of the inflammatory process and its response to
environmental factors in COPD confounds the search for individual susceptibility genes.
[27] To that end, several genome-wide association studies (GWAS) have been performed
with the goal of elucidating the genetic factors related COPD pathogenesis. Unfortunately,
even in this current age of rapid whole genome sequencing, multiple GWAS studies have
only postulated loose corollaries of genes and association with disease. No genes associated
with COPD have displayed a Mendelian mode of inheritance with respect to causation of
COPD. [28]

6.3. Pathophysiology

On a cellular level, the pathophysiology of COPD is essentially a heightened, perpetually ac‐
tive inflammatory process. Inflammation is typically localized in the small airways and pa‐
renchyma of the lungs, where irritant molecules become trapped. The difference between
the normal inflammatory cascade and that seen in COPD is the damage immune cells and
their mediators inflict upon the lung tissues due to persistent activation. Lung function de‐
cline, characteristic of COPD, is linked to three distinct but synergistic mechanisms: destruc‐
tion of alveolar walls (emphysema), narrowing of the small airways, and hypersecretion of
mucus. [29]

The inflammatory cascade leading to COPD is a complex interaction of immune cells and
molecular mediators. The process begins with the inhalation of cigarette smoke or other
chemical irritants, which damages the airway epithelium leading to release of chemoattrac‐
tant molecules. Cigarette smoke was also shown by Braber et al. to induce β2 integrin-de‐
pendant migration of neutrophils across endothelial cells. [30] These ligands bind and
activate chemokine receptors on circulating neutrophils, helper T cells, cytotoxic T cells and
monocytes and recruit them to the lungs. Monocytes migrate across the epithelium and dif‐
ferentiate, joining the resident macrophages. As the congregation of immune cells grows
they release proteases, such as matrix metalloproteinase-9 (MMP-9) and human neutrophil
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elastase (HNE), which degrade connective tissue, particularly elastin, of the alveolar wall,
leading to emphysema. [31]-[33] Airway narrowing results from fibroblast proliferation and
collagen deposition around the bronchioles in response to TGF Β (transforming growth fac‐
tor) released by macrophages and irritated epithelial cells.

6.4. Role of neutrophils in COPD

Neutrophils themselves are a primary factor in the continuation of the pro-inflammatory
state seen in COPD. The hypersecretion of mucus is linked to the accumulation of PMNs.
Neutrophil elastase stimulates mucin gene expression; hence goblet cells and mucus glands
produce excess mucus, leaving the bronchioles further obstructed. [34],[35] HNE is a one of
a family of neutrophil serine proteases that have pluripotent effects in COPD. Not only can
HNE degrade the basement membrane but it also directly affects ciliary beat frequency and
cleaves CD2, CD4, and CD8 on T-cells, affecting their function. Additionally, HNE cleaves
CXCR1 on PMNs, creating an impotent neutrophil that travels to the site of infection but is
incapable of acting once it arrives. [36] Furthermore, other neutrophil proteins such as pro‐
tienase-3, cathepsin G, and myeloperoxidase are all pro-inflammatory molecules released by
the neutrophil upon activation or necrosis. [37]

6.5. Diagnosis of COPD

The current standard for COPD diagnosis is spirometry. Lung spirometry measures the vol‐
ume of exhaled air, thus providing a functional assessment of airway obstruction. Two key
spirometric values are FEV1 (forced expiratory volume), the volume of exhaled air over the
first second of forced expiration, and FVC (forced vital capacity) or the total volume of air
exhaled during forced expiration. These values are interpreted as a ratio (FEV1/FVC) where‐
by a decreasing value indicates increasing airway obstruction. A ratio less than 0.70 after
bronchodilator treatment is diagnostic for COPD. [38],[39] Clinical indications for spiromet‐
ric evaluation include age greater than 40 years, family history of COPD, past exposure to
inhaled irritants, chronic cough and sputum production and dyspnea. [22]

6.6. Traditional COPD therapeutics

Pharmacological therapy of COPD is rooted in combating the symptoms that present sec‐
ondary  to  the  tissue  damage  described  above.  Currently  drug  therapy  is  limited  to  a
small  cadre of  drug classes.  Therapeutic  agents  include bronchodilators,  glucocorticoste‐
roids and phosphodiesterase inhibitors. Bronchodilators are the mainstay of COPD thera‐
py.  Β  2  receptor  agonists  act  on  bronchial  smooth  muscle,  promoting  relaxation  and
airway  dilation.  Both  long  acting  (daily  therapy)  and  short  acting  (acute  exacerbation)
formulations are used. [40] Anticholinergics, or acetylcholine antagonists complement the
airway dilating mechanism of β-agonists by blocking parasympathetic muscarinic recep‐
tors  that  otherwise  cause  bronchial  smooth  muscle  contraction.  [41]  Inhaled  glucocorti‐
costeroids  aid  in  controlling  inflammation,  but  are  typically  only  used  in  conjunction
with  other  drug  classes.  Oral,  or  systemic,  glucocorticoid  therapy  is  reserved  for  acute
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Pharmacological therapy of COPD is rooted in combating the symptoms that present sec‐
ondary  to  the  tissue  damage  described  above.  Currently  drug  therapy  is  limited  to  a
small  cadre of  drug classes.  Therapeutic  agents  include bronchodilators,  glucocorticoste‐
roids and phosphodiesterase inhibitors. Bronchodilators are the mainstay of COPD thera‐
py.  Β  2  receptor  agonists  act  on  bronchial  smooth  muscle,  promoting  relaxation  and
airway  dilation.  Both  long  acting  (daily  therapy)  and  short  acting  (acute  exacerbation)
formulations are used. [40] Anticholinergics, or acetylcholine antagonists complement the
airway dilating mechanism of β-agonists by blocking parasympathetic muscarinic recep‐
tors  that  otherwise  cause  bronchial  smooth  muscle  contraction.  [41]  Inhaled  glucocorti‐
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exacerbations because of chronic immunosuppression and undesirable side-effect profiles
from long-term daily use. [42]

7. Cystic fibrosis

7.1. Disease overview

Cystic  fibrosis  (CF)  results  from  a  genetic  defect  in  the  cystic  fibrosis  transmembrane
conductance  regulator  (CFTR),  an  epithelial  cell  ion  transporter.  Although the  resultant
lung pathology is the main source of morbidity and mortality, there is multi-system dys‐
function due to the prevalence of the channel in several cell types. The myriad manifes‐
tations  of  CF  include  lung  disease,  pancreatic  insufficiency  (both  endocrine  and
exocrine), male infertility, liver disease, meconium ileus, and distal intestinal obstruction.
[43],[44]  Among these,  the primary cause of  morbidity and mortality in cystic  fibrosis  is
pulmonary  disease.  Pulmonary  complications  stem  from  impaired  ion  transport  in  the
airways,  which  results  in  thick  mucus,  reduced  ciliary  beat  frequency  and  pathogen
clearance from the respiratory tract. These pathogens constantly bombard and eventually
colonize  the  CF  patient’s  airways,  which  leads  to  a  state  of  persistent  inflammation
marked by recurrent infections and exacerbations. [45]

7.2. Epidemiology/prevalence/survival

CF predominately affects Caucasians, and has an estimated prevalence of roughly 80,000
people worldwide. When it was first described in 1938, CF virtually guaranteed death short‐
ly after diagnosis. However, advances in knowledge of the disease process and clinical man‐
agement of CF have led to improved life expectancy of 25 years in 1985 and currently
approaching 40 years. Individuals diagnosed with CF today are expected to survive beyond
50 years of age. [46]

7.3. Etiology

The cystic fibrosis gene is situated on the long arm of chromosome 7. CF mutations are
transmitted in an autosomal recessive pattern [47] and over 1500 unique mutations of the CF
gene have been identified. [48] Such a large number of different mutations, and the demon‐
strated influence of other genes (i.e. TGFΒ1) suggests the probability of considerable varia‐
bility in genotype, phenotype and disease severity. [49] Indeed, this is the case; symptoms,
onset and severity vary widely across the CF population. CF patients are classified I-VI ac‐
cording to the type of defect the mutation causes in the resultant protein. Class I mutations
are nonsense or stopgain mutations that cause the protein to be truncated. Class II are typi‐
cally missense mutations that affect the tertiary structure of the protein and prevent it from
trafficking to the cell membrane (this is by far the most common type of mutation seen in
CF). The most common of all CFTR mutations is termed ΔF508, a deletion of three nucleoti‐
des resulting in a deletion of phenylalanine at position 508, and is a class II mutation. In
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class III mutations, the CFTR is fully formed and traffics correctly to the cell membrane but
does not function properly upon reaching it. Class IV mutations are similar to that of class
III but they are solely malfunctions in the opening of the channel. Class V mutations result
in less than normal amounts of CFTR, although what is made functions correctly. Finally,
class VI mutations are similar to that of class V but they are unique in that what CFTR pro‐
tein is made is degraded too quickly and there is a functional deficit in the necessary
amount of CFTR present on the apical membrane. [50]Typically genotypes in classes I-III
have worse phenotypic presentations and higher mortality. Like genotype, sex is also a mor‐
tality predictor; males have a higher survival rate than females until the age of 20. [51],[52]

7.4. Pathophysiology

As noted above, CF presents with numerous extra-pulmonary symptoms, but only pulmo‐
nary complications will be addressed herein. Pulmonary manifestations of CF can be under‐
stood as a stepwise melding of the following pathologic processes:

1. Defective CFTR

2. Reduced ASL height

3. Disrupted mucociliary clearance

4. Colonization/chronic infection/exacerbation

5. Neutrophil dominated inflammation

(1) The underlying genetic defect in CF results in either a dysfunctional or absent CFTR
channel. The submucosal glands in the distal airways express CFTR, a protein that spans the
membrane of epithelial cells. It employs a cAMP-mediated, PKA activated mechanism to
conduct chloride ions across the lipid bilayer. Other functions of CFTR that have been de‐
scribed are affected with varying degrees based on the type of mutation (congenital bilateral
absence of the vas deferens). How those secondary functions are altered may explain the
phenotypic severity in CF, but dysregulation and dysfunction in chloride conductance is the
primary pathology of the CFTR in CF.

(2)  Ineffective secretion of  chloride anions (and unregulated absorption of  sodium ions)
leads to a reduced volume of airway surface liquid (ASL) due to the diminished electro‐
lyte content in the airway and very little osmotic pull. In turn, this alters the consistency
of  airway mucus  to  a  thick,  desiccated,  hyper-viscous  layer  that  adheres  to  the  airway
epithelium. [53]

(3) The adherent mucus creates plaques that obstruct the airways and disrupt the mucocili‐
ary clearance mechanism. The detrimental effect of poor mucus clearance is two-fold. First,
lung function, as measured by spirometry, declines due to the physical obstruction of the
airways. Clogged with mucus plugs, the small airways conduct air less efficiently. Second,
the adherent mucus becomes a nidus for infection. [54]

(4) The airways are thus persistently colonized by multiple species of bacteria, namely Pseu‐
damonas aeruginosa, Burkholderia cepacia, Hemophila influezae and Staphylococcus aur‐
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exacerbations because of chronic immunosuppression and undesirable side-effect profiles
from long-term daily use. [42]
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cording to the type of defect the mutation causes in the resultant protein. Class I mutations
are nonsense or stopgain mutations that cause the protein to be truncated. Class II are typi‐
cally missense mutations that affect the tertiary structure of the protein and prevent it from
trafficking to the cell membrane (this is by far the most common type of mutation seen in
CF). The most common of all CFTR mutations is termed ΔF508, a deletion of three nucleoti‐
des resulting in a deletion of phenylalanine at position 508, and is a class II mutation. In
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lyte content in the airway and very little osmotic pull. In turn, this alters the consistency
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eus. These organisms are difficult to eradicate in the CF patient, even with continuous
prophylactic antibiotic treatment. Colonization is a doorway for infection, and CF is marked
by periods of infection and significant decline in lung function known as exacerbations. The
etiology of CF exacerbations is closely linked to fluctuations in the balance of bacterial flora
in the airway. [55]

