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Macrophage origin and activity is complex in response to acute lung injury. Inducible
nitric oxide synthase (iNOS) has a divergent role in the stages following intratracheal
bleomycin mediated lung injury (ITB). We hypothesize iNOS is necessary for
macrophage activation during the inflammatory and resolution phases that follow ITB.
Further, recruited macrophages classically activate during inflammation and resident
macrophages alternatively activate during resolution. To test these hypotheses, iNOS
was manipulated via scavenge of products, systemic selective iNOS inhibition and
chimeric mice in which particular populations were NOS2-/-. C57/BL6 mice were
intratracheally instilled with bleomycin and samples collected 8 and 15 days following
instillation. This work identified oxidants to promote inflammation during the early stages
following ITB. Systemic iNOS inhibition reduced classical activation of recruited
macrophages during inflammation and alternative activation of recruited macrophages
during resolution. Resident macrophage alternative activation was not dependent on
iNOS activity. Chimeric mice demonstrated iNOS of a particular cell population is
necessary for macrophage activation. Classical activation of recruited cells is dependent
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on recruited cell iNOS. Early alternative activation is promoted when recruited
macrophages were iNOS incompetent. A pulmonary source of iNOS plays a role in
alternative activation during resolution. This work has demonstrated iNOS is important
to classical and alternative activation of macrophages. The cell population expressing
iNOS determines the effect on activation. The complexity of macrophage populations
and effect of iNOS activity on macrophage activation furthers our understanding of the
response to ITB and adapted therapeutic approaches have potential for clinical
improvement.
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CHAPTER 1: BACKGROUND
1.1 Pulmonary Innate Immunity
The lung is populated by resident macrophages uniquely positioned to deal with
environmental stimuli. These myeloid cells are derived from the yolk sac in 2 successive
hematopoietic waves (Orkin and Zon, 2008). A F4/80+ Mac2- macrophage population is
present in the interstitial space at E10.5 and this population is joined by F4/80- Mac2+
macrophage population by E15.5 (Tan and Krasnow, 2016). The Mac2+ population
moves into alveoli from the interstitium during postnatal week 1. Adult resident alveolar
macrophages are embryological in origin (Schulz et al., 2012; Yona et al., 2013).
Resident macrophage population turnover depends on the anatomical location of
the population. In the mouse, alveolar macrophages live for as long as 8 months
(Murphy et al., 2008). Without injury, alveolar macrophages self-renew and are not
blood derived (Tarling and Coggle, 1982; Landsman and Jung, 2007; Hashimoto et al.,
2013; Yona et al., 2013). Local proliferation is possible via granulocyte macrophage
colony stimulating factor (GM-CSF) and macrophage colony- stimulating factor (M-CSF)
through colony stimulating factor 1 receptor (CSFR1) in the lung (Hume et al., 1988;
Jenkins et al., 2013) and pleural cavity (Jenkins et al., 2011). Monoclonal antibody to
CSFR1 results in depletion of alveolar macrophages (MacDonald et al., 2010). However,
interstitial macrophages replace from the blood (Zaynagetdinov et al., 2013) and the
number is not dependent on CSFR1 (MacDonald et al., 2010). Some evidence suggests
the interstitial macrophage can serve as an intermediate to alveolar macrophages but
under what conditions has yet to be fully understood (Landsman and Jung, 2007).
Interestingly, the source of resident macrophage population turnover depends on the
population in need of replacement.
Resident macrophages also have different roles depending on their location in
the lung. As a reflection of these roles their phenotype also varies by location. Alveolar
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macrophages are highly phagocytic and immuno-tolerant (Toews et al., 1984; von
Garnier et al., 2005; Bedoret et al., 2009; Guth et al., 2009; Zaynagetdinov et al., 2013)
as these are the macrophages to first respond to inhaled substances. Consistent with
their function, alveolar macrophages express high levels of macrophage markers, F4/80,
Cd68 and Siglec F, scavenger receptors, Cd206 and Cd204, pulmonary integrin, Cd11c,
and low levels of MHCII (von Garnier et al., 2005; Bedoret et al., 2009; Guth et al., 2009;
Misharin et al., 2013; Zaynagetdinov et al., 2013). Interstitial macrophages are less
phagocytic and immune-tolerant and thereby express lower levels of scavenger
receptors, Cd204 and Cd206, and higher expression of MHCII and CD2 (Bedoret et al.,
2009; Zaynagetdinov et al., 2013). These macrophages express F4/80 and Cd68 but
not pulmonary integrin Cd11c (von Garnier et al., 2005; Bedoret et al., 2009;
Zaynagetdinov et al., 2013). The combination of these proteins allows for
immunophenotyping to determine macrophage location in lung digest. Digest of the
BALB/C mouse using expression of these proteins identifies the ratio of macrophage
populations to be 2:1 alveolar to interstitial (Bedoret et al., 2009).
Resident macrophage phenotype is influenced by the environment. Extra
pulmonary macrophages, bone marrow derived (BMDM) or peritoneal, express
pulmonary integrin Cd11c if instilled in the lung (Guth et al., 2009). GM-CSF and
surfactant protein D (SPD) are key proteins in regulating the expression of Cd11c on
BMDMs intratracheally instilled into the lung (Guth et al., 2009). The epithelium
influences alveolar macrophages to suppress T cell stimulation via TGFβ and
prostaglandins (Roth and Golub, 1993). FoxP3 expression on naïve T cells in culture
and in-vivo is stimulated by TGFβ and retinoic acid thereby promoting tolerance
(Coleman et al., 2013; Soroosh et al., 2013). This demonstrates the interaction of
alveolar macrophages and epithelial cells is influential in maintaining phenotype.
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Resident macrophage turnover is seen post injury to the lung. Sterile and
infectious caused injury leads to different turnover of resident macrophages. Lethal
radiation depletes alveolar macrophages leading to replacement from either a pulmonary
or blood source (van oud Alblas and van Furth, 1979; Tarling et al., 1987; Kennedy and
Abkowitz, 1998; Landsman and Jung, 2007; Hashimoto et al., 2013). The source and
dose of radiation influences the extent of turnover. Patients that have undergone
irradiation for bone marrow transplant were studied to determine the extent of resident
macrophage turnover. Bronchoalveolar lavage was performed 50 days after transplant
and cells were found to be of the recipient’s genetics and similar in number to preradiation (Nakata et al., 1999). LPS treatment has been shown to deplete alveolar
macrophages and replacement is from Gr1 low monocytes (Maus et al., 2006;
Landsman and Jung, 2007). On the other hand, toxoplasmosis infection depletes
resident alveolar macrophages but replacement is via self-renewal over 4 weeks
(Hashimoto et al., 2013). Resident macrophages turnover in response to injury is a
dynamic process capable of replacing from pulmonary or blood sources.

1.2 Recruitment
Circulating murine monocytes are divided into 3 populations based on expression
of Ly6C. Ly6C+ monocytes are similar to human CD14+ CD16- monocytes (Burke et
al., 2008). Ly6C+ monocytes express CCR2 and inflamed tissue most commonly
recruits these monocytes (Sunderkotter et al., 2004). Ly6C+ monocytes move between
bone marrow and blood (Sunderkotter et al., 2004; Varol et al., 2007) and have a half-life
of 1-3 days (Yang et al., 2014). Ly6C- monocytes are comparable to human CD14CD16+ monocytes (Burke et al., 2008). Ly6C- monocytes arise from Ly6C+ in
circulation (Sunderkotter et al., 2004; Landsman et al., 2007; Varol et al., 2007;
Geissmann et al., 2010; Yang et al., 2014) and the number of Ly6C+ monocytes
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determines their half-life (Yona et al., 2013). Maturation from Ly6C+ to Ly6Cmonocytes is under the control of CSF1R (Hume et al., 1988; MacDonald et al., 2010).
Ly6C- monocytes express CX3CR1 and move via LAF-1/ICAM1 to patrol blood vessels
(Auffray et al., 2007; Yang et al., 2014). These monocytes migrate into tissue
experiencing Th2 inflammation. For instance, Ly6C- monocytes are the first to migrate
into the peritoneum infected with Listeria monocytogenes (Auffray et al., 2007). Ly6C
intermediate monocyte population has been identified but less is known about this
population. Ly6C intermediate monocytes express CCR7 and CCR8 and participate in
lymph node trafficking (Yang et al., 2014). Monocytes are a diverse population and their
phenotype determines recruitment.
Monocytes are recruited to tissue in response to chemokines. C-C chemokine
receptor 2 (CCR2) is a chemokine receptor necessary for monocyte egress from the
bone marrow and migration to the lung in times of inflammation. CCR2 is necessary for
bone marrow egress with and without inflammation (Tsou et al., 2007). Epithelial cells
release C-C chemokine ligand 2 (CCL2) signaling for monocyte recruitment. Influenza
leads to TNFα release by alveolar macrophages signaling epithelial CCL2 secretion
(Herold et al., 2006). CCR2 knockout mice have reduced monocyte recruitment to the
lung following intratracheal LPS (Maus et al., 2002) or bleomycin (Tighe et al., 2011).
Enhanced expression of CCR2 increases the number of monocytes recruited to the lung
following intratracheal bleomycin (Liang et al., 2012) or without injury (Srivastava et al.,
2005). CCR2 also participates in neutrophil chemotaxis and changes to recruitment are
similar to monocytes (Maus et al., 2002; Dhaliwal et al., 2012). In many models,
knockout or enhancement of CCR2 expression, there is evidence of a role of CCR2 in
monocyte recruitment.
Monocytes use Cd11b to migrate to inflamed tissue (Kirby et al., 2006).
Monocytes express Cd11b (Prieto et al., 1994) and expression is increased in response
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to CCL2 (Liang et al., 2012). Loss of Cd11b, via diphtheria toxin administration, reduces
the number of neutrophils and monocytes recruited to the lung post LPS (Dhaliwal et al.,
2012).
The intricacy of the chemokine system specifically recruits monocyte populations.
For instance, CCR2 expressing monocytes become exudative macrophages in the lung
following LPS instillation (Herold et al., 2011). Monocytes that take on the phenotype of
alveolar macrophages following Streptomyces pneumonia are dependent on Cd11b
(Kirby et al., 2006). Additionally, interferon type 1 recruits Ly6C+ monocytes to the lung
post influenza infection (Seo et al., 2011). Chemokines specifically recruit monocyte
populations that will further activate to particular phenotypes in tissue.