(5) Airway obstruction, colonization and episodic exacerbations promote a state of chronic
inflammation in CF. In fact, the clinical status of the CF patient, especially during an exacer‐
bation, is tied more closely to the inflammatory response than the quantity and types of or‐
ganisms responsible for the infection. That inflammatory response is dominated by
neutrophils (PMNs) and is responsible for the bulk of tissue damage in the CF airways.
Bronchoalveolar lavage and sputum specimens from patients during exacerbation reveal
high concentrations of both PMNs and their effectors and signaling molecules, such as neu‐
trophil elastase and IL-8, respectively. [56] IL-8 is a powerful recruiter of PMNs, and excess
levels of this signaling molecule likely explains the PMN dominated inflammation in CF.
Excess PMN recruitment to the lungs results in the discharge of their destructive weapons
(described above) and subsequent killing of pathogens, apoptosis and damage to lung and
airway tissue. More often the extreme inflammatory state leads to an aggregation of dying
PMNs that result in dysregulated cell lysis, or necrosis, instead of a controlled destruction
that mitigates tissue damage. When PMNs undergo necrosis instead of apoptosis they re‐
lease all of the activated enzymes and molecules designed to destroy pathogen into the in‐
terstitial space, further damaging an already taxed pulmonary environment. This damage
results in a collection of mucopurulent debris that further clogs airways and provides a
breeding ground for further infection. [57]

7.5. Diagnosis of cystic fibrosis

The accepted method for diagnosing CF is by quantitative analysis of the chloride ion con‐
tent of the sweat. This is based on the premise that the CFTR protein is expressed in sweat
glands as well, leading to excessive chloride ion concentration in the sweat. DNA immunor‐
eactive trypsinogen screening techniques are available that detect the presence of many of
the common CF mutations. [52],[58] Although not standard, newer diagnostic and screening
techniques include genotyping and measurement of the nasal potential difference. No mat‐
ter what the sweat chloride results, diagnosis of CF remains incomplete without molecular
analysis of CFTR gene. Identification of the mutations, and confirmation of their trans state
is necessary to provide the patient with an accurate prognosis and clear counseling to pa‐
rents as to their future reproductive options. Nasal potential difference assesses ion conduc‐
tance in vivo by observing changes in the voltage potential difference across the nasal
epithelium. [59]

7.6. Current cystic fibrosis therapeutics

Advancements in therapeutics in CF in recent decades are the foundation for the prolonged
survival of individuals noted above. Unfortunately, almost all current therapies the clinician
has at his or her disposal only address the symptoms of CF without correcting the underly‐
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ing channelopathy. Current CF therapeutics are best understood in relation to how they ad‐
dress the five pathological processes described above. Efforts to address the underlying
cause of CF, mutations of the CFTR gene, are underway in the form of gene therapy. The
central problem surrounding gene therapy is the search for a suitable delivery mechanism.
Viral vectors have been studied, but immune provocation remains to be an obstacle. [60] Re‐
duced ASL height has been successfully addressed with inhaled hypertonic saline and en‐
zymes, such as recombinant human DNAase (dornase alfa). In conjunction with the
inhalation therapies noted above, techniques such as breathing exercises, positive expiratory
pressure masks, and chest compression (both manual and automated) seek to disrupt the
mucus plaques that line the CF airways. Aggressive antibiotic therapy is employed to com‐
bat both chronic colonization and acute infections. Although inhaled tobramycin and cipro‐
floxacin therapy have been effective, the wide array of bacteria in the CF airway precludes
development of antibiotic therapy protocol. Finally, high dose ibuprofen and macrolide
(typically Azithromycin) treatments stifle the persistent, PMN-dominated inflammation
seen in CF. [46],[61],[62] There have been recent exciting discoveries regarding treatment of
CF and these will be discussed in a later section.

8. Alpha 1 AT

8.1. Overview/epidemiology

α1-Antitrypsin (A1AT) deficiency (A1AD) is a form of COPD that is an extreme form of
the  condition,  with  the  potential  to  develop COPD without  excessive  smoking.  Patients
with  A1AT deficiency  comprise  approximately  5% of  the  global  COPD population  and
have a predicted life span more than 10 years less than those of a life-long smoke with
COPD.  A1AT  is  believed  by  many  to  be  an  underreported  condition  affecting  up  to
1:2000  people.  [63]  Although this  may seem extremely  prevalent,  those  with  the  condi‐
tion  only  begin  to  appear  symptomatic  with  cigarette  smoking.  The  underreporting  of
A1AD may also  be  due  to  clinicians  giving  a  diagnosis  of  idiopathic  COPD,  or  COPD
without a known underlying cause. [64]

8.2. Etiology

A1AD is a genetic disorder inherited in an autosomal recessive manner. Patients with A1AT
have at least two mutations in a trans configuration in the A1AT gene. A1AD patients most
often become symptomatic after cigarette smoking, although it is possible to present with
emphysema in the third decade of life with no prior tobacco use. Patients present with
wheezing, shortness of breath, rales, rhonci, and in some cases, liver failure. [65]

8.3. Pathophysiology

A1AT, an acute phase protein, is member of the serpin family of protease inhibitors. It is
produced in the liver and serves to prevent activation and function of the neutrophil serine
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airway tissue. More often the extreme inflammatory state leads to an aggregation of dying
PMNs that result in dysregulated cell lysis, or necrosis, instead of a controlled destruction
that mitigates tissue damage. When PMNs undergo necrosis instead of apoptosis they re‐
lease all of the activated enzymes and molecules designed to destroy pathogen into the in‐
terstitial space, further damaging an already taxed pulmonary environment. This damage
results in a collection of mucopurulent debris that further clogs airways and provides a
breeding ground for further infection. [57]

7.5. Diagnosis of cystic fibrosis

The accepted method for diagnosing CF is by quantitative analysis of the chloride ion con‐
tent of the sweat. This is based on the premise that the CFTR protein is expressed in sweat
glands as well, leading to excessive chloride ion concentration in the sweat. DNA immunor‐
eactive trypsinogen screening techniques are available that detect the presence of many of
the common CF mutations. [52],[58] Although not standard, newer diagnostic and screening
techniques include genotyping and measurement of the nasal potential difference. No mat‐
ter what the sweat chloride results, diagnosis of CF remains incomplete without molecular
analysis of CFTR gene. Identification of the mutations, and confirmation of their trans state
is necessary to provide the patient with an accurate prognosis and clear counseling to pa‐
rents as to their future reproductive options. Nasal potential difference assesses ion conduc‐
tance in vivo by observing changes in the voltage potential difference across the nasal
epithelium. [59]

7.6. Current cystic fibrosis therapeutics

Advancements in therapeutics in CF in recent decades are the foundation for the prolonged
survival of individuals noted above. Unfortunately, almost all current therapies the clinician
has at his or her disposal only address the symptoms of CF without correcting the underly‐
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A1AD may also  be  due  to  clinicians  giving  a  diagnosis  of  idiopathic  COPD,  or  COPD
without a known underlying cause. [64]

8.2. Etiology

A1AD is a genetic disorder inherited in an autosomal recessive manner. Patients with A1AT
have at least two mutations in a trans configuration in the A1AT gene. A1AD patients most
often become symptomatic after cigarette smoking, although it is possible to present with
emphysema in the third decade of life with no prior tobacco use. Patients present with
wheezing, shortness of breath, rales, rhonci, and in some cases, liver failure. [65]
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A1AT, an acute phase protein, is member of the serpin family of protease inhibitors. It is
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proteases HNE and proteinase-3. It is normally present at relatively high concentrations
(1.5g/L) in the blood and is believed to play a prominent role in resolving inflammation un‐
der normal homeostasis. A1AD derived COPD is believed to be due to a protease/antipro‐
tease imbalance in which normal levels of HNE and proteinase-3 (P3) are uninhibited at
sites of minor infection or inflammation. [66] The constitutively active HNE and P3 are left
unencumbered to degrade extra-cellular matrix and begin a pro-inflammatory cascade of
molecules that only further exacerbate the inflammation. Cigarette smoking is so destructive
to those with A1AD because cigarette smoke directly inactivates A1AT, wreaking even fur‐
ther havoc on an already taxed system. The pathophysiology of A1AD is similar to that of
COPD and thus the underdiagnosis of this condition.

8.4. Role of neutrophils in A1AD

Very similar to the role they play in traditional COPD, PMNs are both effect and maintain
inflammation seen in COPD. As producers of HNE they are responsible for the initial path‐
ology seen in the condition. [67]Under normal circumstances, A1AT is loosely bound to
HNE, among other serine proteases. However, in the chronic inflammatory condition associ‐
ated with A1AD, HNE is constantly active and degrades the basement matrix. Furthermore,
HNE has been shown to be capable of cleaving the inactive form of MMP-9, pro-MMP-9 to
the active form, creating more protease stress on the system. MMP-9 and HNE are capable
of degrading multiple matrix proteins present in the lung. This destruction of the basement
collagen, elastin, etc. creates a “leaky” vasculature, only making it easier for other immune
cells to move into the lung interstitium. [68] This movement of cells and proteins into the
intracellular space brings with it fluid from the circulation and edema results. As the pro‐
ducers of HNE, neutrophils are integral to the pathogenesis and continuation of A1AD asso‐
ciated COPD.

8.5. Diagnosis of A1AD

Diagnosis of A1AD is only made in those cases of COPD where there is an unexplained
cause of the condition. A1AT serum levels are measured using enzyme linked adsorbent as‐
says (ELISA), or more recently mass spectrometry. Like CF, there is a spectrum of pheno‐
types that are observed in the condition and they are categorized based upon the circulating
levels of A1AT. Patients with the most severe phenotype are those individuals with concen‐
trations less than 15% of normal in their serum. [69]

8.6. Treatment of A1AD

Because of the nature of the disease treatment of A1AD is very similar to that of traditional
COPD, with one exception. Patients with a severe lung phenotype are treated with intrave‐
nous infusion of A1AT isolated from human serum. [70] Additionally, liver transplant has
been utilized to address the absence of circulating A1AT. [71] In addition to these therapies,
the common treatments for COPD mentioned previously are employed to address the spe‐
cific symptoms of A1AD.
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9. Neutrophilic/steroid resistant asthma

9.1. Overview/epidemiology

Asthma was first defined in 1860 by Salter, a British clinician who ascertained that attacks
were related to smooth muscle contraction. Asthma, at its core, is a chronic airway disease
characterized by wheezing, coughing, and breathlessness with variable airway obstruction
on pulmonary function testing. Asthma is a relatively common disease; recent reports by the
Center for Disease Control (CDC) place its prevalence at approximately 12% (children) and
10% (adults) in the US. (www.cdc.gov) There appears to be a predominance of childhood
asthma in non-Hispanic blacks, whereas non-Hispanic Whites, Hispanics, Asians, and Na‐
tive Americans all have similar frequencies of asthma. Additionally, the condition is signifi‐
cantly more common among females than males.

9.2. Etiology

The development of asthma is thought to be associated with three major risk factors: genetic
predisposition, and occupational and environmental factors. Although a precise list of genes
associated with the atopic response in human has yet to be collated, GWAS studies in hu‐
man, and canines have revealed multiple loci related to the IgE response known to be im‐
portant in the etiology of asthma. [72],[73]

9.3. Pathophysiology

Asthma begins in the airways with host contact of an allergen, following this, specific IGE
antibodies are upregulated and initiate mast cell activation. Mast cell activation, in turn be‐
gins the early and late phase response. The early phase response is mediated by histamine,
leukotriene C4, D4, and E4, and prostoglandin D2. After the early phase/hypersensitivity re‐
sponse, that late phase response begins. Eosinophils, basophils, neutrophils, and T cells are
all recruited to the airway and produce inflammatory cytokines that propogate the allergic
response that is a hallmark of asthma.

9.4. Role of neutrophils in neutrophilic and steroid-resistant asthma

Asthma is typically thought of as an eosinophilic disease, yet there have been numerous
studies reporting an increase in neutrophil number and activation in sputum collected from
steroid-resistant asthma patients. There are reports of up to 50% of asthma cases that have
an increase in IL-8 and neutrophil burden, separate from eosinophilic inflammation. [74],
[75] Because of the variability seen in primary immune cell burden in asthma neutrophilic
asthma has recently begun to be viewed as a specific sub-type of the condition. [76] Patients
with neutrophilic asthma have a more severe progression of disease, respond poorly to ther‐
apy, and are burdened with much high health care costs than typical asthma patients. Un‐
fortunately, there is little, if any, established dogma regarding neutrophilic asthma. Studies
have only been able to describe correlative relationships between neutrophil burden and the
phenotypic profile observed in neutrophilic asthma patients. [77] There has been extensive
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Because of the nature of the disease treatment of A1AD is very similar to that of traditional
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steroid-resistant asthma patients. There are reports of up to 50% of asthma cases that have
an increase in IL-8 and neutrophil burden, separate from eosinophilic inflammation. [74],
[75] Because of the variability seen in primary immune cell burden in asthma neutrophilic
asthma has recently begun to be viewed as a specific sub-type of the condition. [76] Patients
with neutrophilic asthma have a more severe progression of disease, respond poorly to ther‐
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have only been able to describe correlative relationships between neutrophil burden and the
phenotypic profile observed in neutrophilic asthma patients. [77] There has been extensive

New Frontiers in the Diagnosis and Treatment of Chronic Neutrophilic Lung Diseases
http://dx.doi.org/10.5772/53834

111



work performed investigating the role of MMP-9 in the pathogenesis of asthma. In a report
by Cundall et al the authors state that MMP-9 concentrations in BAL fluid correlate with eo‐
sinophils but not neutrophil or monocyte/macrophage counts. [78] They hypothesize that
PMNs and macrophages release MMP-9 which breaks down the basement membrane, mak‐
ing it easier for the eosinophils to migrate into the airways. In another study, MMP-9 levels
in BAL fluid were correlated significantly with decreases in FEV1 seen in asthma patients.

HNE, another potent neutrophil derived protease, has also been correlated with symptoms
of asthma. [79] Patients with allergic rhinitis has significantly elevated levels of HNE in their
nasal lavage compared to control patients in which no rhinitis was observed. To add to the
myriad of evidence that neutrophils are at the very least, associated with asthma, a study by
Norzila et al demonstrated that myeloperoxidase (MPO), a neutrophil mediator of the oxi‐
dative burst, is elevated in induced sputum collected from certain asthma patients com‐
pared to control patients. [80] Because MPO, HNE, and MMP-9 are all contained in
intracellular granules of the neutrophil it is evidence that neutrophils present in/around the
lung in asthma patients are activated and degranulate.

9.5. Diagnosis of asthma

Diagnosis of asthma is made through evaluation of symptoms and pulmonary function test‐
ing (PFT) via spirometry. An increase in FEV of ≥15% in conjunction with reported wheez‐
ing, chest tightness, and coughing is diagnostic for asthma. A difficulty arises when patients
present with normal spirometry results. To address this, home PFT devices are available to
record lung function data over a period of time to encapsulate more data points. Additional‐
ly, controlled exacerbation of asthma attacks with methacholine in the clinician’s office is a
reliable method of eliciting the necessary response to confirm a diagnosis of asthma. [81]

9.6. Traditional asthma therapeutics

Similar to the other lung diseases discussed in this chapter, treatment of asthma is relegated
to management of symptoms. Monitoring of frequency and severity of attacks is vital to ad‐
ministering correct dosages of medication. Patients are encouraged to keep records of at‐
tacks with information regarding date/time, location, duration, and triggers. The standard
treatment of asthma is glucocorticoid (GC) inhaler with a long-acting β-agonist. [82] The GC
treatment is directed at reducing the constant inflammatory state, whereas the β-agonist is a
bronchodilator intended to ameliorate airway obstruction. So physicians will also prescribe
the use of IgE inhibitors or neutralizing antibodies such as omaluzimab to combat the high
levels of the pro-inflammatory molecule. [83] In neutrophil associated and steroid-resistant
asthma, clinicians have fewer options with which to treat this potentially deadly condition.
A patient’s response to a two week trial of traditional asthma therapy will indicate whether
or not they are a candidate for alternative asthma therapy. Because certain forms of asthma
are refractory to GC therapy, the focus of treatment in such patients shifts to a more aggres‐
sive immunosuppressive approach. Treatment with cyclosporine, tacrolimus, and metho‐
trexate have been associated with some benefit, although the risk of side effects is
significantly higher in these classes of medicines. Finally, IV immunoglobulin therapy is uti‐

Oncogenesis, Inflammatory and Parasitic Tropical Diseases of the Lung112

lized in extreme cases, but due to its expense and limited evidence of efficacy, its use is not
widespread. Because of the lack of knowledge about the cellular and molecular etiology of
neutrophilic asthma, current therapies are limited to those already employed in traditional
asthma. As might be expected, these have limited efficacy in patients diagnosed with neu‐
trophilic asthma.

10. Novel therapeutics in neutrophilic lung diseases

With better understanding of neutrophilic lung disease has come more advanced and target‐
ed therapeutics. Towards that end, recent work by the Blalock and Gaggar groups at the
University of Alabama at Birmingham (UAB) has expanded the role of PMNs in multiple
chronic inflammatory lung diseases, including COPD, CF, and BOS. They described a novel
concept of neutrophils proteases producing a neutrophil chemokine from extra-cellular col‐
lagen that acted in a feed-forward mechanism of disease. Seminal papers by Weathington et
al and Gaggar et al detail the step-wise manner in which IL-8 draws PMNs into the intersti‐
tium, upon activation they release MMP-8 and MMP-9 which perform an initial digestion of
collagen from macromolecule size. Subsequently, neutrophils release prolyl endopeptidase
(PE), a serine protease previously only known to be a processor of neuropeptides. PE per‐
forms the final digestion of collagen to the tri-peptide proline-glycine-proline (PGP) from
the PPGP amino acid motif that is repeated over 40 times throughout a single collagen mole‐
cule. [84],[85] PGP binds to the same receptors as IL-8, CXCR1 and CXCR2 acting a neutro‐
phil chemoattractant and activator. [86] The authors showed that not only are the proteases
responsible for PGP production present and elevated in BAL fluid collected from COPD and
CF patients, both stable and in exacerbations, but PGP is also measurably elevated by mass
spectrometry in the BAL fluid of such patients and correlates with PMN burden in disease.
[39],[87],[88] These data indicate that not only is PGP a potential biomarker for chronic in‐
flammatory neutrophilic lung disease, but the system of proteases responsible for PGP’s
production, and the receptors upon which it acts are potential targets for the development of
novel precise therapeutics. Furthermore, work by Hardison et al, and Braber et al have dem‐
onstrated that cigarette smoke and its constituents are capable of acetylating PGP into the
more potent and stable n-terminal acetylated form, AcPGP. [89],[90] AcPGP has proven to
be resistant to degradation by leukotriene A4 hydrolase (LTA4H), a hydrolase/amino-pepti‐
dase also produced a number of cells, including neutrophils. In a 2010 Science paper, Snel‐
grove et al described a novel function for the dual purpose enzyme in resolving acute
neutrophilic inflammation in a mouse model of influenza. [91] It would be extremely useful
to have pharmaco-interventions able to modulate the PGP system of neutrophil inflamma‐
tion, either at the genesis (MMP, PE) or terminus (CXCR, LTA4H).

Although any therapeutics derived from such work may be years away from fruition, there
are other recent advancements that are already making an impact on patient morbidity and
mortality. Kalydeco, a drug produced by Vertex Pharmaceuticals is the first drug developed
that addresses the underlying genetic cause of CF. First released on the market in January of
2012, it is effective in patients that carry the G115D amino acid change. [92] This is a class III
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mutation in which the protein traffics the cell surface but the channel does not function
properly. Kalydeco interacts with the channel and increases the open probability of the
channel. Another Vertex product, currently titled VX-809, is designed to act in patients with
class II mutations (i.e., ΔF508). VX-809 acts in the endoplasmic reticulum, allowing improp‐
erly folded CF protein to pool and undergo corrected folding which results in trafficking to
the cell membrane. [93] Both Vertex products are the result of so-called high throughput
small molecule screening in which hundreds of thousands of small molecules are screened
in a recombinant cell-based assay for an effect on cell function. The discovery of drugs that
address the underlying genetics cause is an exciting advancement in any genetic disease, but
made even more so by the fact that CF is one of the more common, and fatal diseases caused
by a genetic malformation. Whether any of these drugs change the number or activation
state of PMNs in the airway is currently unknown

Patients with COPD, an even larger cohort than those with CF may also soon benefit from
new therapies targeted at resolving the underlying cause rather than merely treating symp‐
toms. There is currently only a single phosphodiesterase 4 (PDE4) inhibitor, Daliresp that is
approved for treatment of COPD in the United States. However, there are clinical trials cur‐
rently underway researching the effects of multiple other PDE4 inhibitors. [94] PD4 is a
cAMP specific phosphodiesterase present, primarily, in inflammatory cells and also in epi‐
thelial cells. Treatment with Daliresp has been shown to reduce the release of pro-inflamma‐
tory cytokines by neutrophils and resident monocyte/macrophages. Unfortunately, there are
several side effects associated with Daliresp and thus the need for better, more targeted
PDE4 inhibitors is apparent. Additionally, there have been recent advancements made in
traditional COPD therapies. The development of ultra-long acting β2 agonists has proved
beneficial in a number of lung diseases, including COPD, A1AT, and asthma. [95] Research
is also underway into the identification of biomarkers for smokers who will develop COPD,
allowing treatment or prevention to possibly begin earlier. Investigators at Weill Cornell
College of Medicine are using a metabolomics approach in a cohort of smokers to establish a
thorough catalogue of abnormal cell changes in airway epithelium after cigarette smoking.
(weill.cornell.edu) Utilizing serum, epithelial lining fluid, and airway epithelial samples, Dr.
Crystal’s group aims to identify the early changes in airway epithelium that indicate if a pa‐
tient will develop COPD later.

McNab et al recently published work detailing their investigation of “compound cg,” a
small molecule that assists in reducing aggregates of abnormal A1AT protein. [96] GC was
effective in an in vitro model of A1AT deficiency and showed significant reduction in At1AT
aggregates by both immunohistochemistry and Western blot analysis. Gene therapy is an‐
other approach, also applicable to CF that is being investigated as a potential source of cur‐
ing the disease in A1AT deficiency. A group at UMass has pioneered a dual gene therapy
approach that addressed both the lung malfunction and liver disease so often associated
with aggregation of mutant protein. In utilizing an adeno-associated virus (AAV) to intro‐
duce corrected protein product in the lung, and microRNAs (miRNA) in the liver to reduce
production of dysfunctional protein, the investigators have presented the possibility of cura‐
tive therapy for patients with A1AT deficiency. [97]
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Many of the therapies previously mentioned are also in use in the treatment of PMN-related
or glucocorticoid resistant asthma. The PDE4 inhibitors, along with ultra-long acting β2 ago‐
nists have begun to be used in combating the airway dysfunction associated with asthma.
[98] There is work being done to abrogate the ability of inflammatory cells such as neutro‐
phils to bind adhesion molecules such as the integrin VLA-4. [99] Furthermore, kinase inhib‐
itors being investigated that target p38 MAPK and PI3K would also effect neutrophil
recruitment and activation in asthma. [100]

11. Conclusion

Chronic neutrophilic airway inflammation is a clinically similar, but foundationally hetero‐
geneous cohort of disease. Although neutrophils are necessary and effective components of
the innate immune system in resolving infection, when dysregulated, they can be potent me‐
diators of devastating inflammation. Current therapeutics in a variety of neutrophilic lung
diseases fail to address the underlying causes of the conditions and yield questionable bene‐
fit to patients. Fortunately, advances in identifications of biomarkers such as PGP and others
afford the opportunity to develop targeted therapeutics aimed at resolving and preventing
the progressive destruction that is a hallmark of chronic neutrophilic lung disease.
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1. Introduction

1.1. Definition

Expiratory flow limitation (EFL) is defined as an absence in increase in flow with application
of negative expiratory pressure (NEP) during quiet breathing (Koulouris et al., 1994). The
test is a simple, noninvasive, practical and accurate technique.

Application of the NEP technique provides a simple, rapid, non-invasive, and reliable test to
detect tidal expiratory flow limitation; b) it does not require a body-box or cooperation on
the patient’s part; c) it can be applied in any posture, during mechanical ventilation, and
during exercise; d) it provides new insights into the physiology and pathophysiology of sev‐
eral diseases and the symptom of dyspnea.

2. Negative expiratory pressure technique (NEP) – Methodology

In the last 2 decades, expiratory flow limitation (EFL) in patients with various respiratory
disorders has been studied extensively using the negative expiratory pressure technique
(NEP). This method does not require performance of forced expiratory maneuvers or the
body plethysmograph (D’Angelo et al., 1993; Koulouris et al., 1995; Valta et al., 1994). It con‐
sists of applying a small negative pressure (3–10 cm H2O, depending on the circumstances)
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at the onset of tidal expiration and comparing the ensuing expiration flow-volume curve
with that of the preceding control expiration (Figures 1-3).

Figure 1. Schema of negative expiratory pressure (NEP) setup to assess expiratory flow limitation (EFL).

Figure 2. Tracings of airway pressure, volume and flow during quiet breathing. Application of negative expiratory
pressure at the onset of expiration is indicated by NEP.
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Figure 3. Schema of the control and NEP tidal flow-volume curves and how measurements of EFL% and AUC% were
obtained.

As the driving pressure at the airway opening increases with application of NEP, expiratory
flow should increase if the individual is not flow-limited (Figure 4).