1.3 Macrophage Differentiation and Activation
Upon recruitment to tissue, monocytes differentiate into macrophages. Generally
speaking, Ly6C+ mature into classically activated macrophages and Ly6C- monocytes
mature into alternatively activated macrophages (Auffray et al., 2007). There are
exceptions to this rule (Arnold et al., 2007; Saederup et al., 2010; Rivollier et al., 2012;
Egawa et al., 2013) supporting the complexity of macrophage biology. Endothelial cells
participate in monocyte maturation (Randolph et al., 1998). Upon differentiation to
macrophage from monocyte, macrophages express surface protein F4/80 (Austyn and
Gordon, 1981; Morris et al., 1991). F4/80 is important to macrophage function as an
antigen presenting cell but is universally expressed upon maturation (Lin et al., 2005).
Upon entry to inflamed tissue, macrophages activate based on the environment
and signals. Originally, macrophage activation was described as linear polarization with
activation to one of two endpoints classical or alternative activation (Gordon, 2003).
Recently, Dr. Gordon and Martinez reviewed the literature of activation and explain
activation is complex and should be thought of as a spectrum (Martinez and Gordon,
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2014). Mosser and Edwards similarly refer to macrophage activation along a spectrum
as depicted below (Mosser and Edwards, 2008). They point out environmental
influences further influence macrophage activation and use a pie chart to illustrate the
complexity caused by interaction with cells of the environment.

Activation allows macrophages to participate in processes such as phagocytosis,
endocytosis, secretion, microbial killing, chemotaxis, adhesion and release of trophic
factors (Mantovani et al., 2004). Classical activation was first termed by Mackaness in
1962 for macrophage microbial activity towards Listeria and bacillus calmette-guerin
(BCG) (Mackaness, 1962). Decades later, alternative activation was identified in-vitro
after stimulation with IL4 and IL13 (Stein et al., 1992; Doyle et al., 1994) and in-vivo in a
nematode infection (Loke et al., 2002). Mills and colleagues termed these activation
states as M1, classically activated, and M2, alternatively activated based on T cell
nomenclature (Mills et al., 2000). They also identified an important difference between
the two activation states, their use of arginine. M1 macrophages metabolize arginine to
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nitric oxide and M2 to trophic polyamines thus demonstrating one mechanism by which
polarization accomplishes its goal of microbial killing and tissue repair, respectively.
Mantovanni later reformed the M2 nomenclature to assign different alternative activation
pathways a, b or c notation (Mantovani et al., 2004). This early work established a clear,
yet admittedly over simplified, manner to distinguish activation states.
There are key stimuli that promote classical or alternative activation pathways.
Depending on the stimuli, downstream pathways vary thus tweaking activation to
achieve the goal at hand. For instance, classical activation in response to IFNγ leads to
activation of Janus kinase 1 and 2 adaptors thus stimulating Signal transducers and
activators of transcription (STAT) 1 (Nau et al., 2002; Martinez et al., 2006). LPS also
classically activates but through recognition by toll like receptor (TLR) 4. TLR4 leads to
release of cytokines, chemokines and antigen presenting molecules controlled by
activation of nuclear factor of kappa light polypeptide gene enhancer (NFκB), activator
protein 1 (AP1), STAT 1 and early growth response (EGR) (Nau et al., 2002). Another
key classical activator is GM-CSF. GM-CSF receptor activation leads to JAK2
recruitment and STAT5 activation. ERK and NFκB signaling is similarly downstream as
is V-Akt murine thymoma viral oncogene homolog 1 (AKT) and IRF5 (Martinez et al.,
2013). These are key stimuli of classical activation and show the overlap but distinct
downstream pathways.
Alternative activation (M2) has many stimuli resulting in different pro-resolving or
repair pathways. IL4, the first identified stimuli of alternative activation, activates JAK 1
and JAK leading to STAT 6 activation and translocation. This induces macrophage
fusion, decreases phagocytosis and increases expression of transglutaminase 2,
mannose receptor, cholesterol hydrolase CH25H and prostaglandin-endoperoxide
synthase (PTGS1) (Martinez et al., 2013). Another stimulus is ligation of FcyRs, for
instance on LPS activated macrophages, which turns off IL12 and increases secretion of
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IL10 and glucocorticoids (Mantovani et al., 2004). This leads to antigen presentation
and Th2 responses (Anderson and Mosser, 2002; Edwards et al., 2006). Lastly, mcsf
stimulation leads to nuclear translocation of SP1 and downstream growth promoting
pathways like angiogenesis (Curry et al., 2008). Alternative activation is a broad term
for diverse pathways macrophages take that are different from classical activation and
overall support repair and resolution.

1.4 Nitric Oxide Physiology and Pathology
Nitric oxide (NO) is an important signaling molecule in the lung. NO regulates
bronchial tone (Drazen et al., 1995), vasodilatation (Furchgott and Vanhoutte, 1989),
branching morphogenesis (Auten et al., 2007), innate and adaptive immunity (Coleman,
2001) and alveolar development (Bland et al., 2005). Nitric oxide is produced by nitric
oxide synthase enzymes, endothelial, neuronal and inducible. Inducible NOS (iNOS)
differs from other isoforms of NOS in that it is inducibly expressed and produces nitric
oxide at a high flux rate while the others are constitutively expressed and produce NO at
a low flux rate.
NO plays a role in a number of pulmonary pathologies including pneumonia
(Adrie et al., 2001), sepsis (Razavi et al., 2005), chronic lung disease (Munson et al.,
2005), cystic fibrosis (Grasemann et al., 1999), asthma (Dweik et al., 2001) and cancer
(Masri et al., 2005). In times of inflammation, iNOS expression is induced in pulmonary
epithelial cells and leukocytes (Guo and Erzurum, 1998; Guo et al., 2016). NO has a
wide range of biological targets including cysteine residues within proteins to form Snitrosocysteines process termed S-nitrosylation). S-nitrosylation is an important posttranslational protein modification and has significant implications for cell signaling (Gow
et al., 2004; Gaston et al., 2006; Lee et al., 2011), lymphocyte development (Yang et al.,
2010) and apoptosis (Hara et al., 2005). Functional regulation of immunomodulatory
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proteins is achieved by S-nitrosylation; NFκB(Kelleher et al., 2007), Keap1 (Buckley et
al., 2008), HDAC2 (Malhotra et al., 2011), GAPDH (Hara et al., 2005), Hmgb-1 (Tsoyi et
al., 2010) and SP-D (Guo et al., 2008).