Figure 4. Tracings of the control and NEP tidal curves in a healthy subject. Note increase in expiratory flow with appli‐
cation of NEP.
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By contrast, intrathoracic EFL is demonstrated by a sustained absence in increase in flow
during application of NEP (as occurs in COPD) (Figure 5). That is, in these individuals the
control and NEP-generated tidal expiratory are superimposed on each other.

Figure 5. Tracings of control and NEP tidal curves in a patient with chronic obstructive pulmonary disease. Note ab‐
sence of change in expiratory flow with application of NEP.

In obese individuals, some patients with restrictive respiratory disorders (Figure 6, individ‐
ual with amyotrophic lateral sclerosis) and some subjects free of cardiorespiratory disease,
application results in a reduction in the increase in flow or transient decrease below the con‐
trol expiration. This finding is prevalent in patients with documented obstructive sleep ap‐
nea (Figure 7).

The NEP test is simple, noninvasive, practical and accurate. It has been validated by simul‐
taneous determination of isovolume flow-pressure relationships (Valta et al., 1994).
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Figure 6. Tracings of control and NEP tidal flow-volume curves in a patient with a chest wall disorder, in this case
amyotrophic lateral sclerosis with bulbar involvement (but without obstructive sleep apnea). Note the decrease in ex‐
piratory flow below the control tidal expiration with application of NEP.

Figure 7. Tracings of control and NEP curves in a patient with severe obstructive sleep apnea. Note the sustained de‐
crease of flow during application of NEP below the control expiratory tidal flow.
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2.1. EFL in chronic obstructive pulmonary disease (COPD) and asthma

Fifty years ago, Hyatt (1961) suggested that patients with severe COPD may exhibit expira‐
tory flow limitation (EFL) at rest. This phenomenon could be demonstrated by the finding
that they breathed tidally along or above their maximal expiratory flow-volume curves. This
pattern of tidal breathing leads to hyperinflation, increased work of breathing, impaired res‐
piratory muscle function, hemodynamic compromise (Gottfried, 1991), and dyspnea (El‐
tayara et al., 1996; O’Donell et al., 1987). A high prevalence of tidal EFL is found in patients
with COPD (Baydur et al., 2004; Gottfried et al., 1991; Hyatt et al., 1961) (Figure 5). As many
as one-third of patients were flow-limited in seated and supine postures in the report of
Baydur et al. (2004). A smaller percentage of patients with asthma in remission exhibit EFL,
almost always in the supine posture (Baydur et al., 2004; Boczkowski et al., 1997).

The NEP technique can be used to advantage in young children unable to perform forced
expiratory volume maneuvers (Braggion et al., 1998; Goetghebeur et al., 2002; Jiřičkova et
al., 2009; Jones et al., 2000; Tauber, et al., 2003). Goetghebeur et al [10] described EFL in chil‐
dren aged older than 12 years with cystic fibrosis. These patients exhibited markedly de‐
creased inspiratory capacity (IC) and forced expiratory volume at 1 sec (FEV1). The NEP
technique has also been used to evaluate EFL in infants (Braggion et al., 1998; Jiřičkova et al.,
2009; Jones et al., 2000). Jiřičkova et al. (2009), applying the NEP technique in newborns and
pre-school children, found nearly half of their patients to be intrathoracically flow-limited.
The same number of children, however, exhibited transient upper airway collapse (UAC).
The authors did not specify, if in some children, the UAC may have obscured any underly‐
ing intrathoracic EFL (see below).

An advantage of using the NEP technique in the evaluation of intrathoracic EFL is the
avoidance of variability in the forced expiratory vital capacity maneuver related to the pat‐
tern of inspiratory maneuver preceding forceful expiration. Fast inspiration followed imme‐
diately by forced expiration results in greater forced vital capacities (FVC) and peak
expiratory flows (PEF) by generating higher elastic recoil; in contrast, performing a breath‐
hold between inspiration and expiration diminishes elastic recoil and results in lower FVC
and PEF. This finding, observed in both in healthy volunteers (D’Angelo et al., 1993; Tzele‐
pis et al., 1997; Wanger et al., 1996) and patients (Braggion et al., 1996; D’Angelo et al., 1994;
D’Angelo et al., 1996; Wanger et al., 1996), has been ascribed to the viscoelastic properties of
the lung (D’Angelo et al., 1991) and to greater activation of expiratory muscles (Tzelepis et
al., 1997) occurring with fast maneuvers. The NEP method also avoids underestimation of
lung volumes during rapid expiratory maneuvers due to gas compression (Ingram & Schil‐
ler, 1966; Koulouris et al., 1995).The technique also avoids incorrect alignment of the tidal
and maximal expiratory flow–volume curves. Such alignment is usually made considering
the total lung capacity (TLC) as a fixed reference point, and this assumption may not always
be valid (Kosmas et al., 2004; Koulouris, 1997; Murciano et al., 2000).

The NEP technique has also been used to detect EFL during exercise (Koulouris et al., 1997).
In normal young subjects, there is no evidence of EFL during submaximal exercise. By con‐
trast, most patients with COPD exhibit NEP-generated EFL during light exercise. These
findings are in agreement with exercise studies employing conventional forced expiratory
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flow-volume curves (Beck et al, 1991; Grimby & Stiksa, 1970; Hyatt, 1961; Kosmas et al.,
2004; Koulouris, 1997; Murciano et al., 2000; Stubbing et al., 1980; Younes & Kivinen, 1984).
Patients with EFL exhibit progressive lung inflation, increased sensation of dyspnea, and re‐
duced maximal oxygen uptake during exercise.

Manual compression of the abdominal wall has also been used to detect EFL (Ninane et al.,
2001). It has the advantage of generating an increase in abdominal pressure (of about 15 cm
H2O) that results in cranial displacement of the diaphragm into the thorax (provided it is re‐
laxed) and a rise in pleural pressure (of about 6 cm H2O) without the use of a special device.
It also does not depend on previous volume and time history, and relies on a modest in‐
crease in alveolar pressure rather than a vacuum applied at the mouth, thus avoiding arti‐
fact caused by upper airway collapsibility. One study of this maneuver resulted in an
increase in tidal expiratory flow in normal subjects, while it exhibited EFL in half of 12 pa‐
tients with COPD in both supine and seated postures, and in 4 additional patients in supine
position alone (Ninane et al., 2001).

Expiratory flow limitation is more prevalent in the elderly and is related to the severity of
dyspnea (de Bisschop et al., 2005). In general, EFL does not closely correlate with FEV1 or
FEV1/FVC (Eltayara et al., 1996). Older dyspneic individuals without cardiorespiratory dis‐
orders tend to be more flow limited than non-dyspneic persons (de Bisschop et al., 2005).

2.2. EFL in restrictive respiratory disorders

In individuals with restrictive disorders (particularly those with infiltrative disorders, such
as idiopathic pulmonary fibrosis) maximal expiratory flows are well preserved despite a
marked decrease in lung volume (Bergofsky, 1995). Consequently, breathing occurs at low
lung volumes (near residual volume) where maximal expiratory flows are relatively small.
Furthermore, some patients with interstitial lung diseases exhibit a decrease in dynamic
compliance with breathing frequency (Bergofsky, 1995; Fulmer et al., 1977). In some of these
patients, including non-smokers, flow rates are reduced with respect to transpulmonary
pressure (Fulmer et al., 1977; Gaultier et al., 1980; Murphy et al., 38). Baydur et al. (1997,
2004) did not find any patients with restrictive disorders who exhibited intrathotracic EFL in
either body position. The absence of EFL can be attributed to the increase in elastic recoil
associated with these disorders. Others, however, have described the presence of EFL in pa‐
tients with cardiac failure (Duguet et al., 2000), acute respiratory distress syndrome (Kout‐
soukou et al., 2000), and pleural effusions (Spyratos et al., 2007).

2.3. EFL in sleep apnea; differences in FL pattern from COPD and asthma as assessed by
the NEP method

The NEP technique has also been used to assess upper airway collapsibility in patients with
OSA, in which EFL has been described as a transient or sustained decrease in expiratory
flow (frequently below the control tidal expiratory flow) during application of NEP (Baydur
et al., 2004; Liistro et al., 1999; Van Meerhaeghe et al., 2004; Verin et al., 2002) (Figure 7).
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Factors that contribute to OSA include increase in upper airway compliance (Isono et al.,
1997), less negative critical (or closing) pressure of the passive upper airways as compared
to snorers and normal subjects (related to structural soft tissue and bony changes) (Liistro et
al., 1990), and smaller upper airway lumens during wakefulness and sleep, and greater
pharyngeal airway length in OSA patients (Brown et al., 1985). Dyspnea in obese individu‐
als is related to increased work of breathing related to decrease in FRC with resultant in‐
crease in intrathoracic EFL and intrinsic positive end-expiratory pressure, increased
respiratory drive, and intermittent narrowing or collapse of the upper airway upon assum‐
ing the supine position (C.-K. Lin & C.-C. Lin, 2012).

Flow limitation can be assessed by computing the exhaled volume at specified time intervals
during the application of NEP and expressed as percentage of the previous exhaled volume.
Expiratory volumes at 0.2 and 0.5 sec after the application of NEP are significantly higher in
awake healthy subjects than in awake patients with OSA (Insalaco et al., 2005; Romano et al.,
2011). Expiratory volumes decline as disease severity increases., in these 2 studies, the ex‐
haled volume at 0.2 sec exhibited a sensitivity, specificity, positive predictive value (PPV)
and negative predictive value (NPV) to detect the presence of OSA of 81%, 93%, 98% and
53%, respectively (Insalaco et al., 2005; Romano et al., 2011). Sensitivity and negative predic‐
tive value both approached and reached 100% for moderate to severe [apnea-hypopnea in‐
dex (AHI) 15-30], and severe (AHI >30) OSA, respectively. The authors concluded that FL
measurements at 0.2 sec may be a useful screening test for suspected OSA (Insalaco et al.,
2005; Romano et al., 2011).

Using a  similar  computational  technique,  Ferretti  et  al  (2006)  found that  in awake OSA
patients the exhaled volume during the first 0.5 sec after the onset of NEP averaged 20%
and 31% less than snorers and control subjects, respectively, in supine posture (differen‐
ces  statistically  significant).  Under  these  conditions,  an optimal  cut-off  value of  393  mL
at  NEP 0.5  sec  exhibited a  sensitivity,  specificity,  PPV and NPV of  76%,  74%,  84% and
64%, respectively. These differences were found to be less significant in the seated posi‐
tion. These authors concluded that while the NEP technique is potentially useful in eval‐
uating upper  airway collapsibility  in  OSA and its  mechanisms while  awake,  it  was not
precise  enough to  differentiate  simple  snorers  from those  with  OSA.  Thus  it  cannot  be
recommended as a tool robust enough to screen obese patients or snorers for undergoing
polysomnography (Ferretti et al., 2006).

2.3.1. Recent research by these authors

In patients with both COPD and OSA, EFL due to the intrathoracic component may be ob‐
scured by the presence of upper airway collapse or narrowing which frequently leads to a
reduction in expiratory flow below that of the preceding control breath during application
of NEP. Furthermore, distinguishing EFL in OSA from that of COPD can be problematic be‐
cause patients may exhibit overlapping or combined EFL patterns combining features of
both conditions. Baydur et al. (2012) compared the ability of the NEP technique to distin‐
guish individuals with COPD from those with OSA and non-OSA obesity. EFL was quanti‐
tated using the following methods (Fig. 2):
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1. EFL was expressed as percentage of the expired tidal volume over which the NEP-in‐
duced flow did not increase above the immediately preceding tidal expiratory flow
(EFL%) (Baydur et al., 1997, 2004; Eltayara et al., 1996; Koulouris et al., 1995) for each
subject in both postures as the median of 10 acceptable NEP breaths (Figure 3).

2. The magnitude of the decrease in expiratory flow during NEP below the preceding con‐
trol expiratory curve was expressed as the percentage of the area under the control
curve (AUC%, Figure 3), modified from the method of Tamisier et al. (2005). This value
was expressed as the median of the same10 acceptable NEP breaths in each posture.

3. To further improve the discrimination between COPD and OSA, the ratio AUC% EFL%
was computed as changes in EFL% and AUC% were not always of the same magnitude
or direction. Thus, an increase AUC% EFL% would reflect a greater degree of upper air‐
way EFL rather than intrathoracic EFL, while a decrease with preservation of EFL%
would be more consistent with intrathoracic EFL. This quantity was expressed as an ar‐
bitrary unit, as the median of the same 10 acceptable NEP breaths in each posture.

This study was the first to quantitatively compare EFL in patients with COPD, non-OSA
obesity and OSA in seated and supine postures. Its main findings were:

1. COPD patients exhibited the highest EFL% in seated posture, consistent with intra‐
thoracic flow limitation. Percent EFL increased in all cohorts but COPD upon assuming
the supine position.

2. While seated, when compared to other cohorts, OSA patients exhibited a greater ten‐
dency to upper airway collapsibility as evidenced by higher AUC% and AUC/% EFL%
values, although median values exhibited variability of individual values that prevent‐
ed differences between cohorts to be statistically significant. In supine posture, COPD
patients exhibited the greatest AUC% but not AUC/% EFL.%

3. The AUC% method was able to only differentiate COPD patients from those with mild-
moderate OSA in the seated position.

4. The AUC% method demonstrated higher AUC% in patients with OSA than in obese
subjects, but was unable to clearly differentiate between the two groups because of
overlapping values.

An increase in the AUC% and AUC/% EFL% reflects a greater degree of extrathoracic air‐
flow limitation (as occurs in obese and OSA subjects) while an increase in EFL% in the ab‐
sence of an increase in AUC% indicates the presence of intrathoracic flow limitation (as in
COPD). Thus, subjects with greater increases in AUC/% EFL% than in EFL% upon assuming
supine posture exhibit an increase in upper airway resistance rather than intrathoracic air‐
flow limitation. At the same time, in patients with COPD, EFL% increases in supine posi‐
tion, a finding more likely to occur as FEV1 decreases (Baydur et al., 1997, 2004; Eltayara et
al., 1996; Koulouris et al., 1995).Variability in measurements using the NEP technique has
been similarly reported by others (Hadcroft & Calverley, 2001; Walker et al., 2007) and is
likely due to a number of factors, discussed below.
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Factors that contribute to OSA include increase in upper airway compliance (Isono et al.,
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Flow limitation can be assessed by computing the exhaled volume at specified time intervals
during the application of NEP and expressed as percentage of the previous exhaled volume.
Expiratory volumes at 0.2 and 0.5 sec after the application of NEP are significantly higher in
awake healthy subjects than in awake patients with OSA (Insalaco et al., 2005; Romano et al.,
2011). Expiratory volumes decline as disease severity increases., in these 2 studies, the ex‐
haled volume at 0.2 sec exhibited a sensitivity, specificity, positive predictive value (PPV)
and negative predictive value (NPV) to detect the presence of OSA of 81%, 93%, 98% and
53%, respectively (Insalaco et al., 2005; Romano et al., 2011). Sensitivity and negative predic‐
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dex (AHI) 15-30], and severe (AHI >30) OSA, respectively. The authors concluded that FL
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tion. These authors concluded that while the NEP technique is potentially useful in eval‐
uating upper  airway collapsibility  in  OSA and its  mechanisms while  awake,  it  was not
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2.3.1. Recent research by these authors

In patients with both COPD and OSA, EFL due to the intrathoracic component may be ob‐
scured by the presence of upper airway collapse or narrowing which frequently leads to a
reduction in expiratory flow below that of the preceding control breath during application
of NEP. Furthermore, distinguishing EFL in OSA from that of COPD can be problematic be‐
cause patients may exhibit overlapping or combined EFL patterns combining features of
both conditions. Baydur et al. (2012) compared the ability of the NEP technique to distin‐
guish individuals with COPD from those with OSA and non-OSA obesity. EFL was quanti‐
tated using the following methods (Fig. 2):
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1. EFL was expressed as percentage of the expired tidal volume over which the NEP-in‐
duced flow did not increase above the immediately preceding tidal expiratory flow
(EFL%) (Baydur et al., 1997, 2004; Eltayara et al., 1996; Koulouris et al., 1995) for each
subject in both postures as the median of 10 acceptable NEP breaths (Figure 3).

2. The magnitude of the decrease in expiratory flow during NEP below the preceding con‐
trol expiratory curve was expressed as the percentage of the area under the control
curve (AUC%, Figure 3), modified from the method of Tamisier et al. (2005). This value
was expressed as the median of the same10 acceptable NEP breaths in each posture.

3. To further improve the discrimination between COPD and OSA, the ratio AUC% EFL%
was computed as changes in EFL% and AUC% were not always of the same magnitude
or direction. Thus, an increase AUC% EFL% would reflect a greater degree of upper air‐
way EFL rather than intrathoracic EFL, while a decrease with preservation of EFL%
would be more consistent with intrathoracic EFL. This quantity was expressed as an ar‐
bitrary unit, as the median of the same 10 acceptable NEP breaths in each posture.

This study was the first to quantitatively compare EFL in patients with COPD, non-OSA
obesity and OSA in seated and supine postures. Its main findings were:

1. COPD patients exhibited the highest EFL% in seated posture, consistent with intra‐
thoracic flow limitation. Percent EFL increased in all cohorts but COPD upon assuming
the supine position.

2. While seated, when compared to other cohorts, OSA patients exhibited a greater ten‐
dency to upper airway collapsibility as evidenced by higher AUC% and AUC/% EFL%
values, although median values exhibited variability of individual values that prevent‐
ed differences between cohorts to be statistically significant. In supine posture, COPD
patients exhibited the greatest AUC% but not AUC/% EFL.%

3. The AUC% method was able to only differentiate COPD patients from those with mild-
moderate OSA in the seated position.

4. The AUC% method demonstrated higher AUC% in patients with OSA than in obese
subjects, but was unable to clearly differentiate between the two groups because of
overlapping values.

An increase in the AUC% and AUC/% EFL% reflects a greater degree of extrathoracic air‐
flow limitation (as occurs in obese and OSA subjects) while an increase in EFL% in the ab‐
sence of an increase in AUC% indicates the presence of intrathoracic flow limitation (as in
COPD). Thus, subjects with greater increases in AUC/% EFL% than in EFL% upon assuming
supine posture exhibit an increase in upper airway resistance rather than intrathoracic air‐
flow limitation. At the same time, in patients with COPD, EFL% increases in supine posi‐
tion, a finding more likely to occur as FEV1 decreases (Baydur et al., 1997, 2004; Eltayara et
al., 1996; Koulouris et al., 1995).Variability in measurements using the NEP technique has
been similarly reported by others (Hadcroft & Calverley, 2001; Walker et al., 2007) and is
likely due to a number of factors, discussed below.
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Percent AUC tended to be greater in OSA patients while seated indicating the presence of
mechanisms maintaining upper airway patency while supine. By contrast, in COPD patients
AUC% was greatest in supine posture, almost twice the value when seated. Thus, mecha‐
nisms preserving patency in supine COPD patients seem not to be as effective as in supine
obese or OSA individuals. Reductions in lung volume (as occur in supine posture) result in
decreases in caudal traction on the upper airway and concomitant increases in upper airway
collapsibility (Owens et al., 2010; Squire et al., Thut et al., 1993; Van de Graaf, 1991). In addi‐
tion, supine positioning promotes laryngeal edema and upper airway narrowing (Jafari &
Mohsenin, 2011; Shepard et al., 1996). In COPD, mobilization of secretions when supine may
have contributed to this finding. Yet, the finding of an overall increase in EFL% in supine
position without concomitant increases in AUC% (or AUC/% EFL%) in most other cohorts
indicated a greater degree of intrathoracic tidal EFL [as defined by Koulouris et al (1995)]
than extrathoracic FL. This is likely related to decrease in lung volume when supine.)

The differing findings amongst cohorts can be explained thus: During early expiration, there
is post-inspiratory inspiratory activity (PIIA) which may negate the effect of NEP. At the be‐
ginning of expiration, PIIA may oppose NEP (resistance posed by pliometric contraction [=
lengthening] of the inspiratory muscles) (Shee et al., 1985). This implies that NEP should not
be applied too early in expiration (when PIIA is high). In our subjects, NEP was applied im‐
mediately after the onset of expiratory flow so that PIIA is likely to have influenced variabil‐
ity of EFL within cohorts.

Our method for computing AUC% was similar to that of Tamisier et al.  (2005) who de‐
vised  a  quantitative  index  corresponding  to  the  ratio  of  the  area  under  the  expiratory
flow-volume  curves  between  NEP  and  control  tidal  volume.  They  did  not,  however,
study subjects  with mild OSA (BMI 5-15),  and their  control  subjects  were younger than
ours.  They also applied NEP near end-expiratory volume which stimulates activation of
the genioglossus (Tantucci et al., 1998). This can change the area under the terminal por‐
tion of  the NEP curve,  affecting the quantitative index used to assess the upper airway
collapsibility. Our results suggest that obese and OSA patients are more likely to experi‐
ence upper airway narrowing while seated than COPD patients, indicating reduced PIIA
and genioglossus activity in that posture.

There were some methodological limitations in this investigation. This study and those of
others (Baydur et al., 2004, 2012; Insalaco et al., 2005; Liistro et al., 1999; Rouatbi et al., 2009;
Van Meerhaeghe et al., 2004; Verin et al., 2002) assumed that upper airway collapsibility can
be identified solely when expiratory flow during NEP decreases below the control curve. As
such, detecting upper airway collapsibility only by computing the span of the preceding
control tidal volume over which the NEP curve drops below the control breath may be mis‐
leading. It is possible that in this study some patients with upper airway narrowing may not
have been identified if they exhibited only a reduction in the increase of expiratory flow (but
still greater than the preceding control flow) during NEP.

Another limitation in this study was that sleep studies were not obtained in COPD patients
and controls. Sleep-related disordered breathing (SDB) and nocturnal desaturations have
been reported in COPD patients, giving rise to an “overlap syndrome” although not all SDB
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could be classified as frank sleep apnea (Caterall et al., 1983; Aoki et al., 2005). Care was tak‐
en in this study, however, to exclude subjects with symptoms of sleep apnea. None of the
obese COPD patients gave a history of symptoms of sleep apnea.

3. Conclusion

In conclusion, the EFL% and AUC% methods are useful in determining the magnitude of
intrathoracic or extrathoracic FL in patients with COPD and OSA, but fail to distinguish co‐
horts on the basis of EFL quantification using the area under the curve method because of
interindividual variabilities. In this respect, our findings were similar to those of Ferretti, et
al. (2006). Pattern recognition of NEP tracings remains the best way to differentiate intra‐
thoracic from extrathoracic EFL.

While the NEP method may be regarded as the new standard for the detection of tidal flow
limitation (Koulouris, & Hardavella, 2011), further research should include its validation in
conditions other than COPD that exhibit intrathoracic EFL. Comparison with other techni‐
ques such as the esophageal balloon, forced oscillation and abdominal compression (proba‐
bly the easiest and least uncomfortable) methods should provide additional information in
this regard. In the assessment of extrathoracic airway FL, the NEP technique offers a means
to evaluate upper airway dynamics in patents with OSA, but is not able to differentiate snor‐
ers from those with OSA.
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Percent AUC tended to be greater in OSA patients while seated indicating the presence of
mechanisms maintaining upper airway patency while supine. By contrast, in COPD patients
AUC% was greatest in supine posture, almost twice the value when seated. Thus, mecha‐
nisms preserving patency in supine COPD patients seem not to be as effective as in supine
obese or OSA individuals. Reductions in lung volume (as occur in supine posture) result in
decreases in caudal traction on the upper airway and concomitant increases in upper airway
collapsibility (Owens et al., 2010; Squire et al., Thut et al., 1993; Van de Graaf, 1991). In addi‐
tion, supine positioning promotes laryngeal edema and upper airway narrowing (Jafari &
Mohsenin, 2011; Shepard et al., 1996). In COPD, mobilization of secretions when supine may
have contributed to this finding. Yet, the finding of an overall increase in EFL% in supine
position without concomitant increases in AUC% (or AUC/% EFL%) in most other cohorts
indicated a greater degree of intrathoracic tidal EFL [as defined by Koulouris et al (1995)]
than extrathoracic FL. This is likely related to decrease in lung volume when supine.)

The differing findings amongst cohorts can be explained thus: During early expiration, there
is post-inspiratory inspiratory activity (PIIA) which may negate the effect of NEP. At the be‐
ginning of expiration, PIIA may oppose NEP (resistance posed by pliometric contraction [=
lengthening] of the inspiratory muscles) (Shee et al., 1985). This implies that NEP should not
be applied too early in expiration (when PIIA is high). In our subjects, NEP was applied im‐
mediately after the onset of expiratory flow so that PIIA is likely to have influenced variabil‐
ity of EFL within cohorts.

Our method for computing AUC% was similar to that of Tamisier et al.  (2005) who de‐
vised  a  quantitative  index  corresponding  to  the  ratio  of  the  area  under  the  expiratory
flow-volume  curves  between  NEP  and  control  tidal  volume.  They  did  not,  however,
study subjects  with mild OSA (BMI 5-15),  and their  control  subjects  were younger than
ours.  They also applied NEP near end-expiratory volume which stimulates activation of
the genioglossus (Tantucci et al., 1998). This can change the area under the terminal por‐
tion of  the NEP curve,  affecting the quantitative index used to assess the upper airway
collapsibility. Our results suggest that obese and OSA patients are more likely to experi‐
ence upper airway narrowing while seated than COPD patients, indicating reduced PIIA
and genioglossus activity in that posture.