1.5 Clinical Acute Lung Injury Pathology
Acute lung injury (ALI) and the more severe form acute respiratory distress
syndrome (ARDS) affect many people with and without prior lung disease. ARDS was
first termed by Ashbaugh and colleges in 1967 after diagnosing several patients with a
similar pathology (Ashbaugh et al., 1967). After decades of case reports, The AmericanEuropean Consensus conference on acute respiratory distress syndrome agreed upon a
definition (Bernard et al., 1994). It includes; acute onset of diffuse bilateral pulmonary
infiltrates as identified on chest radiography, a PaO 2/FiO2 less than 300 for ALI and less
than 200 for ARDS, and no clinical evidence of left arterial hypertension (pulmonary
artery wedge pressure less than 18). Incidence remains high; 64.2 diagnosed per
100,000 health people from 1996-1999 (Goss et al., 2003) and 78.9 per 100,000 healthy
people in 2005 (Rubenfeld et al., 2005). Despite high incidence of ARDS, mortality has
decreased. Decades ago mortality was reported 64-70% (Fowler et al., 1983; Villar and
Slutsky, 1989; Milberg et al., 1995; Ware and Matthay, 2000) and has declined to 40%
(Rubenfeld et al., 2005).
Over the past decades, understanding of the pathogenesis and predisposing
clinical factors has improved. Several predisposing clinical factors include pulmonary
related, sepsis, pneumonia, aspiration, smoke or toxic gas inhalation and chronic lung
disease, and non-pulmonary related, trauma, pancreatitis, blood transfusions, chronic
alcohol abuse and multiple co-morbidities (Ware and Matthay, 2000). These
predisposing factors cause ALI by disruption of the endothelial and epithelial barrier.
Loss of this barrier results in excessive neutrophil migration and release of pro-
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inflammatory cytotoxic mediators (Ware and Matthay, 2000; Matthay and Zimmerman,
2005). Upon loss of the barrier, alveolar spaces become overwhelmed with fluid. Down
regulation of Na+/K+ ATPase pumps leads to poor resolution of alveolar edema (Pugin et
al., 1999; Ware and Matthay, 2000). Reduction of surfactant proteins is seen in ARDS,
likely due to type II epithelial cell death, and may be the reason for reduced pulmonary
compliance (Greene et al., 1999). The initial pathological loss of barrier function
therefore results in many downstream effects including inflammation and poor gas
exchange.
The release of cytokines is a valuable tool for identifying biomarkers of ARDS.
Elevated levels of interleukin 6 (IL6), interleukin 8 (IL8) and tumor necrosis factor alpha
(TNFα) are measured in the BAL (Meduri et al., 1995; Pugin et al., 1999) and plasma
(Pugin et al., 1999; National Heart et al., 2006) of diagnosed ARDS patients and lower
plasma levels correlate with higher mortality (Pugin et al., 1999; Parsons et al., 2005).
ARDS patients also have signs of coagulation and fibrinolysis; higher plasma levels of
plasminogen activator inhibitor-1 and lower protein C (Meduri et al., 1998; Ware and
Matthay, 2000). A sign of endothelial injury and activation, von Willebrand factor (vWf) is
elevated in plasma and edema fluid from the lungs of ARDS patients (Ware et al., 2001;
Ware et al., 2004; Flori et al., 2007). High levels of intracellular adhesion molecule-1
(ICAM1) are measured in plasma and edematous fluid of the lung from ARDS patients
(Flori et al., 2003; McClintock et al., 2008; Calfee et al., 2009). Markers of pulmonary
epithelial injury are also detected in the serum of ARDS patients. Surfactant proteins A
and B are reduced in the BAL of patients at risk and diagnosed with ARDS and
surfactant protein D was reduced in the BAL but elevated in the serum of ARDS patients
who died (Greene et al., 1999; Eisner et al., 2003). Transmembrane immunoglobulin
expressed on Type I epithelial cells (RAGE) is elevated in the serum of ARDS patients
and elevated levels are strongly associated with poor outcomes in high tidal volume
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mechanical ventilation (Calfee et al., 2008). These biomarkers in combination are
valuable in diagnosing ARDS and following response to treatment.
1.6 Treatment of Acute Lung Injury
Treatment of ARDS and ALI relies heavily on mechanical ventilation in order to
improve gas exchange. Ventilator strategies have been adapted over the decades and
successfully improved therapy. Pharmacologic approaches however are for the most
part unsuccessful. In 2000, the Acute Respiratory Distress Syndrome Network
published the results of a clinical trial comparing 2 ventilation strategies (Network, 2000).
After evaluating 861 patients with ALI or ARDS, the investigators stopped the trial early
because of a successful outcome. This trial compared the then current practice of
ventilating with a tidal volume of 12mL/kg and plateau pressure <50cm H 2O to 6mL/kg
and plateau pressure <30cm H2O. The investigators reported a reduction in mortality
from 40% to 31% using the low tidal volume approach.
Mechanical ventilation causes release of cytokines. IL6 and TNFα are elevated
in the plasma and intra-alveolar space following mechanical ventilation (Ranieri et al.,
1999). Lower tidal volume attenuates cytokine response and reduces inflammation.
Elevated plasma levels of IL6, IL8 and IL10 have been reported reduced in patients
ventilated with lower tidal volumes (Parsons et al., 2005). Lower tidal volumes reduce
IL6 and TNFα in the plasma but not intraalveolar space (Stuber et al., 2002). This
suggests mechanical ventilation potentiates the loss of barrier thus allowing elevated
cytokines to be released from the intra alveolar space to systemic circulation.
Fluid management has also recently been revised after the National Health Lung
and Blood Institute reported the results of a clinical trial comparing conservative to liberal
strategies in 2006 (National Heart et al., 2006). This clinical trial did not have conclusive
results but did show conservative fluid management improved oxygenation and
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shortened duration of mechanical ventilation. Importantly, conservative fluid
management did not increase other organ failure.
Pharmacologic approaches have primarily focus on inhibiting inflammatory
pathways. Glucocorticoids were used as early as 1967 when ALI/ARDS was first termed
(Ashbaugh et al., 1967). However, despite continued use, their benefits are
questionable. When used acutely following diagnosis clinical trials have yet to
demonstrate efficacy (Bernard et al., 1987; Luce et al., 1988). However, when started
upon initial diagnosis and therapy continued for prolonged periods of time,
methylprednisolone was shown to decrease mortality (Meduri et al., 1998). Timing is
particularly important as demonstrated by increased mortality in patients started on
methylprednisolone 2 weeks after diagnosis (Steinberg et al., 2006). These inconclusive
results suggest the inflammatory processes during ALI and ARDS are complicated and
thus timing of immunomodulatory drugs like corticosteroids is important.
Many other pharmacologic approaches to modulating the inflammatory response
to ALI/ARDS have been attempted without much success. Inhaled nitric oxide initially
demonstrated benefit (Dellinger et al., 1998) but later trials have not supported this initial
claim (Gebistorf et al., 2016). Replacement of surfactant proteins via aerosolized
surfactant was also an approach without success (Anzueto et al., 1996). Long acting
beta agonist, salbuterol, was attempted in order to improve lung function but results
showed no benefit (Perkins et al., 2006; Singh et al., 2014). Approaches to reduce
oxidative stress, such as intravenous administration of N-acetyl cysteine, have also
shown no benefit (Domenighetti et al., 1997). Many other treatment approaches have
been attempted without benefit and leave doctors without a clear treatment approach.
Improvements to therapy rely on a better understanding of the cellular processes of
injury and subsequent inflammation.
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1.7 Models of Acute Lung Injury
Studying human acute lung injury and acute respiratory distress syndrome has
been achieved through many rodent and non-rodent models. Human and rodents have
many differences important to understand when modeling ALI. Anatomically speaking,
rodents have different branching patterns of airways and pulmonary vasculature.
Rodents also breathe at a faster rate than humans through their nose only. Rodents are
also far less genetically complex than humans and the complexity of humans is further
increased by comorbidities and environmental exposures. However, rodents offer an
experimental model that once limitations are understood offers insight to clinical disease.
In 2011, an official report was issued by the American Thoracic Society after a
workshop was held between many lead scientists in the field of ALI/ARDS (Matute-Bello
et al., 2011). This report identified the clinical components of disease important to be
represented by animal models and the main features of experimental ALI. This report is
a basis by which animal models can be understood in the context of clinical disease.
The report identifies main features of experimental ALI to appropriately model
clinical disease. Firstly, the onset of disease must be acute (less than 24 hours). There
must also be at least one of the following: histological evidence of tissue injury, alteration
of the endothelial-epithelial barrier, physiological dysfunction or inflammatory response
(Matute-Bello et al., 2011). These outcomes can be measured by many endpoints. The
authors suggest endpoints such as lung function and histological assessment. Lung
function includes both measures of gas exchange, particularly challenging to measure
blood levels of a mouse, and lung compliance, made easier by equipment such as
SciReq Flexivent to measure pressure volume curves. Histologically, lungs are
assessed for diffuse alveolar damage (DAD). DAD was first coined in 1976 and was
defined as neutrophil accumulation, deposition of hyaline membranes thus thickening
the interstitium and formation of micro thrombi (Katzenstein et al., 1976) . Finally,
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permeability of the epithelial-endothelial barrier measured by protein or dye
accumulation in the bronchoalveolar lavage or increased ratio of wet to dry lung tissue.
The authors suggest a combination of these endpoints, or similar measures, allow for
applicability of a rodent model to clinical disease.
Several models are used to study ALI/ARDS and the mechanism of injury varies.
The core pathological cause of ALI is loss of epithelial-endothelial barrier and this occurs
from either the vasculature or air side. For instance, many models are initially caused by
endothelial cell injury leading to acute lung injury. These models include intravenous
oleic acid, lipopolysaccharide or intravenously delivered bleomycin. Models also lead to
ALI by causing damage directly to pulmonary epithelial cells via acid aspiration,
hyperoxia and surfactant depletion by repetitive lavage or intratracheal instillation of
bleomycin. A few models also exist that directly damage the epithelial and endothelial
cells such as ischemia reperfusion and sepsis following cecal ligation. The choice of
model should therefore be based on the particular aspect of ALI/ARDS to be studied.
Being particularly interested in the macrophage role in the inflammatory and
resolution phases to follow injury, intratracheal bleomycin was chosen. The intratracheal
bleomycin (ITB) model is used by many to study ALI and subsequent fibrosis.

ITB

causes injury by first damaging pulmonary epithelial cells via production of radical
species leading to DNA strand breaks (Burger et al., 1981). Within the first 24 hours of
instillation, there is recruitment of neutrophils to the lung and elevation of pro-MMP9, IL6,
IL-1β and KC in the BAL (Gasse et al., 2007). TNF and IL-1 are elevated 63 hours post
ITB (Cavarra et al., 2004). TGF-β is elevated 6-7 days post ITB (Cavarra et al., 2004;
Gasse et al., 2007) and trichrome and collagen elevated 11 days post ITB (Cavarra et
al., 2004). Macrophage numbers progressively increase with time and lymphocytes
accumulate beginning 7 days post ITB (Cavarra et al., 2004). Overall, the literature
identifies clear stages of ITB mediated ALI; early injury and neutrophil recruitment (day
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1-3), acute inflammation with increased pro-inflammatory cytokines and macrophage
accumulation (day 3-8) followed by indicators of resolution (day 15) and fibrosis (day 21)
(Matute-Bello et al., 2008; Guo et al., 2016).

CHAPTER 2: TOCOPHEROL SUPPLEMENTATION REDUCES NO PRODUCTION
AND PULMONARY INFLAMMATION IN RESPONSE TO BLEOMYCIN
* as published in the Nitric Oxide Journal 2013 November 1;34:27-36

2.1 Abstract
Bleomycin causes acute lung injury through production of reactive species and initiation
of inflammation. Previous work has shown alteration to the production of reactive
oxygen species results in attenuation of injury. Vitamin E, in particular, γ-tocopherol,
isoform, has the potential to scavenge reactive oxygen and nitrogen species. This study
examines the utility of dietary supplementation with tocopherols in reducing bleomycinmediated acute lung injury. Male C57BL6/J mice were intratracheally instilled with PBS
or 2 units/kg bleomycin. Animals were analyzed 3 and 8 days post instillation at the
cellular, tissue, and organ levels. Results showed successful delivery of tocopherols to
the lung via dietary supplementation. Also, increases in reactive oxygen and nitrogen
species due to bleomycin are normalized in those mice fed tocopherol diet. Injury was
not prevented but inflammation progression was altered, in particular macrophage
activation and function. Inflammatory scores based on histology demonstrate limited
progression of inflammation in those mice treated with bleomycin and fed tocopherol diet
compared to control diet. Upregulation of enzymes and cytokines involved in proinflammation were limited by tocopherol supplementation. Day 3 functional changes in
elastance in response to bleomycin are prevented, however, 8 days post injury the effect
of the tocopherol diet is lost. The effect of tocopherol supplementation upon the
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inflammatory process is demonstrated by a shift in the phenotype of macrophage
activation. The effect of these changes on resolution and the progression of pulmonary
fibrosis has yet to be elucidated.