There were some methodological limitations in this investigation. This study and those of
others (Baydur et al., 2004, 2012; Insalaco et al., 2005; Liistro et al., 1999; Rouatbi et al., 2009;
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be identified solely when expiratory flow during NEP decreases below the control curve. As
such, detecting upper airway collapsibility only by computing the span of the preceding
control tidal volume over which the NEP curve drops below the control breath may be mis‐
leading. It is possible that in this study some patients with upper airway narrowing may not
have been identified if they exhibited only a reduction in the increase of expiratory flow (but
still greater than the preceding control flow) during NEP.

Another limitation in this study was that sleep studies were not obtained in COPD patients
and controls. Sleep-related disordered breathing (SDB) and nocturnal desaturations have
been reported in COPD patients, giving rise to an “overlap syndrome” although not all SDB
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could be classified as frank sleep apnea (Caterall et al., 1983; Aoki et al., 2005). Care was tak‐
en in this study, however, to exclude subjects with symptoms of sleep apnea. None of the
obese COPD patients gave a history of symptoms of sleep apnea.

3. Conclusion

In conclusion, the EFL% and AUC% methods are useful in determining the magnitude of
intrathoracic or extrathoracic FL in patients with COPD and OSA, but fail to distinguish co‐
horts on the basis of EFL quantification using the area under the curve method because of
interindividual variabilities. In this respect, our findings were similar to those of Ferretti, et
al. (2006). Pattern recognition of NEP tracings remains the best way to differentiate intra‐
thoracic from extrathoracic EFL.

While the NEP method may be regarded as the new standard for the detection of tidal flow
limitation (Koulouris, & Hardavella, 2011), further research should include its validation in
conditions other than COPD that exhibit intrathoracic EFL. Comparison with other techni‐
ques such as the esophageal balloon, forced oscillation and abdominal compression (proba‐
bly the easiest and least uncomfortable) methods should provide additional information in
this regard. In the assessment of extrathoracic airway FL, the NEP technique offers a means
to evaluate upper airway dynamics in patents with OSA, but is not able to differentiate snor‐
ers from those with OSA.
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1. Introduction

Infectious disease results from the disruption of the balance between the host and the patho‐
gen. Pathogen influencing factors include virulence, immunoevasion capacities, and drug
resistance ability. According to the host, disease outcome relay on many factors such as: im‐
munocompetence, comorbidities, terrain (ageing, malnutrition).

The lung epithelium is a large surface exposed to outside aggression. The environment
plays a key role in the onset and development of illness by many factors such as: climate,
social and cultural habits, vegetations, degree of industrial, or domestic pollutions...

Despite this exaggerated exposition, the lung is nevertheless protected through non specific
and/ or specific defense mechanisms (Agostini CV, Chilosi M, Zambello R et al, 1993).

1.1. Non specific defense mechanisms

According to its size, a foreign substance can reach the upper or lower respiratory tract, and
be cleaned via the mucociliary escalator, during coughing or sneezing. Epithelial cells also
secrete many agents such as lysozyme, toxic oxygen radicals, with antimicrobial properties.
The renewal of the epithelium, as for the skin, is an additional protecting property.

Innate  immune recognition  is  a  second protective  mechanism implicating  immune cells
and secreted mediators. Its under the control of cells carrying receptors for recognition of
foreign antigens  (PRRs:  pathogen recognition receptors)  such as  macrophages,  dendritic
cells, neutrophils, mastocytes, epithelial cells, NK cells, and fibroblasts which can link mi‐
crobial  structures  (PAMPS:  pathogen associated  molecular  patterns)  for  further  destruc‐
tion (Ahnen DJ, 1985).
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1.2. Specific defense mechanisms

Adaptive immunity relays on the interaction between antigen-presenting cells (macrophag‐
es, dendritic cells, neutrophils) with specific T-lymphocytes in the context of cell mediated
immunity, as well as, on the antibodies production by activated B-lymphocytes (humoral
immunity) (Kohlmeter JE, Woodland DL, 2006).

2. Tropical parasitic lung diseases

2.1. Overview

Protozoa and helminthes can affect the lung as a primary site, or a complication. Some para‐
sites have a migration cycle through the lung (larva migrans), inducing blood and tissue eo‐
sinophilia. Tissue and peripheral blood eosinophilia are elicited by chimiotactic activity of
released inflammatory mediators, such as cytokines (IL-3, IL-5), which play a key role in ac‐
tivation and differentiation of eosinophils. Eosinophils secrete various substances, some
with antiparasitis properties, others favoring tissue damage in targeted organs. Elevated IgE
level observed in these conditions relay on the Th2-lymphocytes, stimulating antibodies
production by B-lymphocytes (Om P Sharma, 1991; VijayanVK, 2008).

Clinical manifestations of the lung involvement could be acute: asthma –like syndrome, or
Loeffler’s syndrome, with dyspnea, wheezing, cough (Ford RM, 1996); or chronic such as he‐
moptysis or right heart failure signs. Acute manifestations depend on immunological reac‐
tion (hypersensitivity), and chronic feature relay on the mechanical action of pathogen on
the vessels and tissues. (vg: schistosoma eggs in the pulmonary artery and pulmonary hy‐
pertension). (Santiago M et al., 2005).

Löeffler’s syndrome represent transient clinical, immunological and radiological manifesta‐
tions due to parasites whose life cycle elicit a transit through the lung or not, and to drug
reactions

Hypereosinophilia observed in this syndrome is antigen –induced, and circulating IL-5, is
the key mechanism for the recruitment and differentiation of the eosinophils.

2.2. Helminthic parasites

The three classes of helminths (Cestoidea, Trematoda, and Nematoda) can affect the lung.

2.2.1. Nematodes and the lung

This group include: ascariasis, strongyloidiasis,ancylostomiasis, tropical pulmonary eosino‐
philia, pulmonary dirofilariasis, and pulmonary trichinellosis.

2.2.1.1. Pulmonary ascariasis

Ascariasis is a round worm infection caused by Ascaris lumbricoides. This nematode dis‐
ease affects ± 25% of the world population whose 95% are in Africa (Crompton, 1999).
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Mode of contamination

The starting point is the survival of eggs able to contaminate ingesta by the new host. Poor
sanitation, fecal contamination of food or water, are the main risk factors of dissemination.
Embryonated eggs (2-4 weeks), when ingested are dissolved in the stomach juice and then
release rabdoid larvae in the duodenum, before migration through the intestine. Larvae then
enter the portal system via capillaries and lymphatics, after penetrating the wall of the intes‐
tine. The involvement of the hepatic circulation allow the right heart and lung invasion. The
eggs reach the alveolar space after crossing the capillary walls and can be swallowed and
then reach again the small intestine to mute in adult forms. This pilgrimage can take 14 days
after ingestion (Sarinas PS, Chitkara RK, 1997).

Pathophysiology

Adult worms or migrating larvae exert a mechanical pressure on lung structures inducing
inflammatory responses, leading to granuloma formation with eosinophils, neutrophils and
macrophages. Activated cells release cytokines such as IL-3 and IL-5 involved in the recruit‐
ment and differenciation of eosinophils, explaining the blood and tissue eosinophilia report‐
ed. TH2 Lymphocytes are responsible for the high IgE (Yazicioglia, 1996) and IgG4 levels
(Santra A, 2001) described.

Hypersensitivity reaction inducing peribronchial inflammation, mucus production, and
sometimes bronchospasm is responsible for the clinical manifestations.

Diagnosis

Abdominal manifestations are currently reported: gastric pain, vomiting, diarrhea, abdomi‐
nal discomfort. In some complicated cases pancreatitis or obstruction of biliary duct or small
intestine can occur, caused by adult worms.

Respiratory symptoms due to larval migration in the lungs, consist in mild cough or Loef‐
fler’s syndrome (Ford RM, 1996). This syndrome associates respiratory symptoms (dry
cough, wheezing, dyspnoea) with blood and lung eosinophilia, and chest radiograph with
fleeting infiltrates. General symptoms such as fever, loss of appetite, myalgia can be ob‐
served.

Pneumonia is a more rare condition with ascariasis infection

Laboratory findings

Stool examination may show eggs or adult worms.

Larvae may be found in respiratory secretions

Serological approach (specific IgG4 antibodies) could be helpful (Santra A et al., 2001; Bhat‐
tacharya T, 2001).

Blood hypereosinophilia and high IgE level are common.

Chest radiograph may show migrating inhomogenous alveolar infiltrates.

Treatment
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The treatment aims to eradicate intestinal colonization responsible for recurrent respiratory
episodes.

Mebendazole (100 mg twice a day for three days, or 500mg one day) and Albendazole
(400mg, single dose) are the drugs of choice. Pyrantel Pamoate, Levamisole, and Piperazine
are alternative choices. Ivermectine, an antifilarial drug has shown efficacy in the treatment
of ascariasis.

2.2.1.2. Toxocariasis

a roundworm of dog and cat can infect human, who is an intermediate host, and determine
a Loeffler’s like syndrome caused by larva migrans as with Ascaris.

Severe respiratory syndromes (ARDS) have rarely been observed (Bartelink AK et al., 1983),
while asthma-like symptoms are currently reported among pulmonary manifestations.

Defects in neutrophil function have been reported in children with visceral larva migrans.
This defect should be explained by the neutrophilic adherence to larvae illustrated else‐
where in animal models (Martin Huwer, 1989).

Exacerbations of inflammatory reactions during antihelminthic treatment emphasize the
need of combination with corticosteroids.

2.2.1.3. Pulmonary strongyloidiasis

The causative agent is Strongyloides stercoralis, endemic in the tropics and subtropics. Eggs
containing larvae ready to hatch, are the contaminating form after penetrating the skin; they
then disseminate in all tissues via venous or lymphatic route in immunodeficient host
(Cook, 1987; Longworth and Weller, 1986).

Autoinfestation is a common feature of this parasite, meaning the penetration of filariform
larvae in the perianal skin of the infected subject without leaving the host. This phenomenon
can determine the persistence of infection even many years after (Scowden EB, 1978).

Lung invasion result from larvae carried by the blood stream to the right heart and then to
the lung. Larvae can pierce the pulmonary capillaries and reach the alveoli through the al‐
veolo-capillary membrane, inducing non cardiogenic edema and hemoptyses. After their
migration through the bronchi and superior respiratory tree, some larvae can be swallowed
in the intestine. Hyperinfection syndrome is related to severity of symptoms in the lung and
the intestine, which are common sites of the parasitic life cycle, while disseminated disease
represent the invasion of other organs not generally involved in the growth of the parasite
(Longoworth DL, and Weller PF, 1986).

Pathophysiology

The skin penetration by the larva determines an hypersensitivity reaction as the result of a
strong cell mediated immunity reaction in immunocompetent host preventing the tissue in‐
vasion (Neva FA, 1986). Marked autoinfection and subsequent hyperinfection are the main
determinants of tissue dissemination in immunosuppressed subjects such as AIDS patients
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(Lessman KD, 1993), individuals on long term corticosteroid therapy, or with malnutrition,
lymphomas etc..(Casati A, 1996; Genta RM, 1989).

Mechanical action by the adult worms and host reaction are responsible for digestive mani‐
festations.

Secondary gram negative bacterial infection by gram- pathogen is frequent, bacteria being
carried by larvae during the crossing of the intestinal wall. The migration through the lung
can determine bronchopneumonia,alveolar hemorrhages, and pulmonary abscess and hae‐
moptyses.

Diagnosis

Lung strongyloidiasis is commonly asymptomatic in immunocompetant individuals, or
present with mild symptoms.

Gastrointestinal manifestations, cough, dyspnoea, wheezing and haemoptysis are frequent
during lung involvement. Hyperinfection and disseminated disease are commonly fatal,
which elderly individuals and those on long term corticosteroid therapy, or having hemato‐
logic malignancies being at higher risk for the latter.

Eosinophilic pleural effusion have been reported among pulmonary manifestations of
strongyloidiasis; and rare cases of acute respiratory failure due to respiratory muscle paraly‐
sis have been observed (da Silva OA, 1981).

The hyperinfection syndrome with Strongyloides stercoralis can worsen asthma or COPD
exacerbations in some patients (Sen P, 1995; Ossorio MA, 1990).

Peripheral  blood  eosinophilia,  anemia,  and  hypoalbuminemaia  are  current  laboratory
findings.