2.2 Introduction
Bleomycin is currently used clinically as a chemotherapeutic drug, but its use is
limited by development of pulmonary fibrosis. As a model of lung injury, intratracheal
bleomycin (ITB) causes inflammation and consequent pulmonary fibrosis. Activated
bleomycin acts as a redox-cycler causing damage to proteins, lipids and DNA through
the production of reactive oxygen species (ROS) (Hay et al., 1991). The inflammatory
process that is initiated by ITB also generates ROS. Furthermore, pulmonary
inflammation and fibrosis in response to ITB is associated with decreases in antioxidant
enzyme expression and activity, in particular superoxide dismutase, catalase and
glutathione peroxidase (Santos-Silva et al., 2012; Togeiro et al., 2012). In this regard, it
has been shown that increasing antioxidant defenses by supplementation of lecithinized
superoxide dismutase, or increasing host injury defenses by over expressing Hsp70,
abrogates ITB acute injury and inflammation (Tanaka et al., 2010a; Tanaka et al.,
2010b).
Vitamin E is a powerful antioxidant capable of terminating propagation of radical
reactions. Due to its antioxidant potential, vitamin E has been studied in many models
of inflammation. In particular, α-tocopherol, the most well recognized form of vitamin E,
has been extensively studied as an antioxidant. α-tocopherol levels in the lungs are
reduced by bleomycin administration suggesting α-tocopherol is consumed in times of
oxidative stress (Mert et al., 2009). Intratracheal liposomal α-tocopherol administered to
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rats prior to ITB reveals that α-tocopherol successfully normalizes hydroxyproline
concentrations 21 days after instillation (Suntres and Shek, 1997).
Unlike α-tocopherol, γ-tocopherol is uniquely capable of scavenging reactive
nitrogen species in addition to its antioxidant potential. Due to an unsubstituted carbon at
the carbon-5-position, γ-tocopherol interacts with reactive nitrogen species resulting in
the formation of 5-nitro-γ-tocopherol. γ -tocopherol also inhibits lipid peroxidation, in
particular by sequestering peroxynitrite. (Campbell et al., 2003; Ju et al., 2010)
Nitric oxide plays a significant role in the initiation and mediation of inflammatory
signaling. Inducible nitric oxide synthase (iNOS) produces NO at a high flux rate in
inflammatory and epithelial cells in times of inflammation. After ITB, loss of functional
inducible nitric oxide synthase (iNOS) as demonstrated through inhibition via GW274150
or NOS2-/- knockout mouse, prevents nitrosative stress. Loss of functional iNOS also
abrogates the development of fibrosis in CD mice measured 15 days post ITB by
hydroxyproline levels and trichrome stain. (Genovese et al., 2005)
Additional models of lung injury and inflammation demonstrate a role of NOS2 in
inflammation progression. Intratracheal lipopolysaccharide (LPS) also causes acute
lung injury and inflammation with evidence of nitrosative stress. NOS2 -/- knockout mice,
treated with LPS, experience less nitrosative stress as evidenced by nitrotyrosine stain.
NOS2-/- knockout mice also experience less cell infiltrate and edema as seen on
histology (Kristof et al., 1998). We have also previously shown the role of iNOS in the
initiation and progression of chronic inflammation. Surfactant protein-D knock out mice
experience chronic inflammation that can be inhibited with 1400W, an iNOS selective
inhibitor, administered early in disease progression or during active inflammation
(Atochina-Vasserman et al., 2007).
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Nitric oxide is known to play a role in the promotion and progression of
inflammation in response to ITB (Genovese et al., 2005). By using a mixture of
tocopherols, with a particularly high concentration of -tocopherol, within the diet there is
the potential to increase the scavenging of reactive oxygen and nitrogen species and
hence reduce inflammation. The ITB model is a progressive model of inflammation
allowing one to evaluate both early and late responses. Pulmonary injury and
inflammation are evident 3 days after instillation of bleomycin and peak after 8 days.
Therefore, we examined the effects of tocopherol supplementation at both of these time
points. We hypothesized that tocopherols will act early in the inflammatory process by
sequestering reactive oxygen and nitrogen species (RONS) thus reduce NO driven
inflammation.
2.3 Methods
Animals and Diet. 48 10-week-old male C57BL6/J mice were obtained from Jackson
Laboratory (Bar Harbor, ME). Animals weighed between 20-32 grams. Animals were fed
ad libitum either control diet (AIN93M) (Reeves et al., 1993) or treatment diet
(0.3%γTmT diet) prepared by Research Diets, Inc. (New Brunswick, NJ). γTmT is a
tocopherol-rich mixture of tocopherols consisting of (per gram) 130mg α-tocopherol,
15mg β-tocopherol, 568mg γ-tocopherol and 243mg δ-tocopherol (Cognis Corporation
Fairfield, NJ). The tocopherol content of the two diets is shown in Table 1. Animal
protocols were reviewed and approved by Animal Care and Use Committee, Rutgers
University.
Intratracheal Instillation. Animals were anesthetized by intraperitoneal injection of
ketamine (300mg/kg) and xylazine (15mg/kg) (Butler Schein). Each mouse was then
laid on a tilting rodent work stand (Hallowell EMC Pittsfield, MA) in the supine position.
The larynx was visualized using a hemi-sectioned 3mm diameter speculum with
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otoscope (Welch Allyn Skaneateles Falls NY). Either LPS-negative sterile phosphate
buffered saline (PBS) or LPS-negative sterile bleomycin sulfate (ITB) (Sigma Aldrich St.
Louis, MO) was instilled at 2units/kg. No animals died during instillation.

Tocopherol Measurement. Tocopherol concentrations were measured in the serum and
lung by high performance liquid chromatography as previously described(Guan et al.,
2012). Measurements were made from in 30mg lung tissue and 20μL plasma collected
from mice 8 days post instillation.

Cell Count and Protein Measurement. Bronchoalveolar lavage (BALF) was performed
with 5 washes of 1mL PBS via an intratracheally-inserted cannula. BALF was
centrifuged at 30,000 g for 10 mins and the cells was resuspended in PBS and counted
via Multisizer Coutler Counter (Beckman Coulter). Supernatant was analyzed for protein
content with Bradford protein assay kit (BioRad, Hercules, CA) reading at 595nm using
MAXline Kinetic microplate reader (Molecular Devices, Sunnyvale, CA) with bovine
serum albumin as standard.

mRNA Measurement. BALF cells were analyzed by RT-PCR for expression of
inflammatory genes using High Capacity cDNA Reverse Transcriptase Kit (Applied
Biosystems Foster City, CA). cDNA samples were analyzed on the 7300 Real Time
PCR system using Taqman polymerase and primary probes obtained from Applied
Biosystems. Samples ran for 40 cycles of 2 minutes at 50 oC, 10 minutes at 95oC, and
15 seconds at 95oC. Fold expression was calculated using the 2 -ΔΔCt method using βactin as the control gene and the PBS/AIN93M samples as the control group. Samples
from each treatment group were pooled into 2 sets of 4 animals for analysis.
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Histochemistry. Lung tissue was inflation fixed with 1mL 3% paraformadehyde, 2%
sucrose and 4% sodium cacodylate 0.1M (pH 7.3). Lungs were embedded in paraffin
and stained with hematoxylin and eosin. Inflammation scores were generated using a 5point scale by two blinded and independent observers as previously published
(Rudmann et al., 1998). Tissue sections were analyzed for protein expression by
immunohistochemistry. Tissue sections were deparrafinized and rehydrated with xylene
and ethanol. Antigen retrieval was achieved with sodium citrate followed by endogenous
peroxidase quench. Tissue was blocked with 10% goat serum in PBS for 1 hour
followed by primary antibody overnight in 1% serum in PBS. Sections were washed with
0.1 to 0.3% tween20 in PBS and incubated with secondary antibody (Vector
Laboratories ABC Kit Peroxidase Rabbit IgG Burlingame, CA) in 1% serum in PBS.
Following further washing sections were visualized with DAB (Vector Laboratories DAB
Peroxidase Substrate Kit Burlingame, CA). Antibody concentrations for the different
epitopes are given in the legends of the figures. Hematoxylin was used for counterstain.
Aliquots of BALF cells (30,000 cells) were spun onto slides with Thermo
Shandon Cytospin-4 at 800rpm for 3 minutes and stained for identification with KWIKDIFF (Thermo). Cell differentials were obtained by counting 5 different fields at an optical
zoom of 400x. Cytospin slides were also used to quantify the number of cells greater
than 25 microns.

Chemotaxis Measurement. 100,000 RAW264.7 cells (American Type Culture
6

Collection, TIB-71 Manassas, VA) (suspended at 1x10 cells/mL) in Dulbecco’s Modified
Eagle Medium were placed in the upper chamber of a 96 well plate microchemotaxis
chamber (Neuro Probe Gaithersburg, MD). 30μL of sample or control solution was
placed in the lower chamber of the apparatus.. A filter, with a pore size of 5μm was
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used. The chamber was incubated for 4 hours at 37 C with 5% CO2. Migrating cells
were collected on the membrane and stained with KWIK-DIFF (Thermo), visualized at an
optical zoom of 400x and counted in 5 fields on the BX51 (Olympus).

Nitric Oxide Metabolite Analysis Using the first aliquot of BALF supernatant, samples
were analyzed with Ionics/Sievers nitric oxide analyzer 280 (NOA 280 Ionics
Instruments). Vanadium chloride (Sigma Aldrich) (1M HCl at 95 oC) was used as the
reducing agent and sodium nitrate as the standard.

Lung Function Testing. Lung function was measured 3 or 8 days after instillation of PBS
or bleomycin. Using SciReq flexiVent (Montreal, Canada) baseline function and
mechanics were measured. Measurements were taken via Forced Oscillation
Technique at increasing Positive End-Expiratory Pressures (0-9 cmH2O). Matlab
software was used for analysis of parameters to calculate overall elastance and
resistance profiles. Results are shown at a PEEP of 3cm H2O, physiological PEEP.
Resistance=

(a + b*f)
-----------(c + f)

Elastance = E0 + E*(1 - e^( * f))

Statistics Data was analyzed in 2-way ANOVA and unpaired t-test or Mann-Whitney.
Pulmonary inflammation scores were analyzed by Wilcoxon-Rank Test. Cell size was
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analyzed by Tukey’s test and chemotactic potential by Dunn’s test. A p-value of <0.05
was considered statistically significant.

2.4 Results
Diet increases tocopherol content within the lung
Due to their ability to scavenge ROS, and reactive nitrogen species, we proposed
that increasing the tocopherol content within the lung would provide protection against
bleomycin-mediated injury. In this study, we manipulated tocopherol content by means
of diet.

Mice were fed either a control AIN93M diet or one enriched in tocopherols,

especially -tocopherol. At the conclusion of the study, both serum and lung tissue were
analyzed for tocopherol content (Table 2).

The tocopherol enriched diet led to an

increase in the content within both the serum and the lung with -tocopherol increasing 4
fold in the lung. Lung concentrations of α and δ tocopherol were also increased in those
fed tocopherol enriched diet. Notably, in the absence of supplementation, ITB reduced
-tocopherol levels two fold in the serum.
Tocopherol supplementation reduces lung injury and inflammation
Hematoxylin and eosin staining of lung tissue 3 days and 8 days after ITB shows
that there is extensive consolidation and peribronchial and perivascular infiltration
(Figure 1).

As early as 3 days post administration there is evidence of leukocyte

invasion within the lung as well as thickening of the pulmonary epithelium (Figure 1B).
However, by day 8 these markers are increased in severity as well as increasing tissue
destruction (Figure 1E). In the presence of tocopherol, there is still evidence of both
injury and inflammation at day 3; however, there is a minimal increase in these markers
over the following 5 days. Non-parametric inflammatory scoring (Rudmann et al., 1998)
demonstrates that inflammation resulting from ITB is progressive from day 3 to day 8

23
and appears to be inhibited by the tocopherol-rich diet (Figure 1G). The progressive
nature of this injury is reflected in the protein content of the BAL, which increases at both
day 3 and, to a greater extent, at day 8; but is largely unaffected by tocopherol
supplementation (Table 3).
Effect of tocopherol supplementation on inflammatory protein expression
The production of ROS from ITB-initiated inflammation is thought to contribute to
the progress of the pathology. Cyclooxygenase-2 (COX2) and inducible Nitric Oxide
Synthase (iNOS) are both key enzymes in the production of reactive oxygen and
nitrogen species in the progress of inflammation. Therefore, we examined their
production in response to ITB via immunohistochemistry (Figure 2 & 3). COX2
expression was evident in epithelial and invading inflammatory cells as early as 3 days
post ITB (Figure 2B). However, the intensity of COX2 staining increased considerably by
day 8, especially within the pulmonary epithelium (Figure 2E). In tocopherolsupplemented mice, ITB was still capable of increasing COX2 staining at day 3,
however, there was minimal increase in COX2 expression by day 8 when compared to
day 3 (Figure 2 C & F).
The time course of changes in iNOS expression, in response to ITB, mirror those
observed for COX2 (Figure 3). At day 3 post ITB there is a small increase in iNOS
expression throughout the lung parenchyma. Eight days post injury there is a focal
increase within invading inflammatory cells and a less pronounced increase in the
epithelium than seen for COX2. Similar to the observations with COX2, feeding with the
tocopherol-supplemented diet reduced iNOS staining, although this difference was only
apparent at 8 days post ITB.
Ym1 is synthesized and secreted by macrophages and is typically associated
with alternative activation. In saline treated mice a few Ym1 positive macrophages can
be observed (Figure 4 A & D). Following ITB treatment there is an increase in both the
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frequency of Ym1 positive cells observed and the intensity of their staining. This is more
pronounced at 8 days post ITB than at 3 days (Figure 4 B & E). Tocopherol
supplementation reduces the frequency of Ym1 positive cells at both time points (Figure
4 C & F). However, it does not reduce the intensity with which these cells are stained.
Indeed at 3 days post ITB the intensity of stain appears greater than in mice fed the
control diet (Figure 4C).
Cells in the Bronchoalveolar Lavage Fluid
In parallel with the histological evidence of inflammation, there is an increase in
total cell count within the BAL following ITB (Table 3). In this context, tocopherol
supplementation appears to alter the kinetics of cellular accumulation, as the increase in
cell number was not significant at 3 days post ITB. Examination of cell differentiation
showed that ITB leads to early neutrophilia at day 3, which is not altered by the
tocopherol-rich diet, with consequent increases in all inflammatory cell types 8 days post
injury (Figure 5). Tocopherol supplementation alters the kinetics of the response, as
both lymphocytes and eosinophils accumulate later in this condition. Macrophage size,
an indicator of activation status, was examined. The number of cells greater than 25
microns is statistically higher in mice treated with ITB; however, ITB treated mice fed
control diet have statistically more large cells than those fed tocopherol diet (Figure 6A).
Chemotactic activity of the BALF can be assessed as a means of measuring the
pro-inflammatory nature. BALF from ITB treated mice displayed a significantly greater
chemotactic potential than that from saline treated animals (Figure 6B). The bleomycin
effect was greater in mice fed the control diet than in those fed tocopherol diet. The BAL
chemotactic potential was increased in bleomycin treated mice both 3 and 8 days post
injury. At both time points, bleomycin increased the chemotactic potential in tocopherol
fed mice, however, this increase was significantly less than that seen in mice fed control
diet.
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To measure the effect of bleomycin injury on the cells of the lung lining we
examined the BAL cell pellet for expression of certain key cytokines/enzymes by rt-PCR
(Table 4). As one would predict, bleomycin treatment increased expression of a range
of inflammation related mRNAs 3 days post injury. In general, expression was lower in
mice fed a tocopherol diet. NOS2 expression is not detectable within mice treated with
saline, however, it reaches significant levels post ITB. The ratio of ARG1 to NOS2
expression is a marker of classical vs alternative activation (Menzies et al., 2010). The
ARG1:NOS2 ratio in mice fed the control diet was 500 while in those fed tocopherol it
was 1000, indicating a bias towards alternative activation. At 8 days post injury all
markers, with the exception of YM1, remain higher in bleomycin treated vs saline control
mice. However, there is a shift in expression with the tocopherol diet. NOS2, PTGS2,
IL1B, which are all markers associated with classical activation (Mantovani et al., 2004;
Gordon and Taylor, 2005) are more strongly induced in mice fed the control rather than
the tocopherol diet. However, ARG1, YM1, RELM-, and CCL2 are all more strongly
induced in tocopherol fed mice, indicating a bias towards alternative activation. Indeed
the ARG1:NOS2 ratio is tenfold higher in tocopherol fed mice compared to control diet
following bleomycin treatment (125 vs 13).
As the tocopherol diet resulted in a shift in the ratio of ARG1 to NOS2
expression, and as tocopherol can act as a scavenger of NO metabolites, we examined
the BAL for NO metabolite content (Figure 7 A & B). Bleomycin instillation caused a
significant increase in both nitrite and nitrate levels within the BAL at 3 and 8 days post
injury. In mice fed the tocopherol diet there was no significant increase in either
metabolite post bleomycin injury at either day 3 or day 8, indicating either minimal NO
production or complete scavenging.
Analysis of Pulmonary Mechanics
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Pulmonary function was assessed using a Forced Oscillation Technique and the
resulting elastance and resistance spectra fit to an empirical model. At 3 and 8 days
post injury ITB results in a significant increase in the elastance spectra of mice fed the
control diet (Figure 8). Component analysis reveals that the change in spectrum at day

ent tissue
elastance (E0) (Figure 8C). In mice fed the tocopherol diet there was no change in
pulmonary elastance 3 days post bleomycin administration, however, at 8 days post
0

that was similar to that seen in

animals fed the control diet.
Despite the significant increase in elastance spectra with bleomycin
administration, there was no significant change observed in the resistance spectra at
either 3 or 8 days post injury (Figure 9 A & B). However, component analysis
demonstrates that, while there is no change in high frequency resistance (b, Figure 9D),
there is a significant increase in low frequency resistance 8 days post injury (a/c, Figure
9C). This increase in low frequency, or tissue, resistance is not abrogated by the
tocopherol diet.
2.5 Discussion
The goal of this study was to examine whether dietary supplementation with
tocopherols was capable of reducing bleomycin-mediated lung injury and inflammation.
Here we have shown that α, δ and γ-tocopherol levels are increased in both the lung and
serum by dietary supplementation. ITB administration produces a significant pulmonary
injury with accompanying early neutrophilia and later inflammatory changes including
macrophage infiltration and activation. These changes are accompanied by a significant
increase in NO metabolites and reduced lung function, demonstrated by an increase in
inherent and frequency dependent elastance. Tocopherol supplementation, while not
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appearing to reduce the direct ITB-mediated injury, completely abrogated the increase in
NO metabolites, altered the kinetics of inflammation and macrophage activation, while
significantly reducing the acute loss of lung function.
Bleomycin is a redox cycling compound that intercalates into DNA, thus it is
capable of generating high concentrations of ROS within the nucleus of cells, producing
injury and death (Hecht, 2000). As tocopherols can act as ROS scavengers, it is
conceivable that by increasing the tissue concentration of these compounds one may
reduce ITB mediated lung injury. This appears not to be the case in the present study,
as the early accumulation of protein within the BALF (Table 3) and the
injury/inflammation score at day 3 (Figure 1) are not altered by tocopherol
supplementation. That the injury process itself is not altered by tocopherol is further
confirmed by the observation that neutrophilic invasion, a direct correlate of injury, is not
altered (Figure 5). As only 10% of intracellular tocopherol is found in the nucleus
(McVean and Liebler, 1999) it is not surprising that supplementation is unable to
abrogate ITB-mediated injury. However, tocopherols do operate as efficient scavengers
of RONS (Campbell et al., 2003; Ju et al., 2010) generated within ITB as there is no
significant increase in either nitrite or nitrate in the presence of tocopherol. It is possible
that this reduction in NO metabolites results from reduced iNOS activity, as its increase
in expression is inhibited by tocopherol supplementation (Figure 3, Table 4). However,
there is still increased expression over saline administered mice and there is no increase
in metabolites, which does suggest that the tocopherols have acted as efficient
scavengers.
From the present data it is clear that tocopherol supplementation has altered
both the time course and the pathway of inflammatory activation following ITB. Despite
the fact that injury scores at day 3 are unaltered by tocopherol, it is clear that there is a
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reduction in inflammation/injury at day 8 (Figure 1). While total cellular invasion of the
lung is not significantly reduced 8 days post ITB (Table 3, Figure 5); there is a significant
reduction in the lymphocytic and eosinophilic content of these recruited cells (Figure 5).
Also at this later time point there is a significant reduction in the size of the macrophages
within the BAL, indicating an altered activation state (Figure 6A).
This potential change in activation is further confirmed by examination of RNA
expression within BAL cells. Three days post ITB, a range of macrophage activation
markers are increased in expression. Tocopherol supplementation reduces this ITBmediated increase (Table 4). However, this reduction seems to be greatest in the
classical activation pathway as reflected by the higher ARG1:NOS2 ratio (Menzies et al.,
2010) within tocopherol fed as opposed to control diet mice. At 8 days post ITB, while
classical M1 activation markers such as NOS2, PTGS2 & IL1B remain reduced with
tocopherol treatment, a number of alternative M2 markers, namely ARG1, YM1, RELM-
& CCL2, are expressed at higher level with supplementation. These data imply that the
inflammatory response is altered such that the acute phase is reduced with tocopherol
supplementation, but that the later repair signaling pathways may be enhanced. Such
an observation raises the possibility that the fibrotic response may actually be increased
by tocopherol supplementation. Further studies at later time points, such as 21 days
post ITB, would need to be examined to address this possibility.
This shift in inflammatory signaling is further emphasized by the
immunohistochemistry. Both iNOS and COX2 are significantly increased in their
expression in response to ITB (Figure 2 & 3); however, this increase is modulated by
tocopherol supplementation. This difference is most obvious at days post
administration, evidenced by increases in iNOS and COX2 expression increase between
day 3 and day 8 in control fed ITB treated mice. Such an increase is not seen with
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tocopherol supplementation. In contrast, Ym-1, which is only expressed in inflammatory
cells in the lung (Hung et al., 2002) and is often associated with alternative activation
(Raes et al., 2002), remains elevated in these cells in both tocopherol supplemented and
control diet mice (Figure 4).
Using forced oscillation measurements we examined how the observed
inflammatory changes relate to both tissue and airway components of lung function.
These data are often analyzed using a constant phase model (Hantos et al., 1990),
however this model can sometimes fail to adequately fit in heterogeneous lung injury (Ito
et al., 2004; Kaczka et al., 2005). ITB is inherently patchy as an injury mechanism as
seen in the whole lung sections (Figure 1). Furthermore, that there was significant
heterogeneity of response was confirmed by significant alterations in the E RS spectra
with minimal change in RRS at three days post ITB (Figure 8A & 9A) (Bates, 2009). At
three days post ITB there is no significant alteration in the resistance spectra either with
or without tocopherol supplementation. However, there is a clear increase in lung
elastance with ITB-treated control diet mice (Figure 8A). Although, the E 0 value appears
higher with ITB-treatment this change did not reach statistical significance (Figure 8C).
These data indicate that despite the increase in cell number and protein content in the
BAL observed with ITB-treatment there was not a significant change in the tissue
stiffness. Of note, tocopherol supplementation did not alter cell number, protein content,
or injury score at 3 days post ITB and showed no change in E 0 when compared to saline
treated animals. The parameter E, which represents the frequency dependent change
in elastance, was significantly raised in only ITB-treated animals fed the control diet
(Figure 8D). In conjunction with the lack of change in resistance and tissue elastance,
this observation can best be explained by an increase in airway stiffness in these mice.
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Observation of the histology does show significant airway thickening (Figure 1), which
may explain the change in E.
Eight days post-ITB there is a considerable shift in the lung function response.
ITB produces a significant increase in E 0 and the low frequency component of the
resistance spectrum, a/c (Figure 9D). There is no further increase in E, although it is
still significantly higher than in saline-treated mice (Figure 8D). These data imply that
the bulk of the functional change that occurs with ITB as the inflammatory process
progresses from day 3 to day 8 occurs at the tissue level. Indeed, the protein content
within the BAL doubles over this time period as does the number of cells within the lung
lining (Table 3). It is reasonable to suppose that the wetter lung with more observable
consolidation (Figure 1) 8 days post ITB is what leads to this increased parenchymal
stiffness and resistance. In this regard, it is interesting that tocopherol supplementation
does not reduce the protein content or the cell number within the BAL, when compared
to control diet fed mice (Table 3); and that a/c and E 0 are significantly increased in these
mice. Thus although tocopherol diet alters the inflammatory signaling resulting from ITB,
it does not reduce the functional changes that occur within the parenchyma 8 days post
injury. It will be interesting to observe how these parameters change at later time points
in this injury response.
In conclusion, we have demonstrated that the lung tocopherol content can be
successfully increased by diet, and that this supplementation can efficiently scavenge
RONS generated by the ITB-mediated inflammatory process. This scavenging appears
to reduce acute inflammation and to induce a shift towards alternative macrophage
activation. These studies show that dietary supplementation with tocopherols can
effectively reduce oxidative stress in pulmonary inflammation. Although, we have
demonstrated that acutely tocopherol supplementation reduces the functional deficit that
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occurs as a result of ITB, we do not know how the resulting signaling change affects
resolution and long-term fibrosis in this model. Finally, through the use of an empirical
lung functional model we have been able to relate observable inflammatory changes
with alterations in airway and tissue function.