Larva may be observed in repeted stool specimen examination due to the low parasitic load
in immunocompetent individuals.

Pulmonary secretions, duodenal juice, may be contributive for parasite identification.

Serology is also interesting for detection of specific antibodies.

Treatment

Thiabendazole (25 mg/kg, twice a day for two days), Albendazole (400 mg, twice a day/5
days), Ivermectine (200 microgr/kg for one or two days) are recommended.

2.2.1.4. Pulmonary ancylostomiasis

Ancylostoma duodenale and Necator americanus are the two helminths in this group.

Eggs eliminated with the feces continue the maturation in the soil, where larvae will pene‐
trate the intact skin to infect the man, which is the only definitive host. The oral route of in‐
fection is possible for Ancylostoma duodenale. Migrant larvae reach the lung structures has
illustrate for other helminths, inducing a Loeffler’s syndrome. The larvae of Ancylostoma du‐
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odenale can reach the mammary glands and be transmitted to the child by maternal breast-
feeding (Yu Sen-Hai, 1995).

Pathophysiology

The lung migration can elicit blood eosinophilia as for other larva migrans. Larvae release
low molecular weight proteins with anticoagulant properties (Cappello M, 1993), favoring
blood loss during the intestinal capillaries destruction. Anemia with iron deficiency is often
associated with this infection.

Local prurit and erythema follow skin penetration. Clinical, immunological and radiologi‐
cal  manifestations  of  Loeffler’s  syndrome  can  be  observed  during  larval  migration
through the lung.

Diagnosis

Gastrointestinal symptoms associated with respiratory asthma-like symptoms in an exposed
individual are suggestive of parasitic lung infections

Laboratory findings

Stool examination may demonstrate the presence of eggs, blood samples may identify eosi‐
nophilia and iron deficient anemia.

Treatment

Mebendazole and Albendazole have equivalent efficacy.

Ivermectine has been reported as an alternative.

2.2.1.5. Tropical Pulmonary Eosinophilia (TPE)

This syndrome is an immunological response of the host to filarial parasites invasion, main‐
ly Wuchereria bancrofti and Brugia malayi, affecting only 1% of patients with filariasis
(Johnson S, 1994).

The filarial etiology has been suggested by the prevalent occurrence of the syndrome in the
world regions with reported high filarialsis prevalence (South-East Asia), as well as the re‐
covery after antifilarial drug administration.

Pathophysiology

The hypersensitivity reaction to filarial antigens induce a strong eosinophilic inflammatory
response in the lungs. The microfilariae in lymphatics invade the pulmonary circulation and
parenchyma with further granulomatous and fibrosing pattern. The concentration of eosino‐
phils in the lung has been shown to be more significant than in the peripheral blood sug‐
gesting the compartimentalisation, and a prominent role of these cells in the pulmonary
involvement and clinical manifestations (Pinkstori P, 1987).

Diagnosis

Epidemiological data state a male predominance in TPE (sex ratio M/F; 4:1), a disease of
children and young adult (15-40 yrs).
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Respiratory manifestations are frequently associated with systemic symptoms such as: fever,
weight loss, and fatigue.

The diagnosis should be evoked after exclusion of other causes of pulmonary eosinophilia
as other helmintic diseases, or drug use.

Laboratory findings

Leucocytosis is common in TPE, with marked peripheral blood eosinophilia; and elevated
erythrocyte sedimentation rate is often reported.

Serological examinations may reveal high level of specific IgG or IgE antibodies to microfi‐
lariae.

Stool examination is very important to determine co-infection with other helminths.

The chest radiograph may show miliairy nodules mimicking miliairy tuberculosis.

Histopathological analysis of lung biopsies may illustrate microfilariae

Treatment

Diethylcarbamazine (6 mg/kg/day for 3 weeks), a current treatment of filariasis, has been
successfully indicated In patients with TPE.

Steroids have shown additional improvement of symptoms in TPE patients.

2.2.1.6. Pulmonary dirofilariasis

This is a zoonosis caused by Dirofilaria immitis and repens. The nematode is a vascular par‐
asite, with the human as accidental host. The parasite is transmitted by mosquito. The vas‐
cular location induce embolism of pulmonary artery, with subsequent pathophysiological
manifestations such as: hemoptyses, chest pain, dyspnoea …

The disease is mainly asymptomatic

Thoracic imaging (TTDM) shows well delimited nodule neigbouring an arterial branch.

Histopathological analysis of pulmonary biopsies is strongly contributive for the diagnosis
of this disease lacking specific treatment.

2.2.1.7. Pulmonary Trichinellosis

The food-borne disease is caused by Trichinella spiralis in the man.

The larvae grow in striated muscles after invading the bloodstream. Man is infected after in‐
gesting partially or cooked or raw meat, and the larvae develop in the gut into adult worms.

Pulmonary symptoms include: dyspnoea due partially to the involvement of diaphragm,
and cough.

Peripheral blood eosinophilia and elevated IgE level are depending on Th-2 cytokines re‐
leased by TCD4 cells recruited by parasitic antigens. Elevated LDH enzyme suggest muscle
involvement.
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covery after antifilarial drug administration.

Pathophysiology

The hypersensitivity reaction to filarial antigens induce a strong eosinophilic inflammatory
response in the lungs. The microfilariae in lymphatics invade the pulmonary circulation and
parenchyma with further granulomatous and fibrosing pattern. The concentration of eosino‐
phils in the lung has been shown to be more significant than in the peripheral blood sug‐
gesting the compartimentalisation, and a prominent role of these cells in the pulmonary
involvement and clinical manifestations (Pinkstori P, 1987).

Diagnosis

Epidemiological data state a male predominance in TPE (sex ratio M/F; 4:1), a disease of
children and young adult (15-40 yrs).
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Respiratory manifestations are frequently associated with systemic symptoms such as: fever,
weight loss, and fatigue.

The diagnosis should be evoked after exclusion of other causes of pulmonary eosinophilia
as other helmintic diseases, or drug use.

Laboratory findings

Leucocytosis is common in TPE, with marked peripheral blood eosinophilia; and elevated
erythrocyte sedimentation rate is often reported.

Serological examinations may reveal high level of specific IgG or IgE antibodies to microfi‐
lariae.

Stool examination is very important to determine co-infection with other helminths.

The chest radiograph may show miliairy nodules mimicking miliairy tuberculosis.

Histopathological analysis of lung biopsies may illustrate microfilariae

Treatment

Diethylcarbamazine (6 mg/kg/day for 3 weeks), a current treatment of filariasis, has been
successfully indicated In patients with TPE.

Steroids have shown additional improvement of symptoms in TPE patients.

2.2.1.6. Pulmonary dirofilariasis

This is a zoonosis caused by Dirofilaria immitis and repens. The nematode is a vascular par‐
asite, with the human as accidental host. The parasite is transmitted by mosquito. The vas‐
cular location induce embolism of pulmonary artery, with subsequent pathophysiological
manifestations such as: hemoptyses, chest pain, dyspnoea …

The disease is mainly asymptomatic

Thoracic imaging (TTDM) shows well delimited nodule neigbouring an arterial branch.

Histopathological analysis of pulmonary biopsies is strongly contributive for the diagnosis
of this disease lacking specific treatment.

2.2.1.7. Pulmonary Trichinellosis

The food-borne disease is caused by Trichinella spiralis in the man.

The larvae grow in striated muscles after invading the bloodstream. Man is infected after in‐
gesting partially or cooked or raw meat, and the larvae develop in the gut into adult worms.

Pulmonary symptoms include: dyspnoea due partially to the involvement of diaphragm,
and cough.

Peripheral blood eosinophilia and elevated IgE level are depending on Th-2 cytokines re‐
leased by TCD4 cells recruited by parasitic antigens. Elevated LDH enzyme suggest muscle
involvement.
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Larvae may be also identified in striated muscle biopsies.

Treatment

Mebendazole (for almost 2 weeks), associated to analgesics and corticosteroids is recom‐
mended.

2.2.1.8. CESTODES and the lung

Lung disease due to cestodes are caused by Echinococcus granulosis and Echinococcus multilo‐
cularis in the man. The lung and the liver are the main sites of cysts formation. Dogs are de‐
finitive hosts and eggs excreted in their faeces contaminate human when ingested with food
or water.

Pulmonary symptoms are non specific and resemble asthma manifestations. Mechanical
compression by hydatid cysts may influence clinical features. Rupture of Cysts in the bron‐
chi could explain haemoptysis or excretion of cyst fluid, and may lead to anaphylaxis. Pneu‐
mothorax, pleural effusion, and emphysema are possible lung presentation.

Blood laboratory findings extend from eosinophilia to IgE production.

Serodiagnosis is helpful by detection of specific antibodies.

Chest radiograph manifestations may consist in multiple nodules mimicking lung tumors.

Treatment

Surgical resection of the lesion is the most relevant approach. Mebendazole, Albendazole
and praziquantel are indicated, mainly in recurrent disease.

2.2.1.9. Trematodes and the lung

This group include pulmonary scistosomiasis and paragonimiasis.

Pulmonary Shistosomiasis

Schistosoma haematobium, mansoni, and japonicum are the major pathogenic species for hu‐
man. Shistosoma intercalatum and Shistosoma mekongi are rarely encountered. Eggs excreted in
urine or faeces of the infected patient contaminate water and infect the snail, intermediate
host. The eggs then evolve in cercariae wich can penetrate the skin or be ingested by man.
The adult worm stay in the bladder (haematobium), or in the gut (S. mansoni, S. japonicum).

Pathophysiology

Local inflammation occurs at the penetration site, while the onset of pulmonary manifesta‐
tions may be acute or chronic.

Pulmonary inflammatory reaction may induce a cytotoxic reaction to migrating agents, and
facilitate the secretions of chimiotactic mediators for eosinophils, involved in the schistosoma
immunity (Schwartz E et al, 2000).

Acute manifestations result from immunologic hypersensitivity reactions, and consist of
systemic complaints such as fever, myalgia, chills, diarrhea, abdominal pain, urticaria,
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named Katayama syndrome. Pulmonary acute manifestations mimic Loffler’s syndrome or
Asthma-like syndrome (Walt F., 1954).

Chronic manifestations result from mechanical action of eggs or adult worm on the tissues.
Pulmonary hypertension, haemoptysis, cor pulmonale could be observed. Pulmonary embo‐
lism is the consequence of small blood vessels obstruction by foreign bodies surrounded by
various cells (eosinophils, neutrophils, lymphocytes, giant multinucleated cells (Wyler and
Postlehwaite WE, 1983); Granuloma formation is the end-stage of the maintained inflamma‐
tory response to schistosomal antigens.

Optic microscopical identification of eggs in urine or stools is mandatory for the diagnosis.
Rectal or bladder’s mucosal biopsies could help demonstrating eggs of Schistosoma.

Extrapulmonary manifestations include hepatosplenomegaly due to portal hypertension.
Schistosomiasis is an infectious cause of liver cirrhosis.

Peripheral blood eosinophilia and high IgE level are frequent.

Treatment

Cortcosteroides are indicate during acute phase and praziquantel (10-15 mg/kg, each 12
hours, one day). Artemether has shown effectiveness on juvenile forms of schistosomes.

Pulmonary Paragonimiasis

The food-borne zoonosis is more frequent in Asia, affecting± 20 million people (Schwartz E,
2002); Subacute or chronic lung manifestations are described. The agent Paragonimus west‐
ermani lives in the lung, and eggs are eliminated in the sputum or faeces. Miracidiae devel‐
op into cercariae in the snail before infecting the second intermediate host, the crabs. The
man get infection after eating partially cooked or raw crabs.

Clinical manifestations are not specific, and chest radiograph may demonstrate cavitations
as in tuberculosis. Pleural effusion or pneumothorax are frequently seen in paragonimiasis.

Treatment

Praziquantel is the first choice for treatment of this helminthic disease.

2.3. Protozoal lung diseases

2.3.1. Pulmonary amoebiasis

Entamoeba histolytica is the pathogenic form of infectious agent for the man.

Lung involvement is mainly linked to extension of amoebic liver abscess; hematogenous
spread and aspiration have rarely been reported (Shamsuzzaman SM et al, 2002).

During intestinal transit and mutations, Trophozoites released after the cysts digestion by
digestive secretions, may reach the muscularis mucosa and erode the lymphatics or the
walls of mesenteric venules to invade the portal system of the liver. The parasitic embols
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Larvae may be also identified in striated muscle biopsies.

Treatment

Mebendazole (for almost 2 weeks), associated to analgesics and corticosteroids is recom‐
mended.

2.2.1.8. CESTODES and the lung

Lung disease due to cestodes are caused by Echinococcus granulosis and Echinococcus multilo‐
cularis in the man. The lung and the liver are the main sites of cysts formation. Dogs are de‐
finitive hosts and eggs excreted in their faeces contaminate human when ingested with food
or water.

Pulmonary symptoms are non specific and resemble asthma manifestations. Mechanical
compression by hydatid cysts may influence clinical features. Rupture of Cysts in the bron‐
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Blood laboratory findings extend from eosinophilia to IgE production.
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Schistosoma haematobium, mansoni, and japonicum are the major pathogenic species for hu‐
man. Shistosoma intercalatum and Shistosoma mekongi are rarely encountered. Eggs excreted in
urine or faeces of the infected patient contaminate water and infect the snail, intermediate
host. The eggs then evolve in cercariae wich can penetrate the skin or be ingested by man.
The adult worm stay in the bladder (haematobium), or in the gut (S. mansoni, S. japonicum).

Pathophysiology

Local inflammation occurs at the penetration site, while the onset of pulmonary manifesta‐
tions may be acute or chronic.

Pulmonary inflammatory reaction may induce a cytotoxic reaction to migrating agents, and
facilitate the secretions of chimiotactic mediators for eosinophils, involved in the schistosoma
immunity (Schwartz E et al, 2000).

Acute manifestations result from immunologic hypersensitivity reactions, and consist of
systemic complaints such as fever, myalgia, chills, diarrhea, abdominal pain, urticaria,
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named Katayama syndrome. Pulmonary acute manifestations mimic Loffler’s syndrome or
Asthma-like syndrome (Walt F., 1954).

Chronic manifestations result from mechanical action of eggs or adult worm on the tissues.
Pulmonary hypertension, haemoptysis, cor pulmonale could be observed. Pulmonary embo‐
lism is the consequence of small blood vessels obstruction by foreign bodies surrounded by
various cells (eosinophils, neutrophils, lymphocytes, giant multinucleated cells (Wyler and
Postlehwaite WE, 1983); Granuloma formation is the end-stage of the maintained inflamma‐
tory response to schistosomal antigens.

Optic microscopical identification of eggs in urine or stools is mandatory for the diagnosis.
Rectal or bladder’s mucosal biopsies could help demonstrating eggs of Schistosoma.

Extrapulmonary manifestations include hepatosplenomegaly due to portal hypertension.
Schistosomiasis is an infectious cause of liver cirrhosis.

Peripheral blood eosinophilia and high IgE level are frequent.

Treatment

Cortcosteroides are indicate during acute phase and praziquantel (10-15 mg/kg, each 12
hours, one day). Artemether has shown effectiveness on juvenile forms of schistosomes.

Pulmonary Paragonimiasis

The food-borne zoonosis is more frequent in Asia, affecting± 20 million people (Schwartz E,
2002); Subacute or chronic lung manifestations are described. The agent Paragonimus west‐
ermani lives in the lung, and eggs are eliminated in the sputum or faeces. Miracidiae devel‐
op into cercariae in the snail before infecting the second intermediate host, the crabs. The
man get infection after eating partially cooked or raw crabs.

Clinical manifestations are not specific, and chest radiograph may demonstrate cavitations
as in tuberculosis. Pleural effusion or pneumothorax are frequently seen in paragonimiasis.

Treatment

Praziquantel is the first choice for treatment of this helminthic disease.

2.3. Protozoal lung diseases

2.3.1. Pulmonary amoebiasis

Entamoeba histolytica is the pathogenic form of infectious agent for the man.

Lung involvement is mainly linked to extension of amoebic liver abscess; hematogenous
spread and aspiration have rarely been reported (Shamsuzzaman SM et al, 2002).

During intestinal transit and mutations, Trophozoites released after the cysts digestion by
digestive secretions, may reach the muscularis mucosa and erode the lymphatics or the
walls of mesenteric venules to invade the portal system of the liver. The parasitic embols

Tropical Lung Diseases
http://dx.doi.org/10.5772/52371

151



then obstruct the bloodstream and lead to abscess development with necrosis. The lung is
the most frequent site of extra-intestinal invasion.

Clinical symptoms are related to the hepatic and intrathoracic implications. General symp‐
toms including fever, right upper quadrant pain, cough, chest pain are frequent in the lung
amoebiasis. Pleural effusion could develop, following hepatobronchial fistula. The paren‐
chymal disease can present as pulmonary abscess with characteristic chocolate pus and air‐
space consolidation at chest radiograph. Elevation of right hemidiaphragm is an earlier
radiographical feature in liver abscess.

E histolytica may be identified in sputum, in stools specimen or pleural pus.

The accuracy of serodiagnosis is established in the tissue amoebiasis, mainly in non endemic
populations. PCR should also be more contributive, even not routinely performed in many
institutions.

Treatment

Metronidazole is widely used, with established effectiveness. Lactoferrin and lactoferricins
combined to low metronidazole doses has been proposed as an alternate therapeutic option.

2.3.2. Pulmonary malaria

Malaria is a public health problem in tropical and subtropical areas. With the increasing
population travelling, mosquitos which transmit the disease can be carried out of the natural
frontiers and cause illness in naïve, non exposed patients. Four species of Plasmodium are
identified (P falciparum, P. ovale, P. malariae, P. vivax). Plasmodium falciparum, vivax, and ovale
can cause acute lung injury, or acute respiratory distress syndrome (Mohan A et al, 2008).

Pathophysiology

The pathogen lives in the erythrocytes and could impair their functions. Impaired red cells
motility, favored by exaggerated cytoadherence to the capillaries endothelium (Corbett CE
et al, 1989), induce sequestration of the red and white blood cells in different organs, with
subsequent deprivation in oxygen delivery, endothelial dysfunction, and enhancement of
anaerobic metabolism. Multiple organ dysfunctions (MODS) is the condition leading to
death. Red cells sequestration and destruction enhances the release of parasites and erythro‐
cyte material in the bloodstream, inducing a vigorous inflammatory response

Pulmonary involvement extend from cough and dyspnoea, to fatal ARDS, non cardiogenic
pulmonary edema, and intra-alveolar hemorrhages. Parenchymal disease due to plasmodial
infections has not yet been clearly evidenced, due to numerous viral or bacterial co-infec‐
tions, mainly in child under 5 years.

ARDS in malaria is more common in adults than in children, as well as in pregnant women
and non immune individuals

The pathogenesis of ARDS in severe malaria is poorly understood. Sequestration of parasi‐
tized red cells in small vessels seems not to be the only underlying mechanism. Recent study
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in Indonesia has reported occurrence of ARDS in uncomplicated and severe malaria, in pa‐
tients within the first 5 days after the start of the treatment, while peripheral parasitemia
was decreased. The authors hypothesize that lung injury could then be related to an inflam‐
matory response following treatment (Louis Schofield, Georges E. Grau, 2005). Their work
suggest that impaired lung function is not exclusively the fact of microvascular obstruction
by parasitized red cells, but include also white blood cells, contributing to impairment of gas
transfer, subsequent to ventilation and perfusion mismatch (Anstey NM et al, 2002).

Pulmonary edema follows increased alveolar capillary permeability with extravasation of
capillary content into the alveoli (Mohan Alladi et al, 2008)

Diagnosis

Systemic symptoms of malaria are: fever, myalgia, headache, loss of appetite, nausea, vomit‐
ing. Severe respiratory symptoms may be observed, following the onset of edema and respi‐
ratory distress syndrome.

Thick and thin stained blood smears are the routine laboratory examination to identify the
plasmodium species.

Serodiagnosis and PCR of plasmodium in urine or saliva, may be contributive where available.

Chest radiograph demonstrates variable patterns such as lobar consolidation, pleural effu‐
sion, alveolar infiltrates suggesting pulmonary edema, or hemorrhages.

Treatment

Parenteral quinine is the drug of 1st choice for the treatment of severe malaria. Artemisinine
derivatives are an alternative in case of contra-indications. Adjunctive therapy with clinda‐
mycine or doxycycline has been proposed in complicated malaria.

General resuscitation measures could be indicated in life threatening cases.

Antivectorial eradication, using insecticide treated bed-nets is widely utilized in endemic re‐
gions.

2.3.3. Pulmonary Toxoplasmosis

The disease caused by the Protozoan parasite, Toxoplasma gondii infects the man, after inges‐
tion of cyst-contaminated food.

Immunocompromised individuals are at higher risk of developing toxoplasmosis with the
central nervous system involvement as the most common complication.

Toxoplasma infection is asymptomatic in most immunocompetent humans. The pathogen is
then destroyed by strong antibody dependent reactions or delayed type hypersensitivity
mechanism. A strong Th1 cytokine profile is elicited by cells of innate immunity for efficient
protection, and pathogen could be destroyed also by monocytes- derived mediators such as
nitric oxide, which inhibits the parasite growth in different organs, mainly the lung and the
central nervous system, as prominent targets.
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cyte material in the bloodstream, inducing a vigorous inflammatory response
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pulmonary edema, and intra-alveolar hemorrhages. Parenchymal disease due to plasmodial
infections has not yet been clearly evidenced, due to numerous viral or bacterial co-infec‐
tions, mainly in child under 5 years.

ARDS in malaria is more common in adults than in children, as well as in pregnant women
and non immune individuals

The pathogenesis of ARDS in severe malaria is poorly understood. Sequestration of parasi‐
tized red cells in small vessels seems not to be the only underlying mechanism. Recent study
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Thick and thin stained blood smears are the routine laboratory examination to identify the
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Serodiagnosis and PCR of plasmodium in urine or saliva, may be contributive where available.

Chest radiograph demonstrates variable patterns such as lobar consolidation, pleural effu‐
sion, alveolar infiltrates suggesting pulmonary edema, or hemorrhages.
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Parenteral quinine is the drug of 1st choice for the treatment of severe malaria. Artemisinine
derivatives are an alternative in case of contra-indications. Adjunctive therapy with clinda‐
mycine or doxycycline has been proposed in complicated malaria.

General resuscitation measures could be indicated in life threatening cases.

Antivectorial eradication, using insecticide treated bed-nets is widely utilized in endemic re‐
gions.

2.3.3. Pulmonary Toxoplasmosis

The disease caused by the Protozoan parasite, Toxoplasma gondii infects the man, after inges‐
tion of cyst-contaminated food.

Immunocompromised individuals are at higher risk of developing toxoplasmosis with the
central nervous system involvement as the most common complication.

Toxoplasma infection is asymptomatic in most immunocompetent humans. The pathogen is
then destroyed by strong antibody dependent reactions or delayed type hypersensitivity
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nitric oxide, which inhibits the parasite growth in different organs, mainly the lung and the
central nervous system, as prominent targets.

Tropical Lung Diseases
http://dx.doi.org/10.5772/52371

153



Diagnosis

Encephalitic symptoms are very contributive for the diagnosis of toxoplasmosis in HIV posi‐
tive patients. Pneumonitis occurring in less than 1% of AIDS cases may induce septic shock.
Tissue biopsy should be very important for an early diagnosis

Cervical or occipital lymphadenopathy are the common clinical feature with flu-like symp‐
toms. Target organs involved are: the brain, the liver, the lung, the muscle, the heart, the
eyes, with related symptoms. Pulmonary symptoms may resemble tuberculosis, or severe
Pneumocystis jiroveci pneumonia

Reactivation of latent infection is frequent in immunosuppressed patients (AIDS, organ
transplantation).

2.3.4. Pulmonary Trypanosomiasis

Trypanosoma cruzi, the etiological agent of trypanosomiasis is frequent, as Chagas disease,
in Central and South America. Man is infected through the bite of an insect, inoculating try‐
pomastigotes which multiply within the macrophages. Macrophages then release amasti‐
gotes, the invading form of tissues through bloodstream. The heart and the gut are the most
involved organs with predominant clinical manifestations (myocarditis, arythmia, achalasia,
megacolon). Pulmonary manifestations (pleural effusion, edema), are linked to heart in‐
volvement. Tracheomegaly and bronchiectasis have been infrequently encountered (Lemle
A. Chagas’ disease, Chest 1999; 115, 906). Acute manifestations consist of flu-like syndrome
and facial edema.

Serological diagnosis is helpful in chronic forms.

3. Conclusion

The internalization of neglected tropical diseases due to migrations across the world high‐
lights the awareness of healthcare givers. The diagnosis of parasitic tropical pulmonary dis‐
ease could be evoked in recent travelers or immigrants from endemic zones, presenting with
respiratory symptoms with peripheral blood or tissue eosinophilia.
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Diagnosis
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tive patients. Pneumonitis occurring in less than 1% of AIDS cases may induce septic shock.
Tissue biopsy should be very important for an early diagnosis
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