2.6 Tables
Diet

α-T

β-T

γ-T

δ-T

AIN93M

79.8

0.4

24.4

7.6

AIN93M
+0.3% γ-TmT

439.8

45.4

1764.4

637.6

Table 2-1
Table 1. Composition of diets. Tocopherols are an essential nutrient and therefore
a component of control diet, AIN93M. The tocopherol enriched diet, 0.3% γ-TmT, is
supplemented with additional tocopherols in particular γ-tocopherol. Diet was
initiated 2 weeks prior to instillation of saline or bleomycin. Animals ate ad libitum
throughout the course of the study. Tocopherol composition of both diets is listed
as mg tocopherol/kg fed.
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g-T
Treatment Group

a-T

d-T

Serum (µM)

PBS/AIN93M

0.13 ± 0.02

7.72 ± 0.51

0.07 ± 0

ITB/AIN93M

0.06 ± 0.01*

7.62 ± 0.81

0.14 ± 0.01*

ITB/0.3%γTmT

0.55 ± 0.04* ,+ 10.60 ± 0.67* ,+

0.08 ± 0+

Lung Tocopherols (µmol/kg)
PBS/AIN93M

0.41 ± 0.03

14.83 ± 3.40

0.09 ± 0

ITB/AIN93M

0.72 ± 0.14*

16.47 ± 2.92

0.22 ± 0.06*

ITB/0.3%γTmT

2.9 ± 0.56* ,+

28.45 ± 5.80* ,+ 1.55 ± 0.29* ,+

Table 2-2
Table 2. Tocopherol concentration in the lung and serum of mice 8
days after instillation of saline or bleomycin. Tocopherol content was
assessed by HPLC as per the methods section. Tocopherols were
successfully absorbed and distributed to the lung and concentrations
(expressed as mean ± standard error) increased in those fed
0.3%γTmT diet accordingly.
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Treatment
Group
PBS/AIN93M
ITB/AIN93M
ITB/0.3%γTmT
PBS/AIN93M
ITB/AIN93M
ITB/0.3%γTmT

Days Post
Instillation

Protein
(mg/mL)

Total Cells

3

0.177 ± 0.007

94,269 ± 8,923

3

0.519 ± 0.052*

168,719 ± 15,343*

3

0.619 ± 0.086*

127,969 ± 20,720

8

0.185 ± 0.004

120,375 ± 9,446

8

1.301 ± 0.157*

306,807 ± 289,070*

8

1.098 ± 0.140*

329,121 ± 128,784*

Table 2-3

Table 3. Protein concentration and cell yield in the BALF.
Cells retrieved in the BALF were counted via Multisizer,
while protein concentration in the supernatant was
measured by the BCA assay.
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Treatment
Group

Days Post
Instillation

NOS2

PTGS2

IL1B

CCL2

ARG1

Ym1

RELM-α

ITB/
AIN93M

3

1

17.95

31.35

66.83

465.74

1.06

14.53

ITB/
0.3%γTmT

3

0.30

10.56

14.41

40.45

275.03

0.44

12.49

ITB/
AIN93M

8

1

12.35

12.57

5.22

170.91

0.39

122.93

ITB/
0.3%γTmT

8

0.12

5.41

5.06

9.29

192.9

0.53

290.77

Table 2-4
Table 4. Inflammatory gene expression within BALF cells. Results were normalized to
β-actin and expressed as fold increase compared to PBS/AIN93M at respective time
point by the 2−ΔΔCt method. NOS2 is undetectable at 3 days in PBS/AIN93M
therefore data is expressed as fold increase compared to ITB/AIN93M.

35
2.7 Figures

0.
5

1.5*

1.
5

0.
5

3*

1.5*+

Figure 2-1
Figure 1. Effect of tocopherol diet on progression of inflammation. Lungs were
analyzed from mice fed control diet AIN93M (A,B,D,E) or tocopherol enriched
0.3%γTmT (C,F). The right lungs of mice were harvested 3 days (A,B,C) and 8
days (D,E,F) after instillation of PBS (A,D) or ITB (B,C,E,F) and inflation fixed for
histology. Representative pictures were taken with Nanozoomer (Olympus) at a
magnification of 6.5x and inserts at 100x. Inflammation scores were assigned and
the median in bottom corner of each panel. *P<0.05 compared to PBS/AIN93M
and + P<0.06 compared to ITB/AIN93M (n=8)
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Figure 2-2
Figure 2. COX-2 expression following ITB. Lungs were stained to evaluate cyclooxygenase-2 protein expression by immunohistochemistry. Lungs were harvested and
sectioned at 3 days (A,B,C) and 8 days (D,E,F) after PBS (A, D) and ITB (B,C,E,F)
instillation. Mice were fed control diet AIN93M (A,B,D,E) or tocopherol enriched 0.3%γTmT
diet (C,F). Tissue was stained for COX-2; primary antibody dilution 1:2000 overnight
(Abcam ab15191 Cambridge, MA) and secondary antibody at 1:2000 for 30 minutes.
Representative pictures were taken via the VS120 (Olympus) at an optical zoom 100x and
inserts 200x. (n=8)
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Figure 2-3
Figure 3. Effect of tocopherol diet on increased iNOS expression in response to ITB.

iNOS expression was evaluated by immunohistochemistry. Tissues were collected 3
days (A,B,C) and 8 days (D,E,F) after instillation of PBS (A, D) or ITB (B,C,E,F). Mice
were fed control diet AIN93M (A,B,D,E) and tocopherol enriched 0.3%γTmT diet
(C,F). Tissues were incubated with primary antibody (Abcam, ab15323 Cambridge,
MA) at 1:100 dilution overnight followed by secondary antibody at 1:200 for 30
minutes. Representative pictures were taken via the BX51 (Olympus) at an optical
zoom 200x and 400x. (n=8) Figure 4. Ym1 expression in response to ITB. Lung
sections were stained to evaluate Ym1 protein expression by immunohistochemistry.
Lungs were harvested 3 days (A,B,C) and 8 days (D,E,F) after PBS (A, D) and ITB
(B,C,E,F) instillation. Mice were fed control diet AIN93M (A,B,D,E) and tocopherol
enriched 0.3%γTmT diet (C,F). Tissues were incubated with primary antibody at
1:500 overnight (StemCell Technologies, 01404 Vancouver Canada) and secondary
antibody at 1:2000 for 30 minutes. Representative pictures were taken via the VS120
(Olympus) at an optical zoom 100x and inserts 200x. (n=8)
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Figure 2-4
Figure 4. Ym1 expression in response to ITB. Lung sections were stained to evaluate
Ym1 protein expression by immunohistochemistry. Lungs were harvested 3 days
(A,B,C) and 8 days (D,E,F) after PBS (A, D) and ITB (B,C,E,F) instillation. Mice were
fed control diet AIN93M (A,B,D,E) and tocopherol enriched 0.3%γTmT diet (C,F).
Tissues were incubated with primary antibody at 1:500 overnight (StemCell
Technologies, 01404 Vancouver Canada) and secondary antibody at 1:2000 for 30
minutes. Representative pictures were taken via the VS120 (Olympus) at an optical
zoom 100x and inserts 200x. (n=8)
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Figure 2-5
Figure 5. Effect of tocopherol diet on recruitment of leukocytes. BAL cells were collected
from mice 3 days (A,B,C) and 8 days (D,E,F) after PBS (A, D) and ITB (B,C,E,F)
instillation. Mice were fed control diet AIN93M (A,D) and tocopherol enriched 0.3%γTmT
diet (B,C,E,F). * P<0.05 compared to PBS/AIN93M and P<0.05 compared to ITB/AIN93M
at corresponding duration of exposure. Representative pictures were taken with the BX51
(Olympus) at an optical zoom of 400x. (n=8)
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Figure 2-6
Figure 6. Activity of leukocytes post ITB and the effect of tocopherol diet. BALF was

collected in mice from the PBS/AIN93M group (white bars), ITB/AIN93M group (dashed
bars) and ITB/0.3%γTmT (closed bars). Identification of cells in the BALF greater than
25 microns reveals a population of activated cells (A). Measured in 5 different fields, at
an optical zoom of 400x, cells were grouped based on diameter size. The number of
cells >25μm is expressed as a percent of total cells counted in the BAL. The
chemotactic potential (B) of the BALF is measured by the migration of RAW 264.7 cells
in response to BALF. The chemotactic potential is expressed as the mean number of
migrated cells per high power field (HPF).
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Figure 2-7
Figure 7. Increases in NO metabolites in response to ITB and the effect of
tocopherol diet. Nitrites (A) and nitrates (B), metabolites of nitric oxide, were
measured in the BALF supernatant at 3 and 8 days post-ITB. Measurements
were made in mice from the PBS/AIN93M group (white bars), ITB/AIN93M group
(dashed bars) and ITB/0.3%γTmT (closed bars). * P<0.05 compared to
+

PBS/AIN93M, P<0.05 compared to ITB/AIN93M (p<0.05). (n=8)
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Figure 2-8
Figure 8. Tocopherol effect on pulmonary elastance changes in response to ITB.
Elastance spectra 3 days (A) and 8 days (B) post instillation in PBS/AIN93M (),
ITB/AIN93M (), and ITB/0.3%γTmT (). Parameters of elastance highlight changes in
tissue and airway function; E0 elastance at the static limit (C) and ΔE the change in
elastance with change in frequency ΔE (D); PBS/AIN93M (open bars), ITB/AIN93M
(dashed bars) and ITB/0.3%γTmT (closed bars). * P<0.05 compared to PBS/AIN93M.
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Figure 2-9

Figure 9. Effect of ITB on pulmonary resistance. Resistance spectra was obtained in
conjunction with elastance spectra. Resistance is also shown at a PEEP of 3cm H 2O is
shown at 3 (A) and 8 (B) days post treatment. PBS/AIN93M (), ITB/AIN93M (), and
ITB/0.3%γTmT (). a/c low frequency resistance (C) and b high frequency asymptote
(D); PBS/AIN93M (open bars), ITB/AIN93M (dashed bars) and ITB/0.3%γTmT (closed
bars). * statistically different from PBS/AIN93M (p<0.05).
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CHAPTER 3: INDUCIBLE NITRIC OXIDE SYNTHASE ROLE IN MACROPHAGE
RECRUITMENT AND POLARIZATION IN ACUTE LUNG INJURY

3.1 Abstract

Inducible nitric oxide synthase (iNOS) has been implicated in the pathogenesis of
bleomycin induced acute lung injury (ITB). However, the reason for it’s paradoxical role
has yet to be studied. Using a chimeric mouse approach, the effect of iNOS inhibition,
using 1400W, on resident and recruited macrophage activation was analyzed. C57/BL6
mice underwent lethal radiation followed by adoptive transfer of green fluorescent
protein (GFP) expressing bone marrow. Bleomycin was intratracheally instilled and cells
were immunophenotyped via flow cytometry 8 and 15 days after instillation. Recruited
(GFP+) macrophages classically activated 8 days post ITB and alternatively activated 15
days post ITB. Resident (GFP-) macrophages did not classically or alternatively activate
8 days post but alternatively activated 15 days post ITB. 1400W reduced activation of
recruited macrophages 8 and 15 days post ITB without effecting resident cell activation.
This work shows iNOS is important to the activation of recruited cells but suggests
resident alternative activation is independent of iNOS.

3.2 Introduction
Inducible nitric oxide synthase (iNOS) is involved in many immune driven
diseases. iNOS inhibition has been attempted as a therapeutic approach in several
immune mediated diseases without success (Singh et al., 2007; Nathan, 2011). Our
previous findings demonstrate systemic iNOS inhibition alters the response to ALI.
Acute inflammation was reduced but later fibrotic endpoints propagated when mice were
treated with ITB and selective iNOS inhibitor 1400W (Guo et al., 2016). This work
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suggested iNOS may play a paradoxical role in ITB mediated ALI in that it is detrimental
during inflammation but necessary for resolution of inflammation.
Inducible nitric oxide synthase is a unique NOS enzyme as its expression is
increased when signaled unlike the other constitutively expressed NOS enzymes.
Pulmonary epithelial cells and classically activated macrophages increase iNOS
expression in times of inflammation (Guo and Erzurum, 1998; Guo et al., 2016). LPS
and IFNγ have been shown to activate macrophages resulting in up regulation of iNOS
protein expression.
Macrophages are key players in the response to acute lung injury (ALI).
Macrophages activate along a spectrum ranging from classical (M1) to alternative
activation (M2) (Martinez and Gordon, 2014). Classically activated macrophages
increase production of oxidants via increased expression of proteins such as COX2,
LOX, NADPH oxidase and iNOS (Rosa et al., 2014). Classically activated macrophages
also increase production of chemokines and cytokines thus creating a pro-inflammatory
environment. Macrophages alternatively activated during resolution of inflammation.
Proteins such as FIZZ1, Relm1α, Ym1, Arg and mannose receptor are expressed
(Gordon and Martinez, 2010).
The intratracheal bleomycin model (ITB) is used to study the various stages of
ALI; injury, inflammation, resolution and fibrosis. Bleomycin causes epithelial cell injury
that leads to subsequent leukocyte infiltration (Burger et al., 1981). Macrophages
predominate during the acute inflammatory stage and are classically activated (Cavarra
et al., 2004; Gasse et al., 2007). As inflammation resolves, macrophages favor
alternative activation (Cavarra et al., 2004; Gasse et al., 2007).
Previous work evaluating macrophage polarization and involvement in ITB
mediated ALI has not considered origin of macrophage. Macrophages during ALI are
either resident to the lung, therefore present at time of injury, or recruited to the lung in
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response to injury. Resident macrophages phenotype allows for their homeostatic role
of interfacing with the environment. Resident alveolar macrophages are M2 biased;
highly phagocytic and immune-tolerant (Toews et al., 1984; Guth et al., 2009;
Zaynagetdinov et al., 2013). Epithelial cell derived proteins, such as GM-CSF and
TGFβ, influence resident macrophage phenotype (Roth and Golub, 1993; Guth et al.,
2009). When resident macrophage capacity is exceeded chemokines are released to
recruit macrophages to the lung. Recruited macrophages upon entry to the lung are
influenced by the environment to activate.
It is our proposal, due to the different nature of resident and recruited
macrophages their response to ITB mediated ALI will vary. This may underlie the
divergent role of iNOS in the inflammatory and resolution phases following ITB. It is our
hypothesis iNOS is required for macrophage activation. In order to study the effect of
iNOS inhibition on the recruited and resident macrophage populations we used a
chimeric mouse model to study the populations independently.

3.3 Methods
Animals
6 week old male C57/BL6 (Jackson) underwent 12 Grey X-ray radiation using a
Torrex irradiator. Bone marrow harvested from C57BL/6-Tg (CAG-EGFP)10sb/J mice
was injected 2-4 hours following radiation. Mice were monitored for 6 weeks and fed
PicoLab 0.025% Trimethoprim/0.1242% Sulfamethoxazole antibiotic chow for the first 2
weeks (W.F.Fisher and Son Sommerville, NJ).
A set of mice underwent radiation and bone marrow adoptive transfer followed by
sham intratracheal instillation to control for the effect of radiation on the lung and
resident macrophage population. Histologically mice were evaluated and there was no
evidence of inflammation or structural alterations. Cells were harvested by lavage with
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or without massage and phenotypically assessed by flow cytometry. Flow cytometry
identified a single population of pulmonary macrophages (F4/80+ Cd11c+) that were
resident (GFP-) to the lung prior to radiation and subsequent steps (Supplemental Figure
1). Macrophages did not express Ly6C and expressed low levels of Cd206, congruent
with alveolar macrophage phenotype. A small number of cells in the lavage was GFP+
(2.3x104 8 days post sham instillation and 1.5x10 4 15 days post sham instillation).
Massage increased the number of GFP+ cells compared to lavage and this number
increases with time (7.7x104 at 8 days and 14.2x104 at 15 days). The total number of
GFP- macrophages remains constant with time and is not increased by massage.
Others have used this method to genetically alter bone marrow and depending on type
and dose of radiation effects on resident population is variable. The X-ray radiation dose
used in this experiment allows us to study the unaltered pulmonary resident macrophage
population.
Bone marrow was checked for successful adoptive transfer using Gallios flow cytometer
to measure GFP fluorescence. Bone marrow cells were gated on forward and side
scatter to exclude red blood cells (GFP-). 92±1% of bone marrow is GFP+.

iNOS Inhibition
In order to identify the recruited macrophages from resident, the GFP chimeric mice
were used to study the role of iNOS in macrophage activation. 1400W, a specific iNOS
inhibitor was chosen instead of NOS2-/- mice in order to use the GFP chimeric mouse
approach. 1400W (Cayman Chemical Ann Arbor MI), or saline control, was delivered by
osmotic pump (Alzet Cupertino,CA) subcutaneously implanted 3 days prior to
intratracheal instillation. Additional 4 days of once daily intraperitoneal injection was
required for mice studied at the 15 day time point. 1400W was delivered at 10mg/kg/h
or a total dose of 60μg as previously reported (Atochina-Vasserman et al., 2007).
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Intratracheal Instillation
Bleomycin (Sigma St. Louis MO) or PBS was intratracheally instilled in isoflurane
anesthetized mice. Mice were treated with 3units/kg bleomycin in 50uL PBS or 50uL
PBS control. Mice were sacrificed 8 and 15 days post intratracheal instillation by
ketamine/xylazine overdose followed by exsanguinations. Hearts were perfused with
heparinized saline to clear red blood cells from lungs. Lungs were cannulated and
bronchoalveolar lavage (BAL) was completed. For a subset of animals, following BAL a
massage (BALM) of lung tissue was performed concurrently with 5 additional 0.5mL
washes of the lung. Therefore cells identified as BALM are both lavage and massage
collected whereas BAL are only cells collected by lavage. For those mice that only
underwent BAL left lungs were inflation fixed with 3% paraformaldehyde 2% sucrose,
ethanol dehydrated and paraffin embedded for sectioning.

Cell Analysis
BAL and BALM was centrifuged to collect cell pellets and supernatant stored for protein
measurements (Bradford assay). Cells were counted by Multisizer (Beckman Coulter
Indianapolis IN). 30,000 cells were spun for cytospin, stained with KWIK-DIFF (Thermo
Scientific) and morphologically analyzed for cell type. 200,000 cells (or remaining if
insufficient) were immunostained for flow cytometry using the following antibodies:
Cd206-PE (Biolegend 141706), Ly6C-PerCP/Cy5.5 (Biolegend 128012), F4/80-PE/Cy5
(Biolegend 123114), Cd11b-APC (Biolegend 101212), Cd11c-AF700 (Biolegend
117320). Manufacturer protocols were followed including 10 minute Fc block (TruStain
FcBlock Biolegend 101320) followed by 30 minute antibody incubation at manufacturer
suggested concentrations. Viability dye-eFluor780 (eBiosciences 65-0865-14 San
Diego, CA) was incubated after antibodies for 30 minutes and washed out before
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paraformaldehyde fixing cells. Gallios (Beckman Coulter Indianapolis IN) was used to
analyze cell fluorescent expression. Data was analyzed using Kaluza software
(Beckman Coulter Indianapolis IN).

Tissue Analysis
Paraffin blocks of left lungs were sectioned for hematoxylin and eosin staining and
immunohistochemistry staining. GFP (abcam 290, 1:5000 primary dilution), Cd11b
(abcam 133357, 1:3000 primary dilution), COX2 (abcam 15191, 1:2000 primary dilution),
Cd206 (abcam 64693, 1:500 primary dilution) and Ym1 (StemCell 01404, 1:500 primary
dilution) antibodies were used to evaluate in tissue protein expression by IHC
(secondary antibody 1:2000 (Vector Burlingame, CA)). Macrophages were identified in
tissue by morphology and GFP expression noted on 20 high power fields (600x).
Relative number of GFP positive macrophages were calculated compared to total
macrophages identified. Hematoxylin and eosin stained lung sections were scored for
inflammation based on previously reported scoring system (Rudmann et al., 1998).

3.4 Results

iNOS inhibition promotes long term inflammation without changing extent of early
pulmonary inflammation
Intratracheal bleomycin causes pulmonary inflammation that resolves with time.
Following instillation, airways hypertrophy and immune cells infiltrate as seen as
increased peribronchial, perivascular and parenchymal cellularity 8 days post ITB. With
time cell infiltration persists in the parenchyma and structural changes to the alveoli are
evident 15 days post ITB. Inflammation scoring assesses these markers of
inflammation. 1400W treatment does not attenuate inflammation at 8 days post ITB.
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However, inflammation increases with time particularly persistent peribronchial and
perivascular infiltration. ITB increases inflammation score from 0 (PBS) to 2.5 (ITB and
ITB+1400W) at 8 days (Table 1). 15 days post ITB, PBS remains 0 while ITB 3 and
ITB+1400W 4 (Table 1).

Intratracheal instillation of PBS does not alter resident macrophage phenotype
Cells are collected 8 days post instillation from the airspace by lavage (BAL) and
tissue associated compartment by subsequent massage of tissue (BALM). PBS instilled
mice have a similar total number of cells in the BAL and BALM as sham treated mice
(Table 1, Supplemental Figure 1). These cells also remain constant with time, 22.3x104
± 2.81x104 (8 days) and 18.3 x104 ±1.89x104 (15 days) in the BAL and 51.5x10 4
±8.47x104 (8 days) and 52.3x104 ±12.20x104 (15 days) in the BALM. Massage
increased the number of cells collected from PBS instilled mice.
Macrophage phenotype was not altered by saline instillation compared to sham (Table 1,
Supplemental Figure 1). GFP- F4/80+ macrophages make up the majority of cells
collected by BAL 8 and 15 days post PBS instillation, 20.1x10 4 ±2.64 x104 and 16.3 x104
±2.04 x104. Massage increases the number of GFP- F4/80+ macrophages to 49.9 x10 4
±8.53 and 28.5 x104 ±2.84 at 8 and 15 days. A similar number of GFP+ macrophages
are collected by BAL at 8 and 15 days 1.9 x10 4 ±0.37 and 1.8 x104 ±0.26 and increased
by massage only at 15 days to 22.5 x104 ±8.42 x104.
Regardless of GFP expression, macrophages collected by BAL or BALM express
the pulmonary phenotype F4/80+ Cd11c+ Cd206 LOW Ly6C-. Literature supports Cd11c
expression and low levels of Cd206 on resident alveolar macrophages(Guth et al., 2009;
Zaynagetdinov et al., 2013). BAL GFP- F4/80+ cell Cd11b expression is increased to
low expression (MFI 6.1± 0.77) at 8 days and negative expression (MFI 3.1± 0.34) 15
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days post PBS instillation suggesting an early but not late migratory phenotype to
macrophages post saline instillation.

Macrophages are recruited to the lung and adopt a M1 phenotype 8 days post ITB
Total cell number increases in the BAL 8 days post ITB; 42.4 x10 4 ± 4.71 x104
compared to 22.3 x104 ± 2.82 x104 (PBS) (Table 1). The number of GFP+ F4/80+ cells
increases 8 days post ITB in the BAL (11.5 x10 4 ± 1.82 x104 compared to 1.86 x104 ±
0.37 x104 in PBS instilled) and BALM (22.2 x10 4 ± 2.87 x104 compared to 0.96 x104 ±
0.27 x104 in PBS instilled). GFP expression by IHC in the lung, post lavage, is also
increased and seen throughout the lung 8 days post ITB but only few cells near the
blood vessels of PBS instilled mice are GFP positive (Figure 3, column 1). Cd11b
expression by IHC in the lung follows a similar pattern as GFP and is increased following
ITB compared to PBS instillation (Figure 3, column 2).
Using antibodies to macrophage markers, the population of GFP+ F4/80+ cells
was immunophenotyped. 8 days post ITB, BAL and BALM GFP+ F4/80+ cells make up
two populations; Cd11c-Cd206LOW and Cd11c+ Cd206HIGH (Figure 1, Supplemental
Figure 2)). Cd11b expression varies in the BAL GFP+ F4/80+ population (Figure 1).
GFP+ F4/80+ cells collected with additional massage of tissue show an increase in Ly6C
expression (Supplemental Figure 2). COX2 expression in the lung, post lavage, is also
increased 8 days post ITB (Figure 4, column 3).
Markers of M2 polarization, Cd206 and Ym1, are increased in a subset of
macrophages 8 days post ITB. Cd206 expression is increased on a subpopulation of
GFP+ F4/80+ in the BALM 8 days post ITB compared to PBS treated (Supplemental
Figure 2). Ym1 expression is induced in the tissue of ITB treated mice 8 days post
instillation (Figure 3).
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iNOS inhibition prevents recruited macrophage M1 polarization without effecting
recruitment 8 days post ITB
The total number of cells collected from mice treated with 1400W 8 days post ITB
is not altered by iNOS inhibition (Table 2). The number of GFP+ F4/80+ cells is also
unchanged suggesting no difference to recruitment. However, the distribution of Cd11b
expressing cells favors Cd11b+ (Figure 1). ITB increased GFP and Cd11b expression in
the lung by IHC, post lavage, is also not altered by 1400W administration.
1400W administration decreases polarization of recruited macrophages 8 days
post ITB. GFP+ F4/80+ cells in the BALM and tissue that were Ly6C and COX2 positive
8 days post ITB are negative if also treated with 1400W (Supplemental Figure 2 and
Figure 3). ITB responsible Cd206 increased expression of GFP+ F4/80+ macrophage
population collected in the BALM is also decreased with 1400W (MFI 7.5 ± 1.4
compared to 4.3 ± 0.4) (Supplemental Figure 2). Cd11c expression is decreased with
1400W and there are more Cd11c- Cd206- GFP+ F4/80+ cells in those mice treated with
1400W than without 1400W 8 days post ITB (36 ± 2% vs 17 ±2%, p=0.01). Ym1
expression is present in the tissue but cells are much smaller in size (Figure 3).

Resident macrophages do not polarize 8 days post ITB
The total number of GFP- F4/80+ cells 8 days post ITB is the same as PBS
instilled mice in the BAL (20.1 x10 4 ± 2.64 x104, 27.6 x104 ± 3.85 x104) and BALM (49.9
x104 ± 8.54 x104, 33.5 x104 ± 6.18 x104) (Table 2). GFP- F4/80+ cells are Cd11bLOW
Ly6C- post instillation of PBS or ITB (Figure 2). The pulmonary phenotype of GFPF4/80+ cells is altered by ITB in that 46 ±6% are Cd11c-Cd206- (compared to 5± 1%,
p<0.001) and the rest Cd11c+ Cd206 LOW , similar to PBS instilled (Figure 2).

iNOS inhibition does not alter resident macrophage phenotype 8 days post ITB

53
1400W does not result in polarization of resident macrophages and does not
prevent loss of pulmonary phenotype seen 8 days post ITB. Cd11c- Cd206- population
constitutes 46 ±6% (ITB) compared to 59 ±5% (ITB+1400W) of total GFP- F4/80+ (pvalue >0.05). GFP- F4/80+ cells are Cd11bLOW Ly6C- like that of ITB instilled mice
without 1400W (Figure 2).

Resident and recruited macrophages adopt a M2 phenotype during resolution
15 days after ITB instillation, resident and recruited macrophages make up the
cell population of the BAL and the number of resident macrophages is increased by
massage (Table 2). IHC stain of lung tissue, post massage, demonstrates a decrease in
Cd11b expression (Figure 3, 6 column 2). The number of GFP+ F4/80+ cells in the
BALM expressing Cd11bHIGH is reduced as well (Supplemental Figure 2, 3). GFP
expression, by IHC, is similar to 8 days (Figure 4, 6 column 1) suggesting earlier
recruited cells remaining in the tissue.
Recruited and resident macrophages increase Cd206 expression above baseline
(Cd206LOW ) expression of cells collected from PBS instilled mice. Recruited
macrophages increase their Cd206 expression (MFI 3.1 ± 0.26 (PBS) compared to 7.7±
0.92 (ITB)) and are predominately Cd11c+ Cd11b- Ly6C- (Figure 4). Resident
macrophages are split between Cd11c- Cd206- and Cd11c+ Cd206HIGH (Figure 5) in the
BAL and BALM (Supplemental Table 1). GFP- F4/80+ cells are also Cd11b- and Ly6C-.
Increased Ym1 expression in the tissue, post lavage, also demonstrates a pro-resolving
phenotype of macrophages (Figure 6).

1400W decreases the number of recruited Cd11c+ Cd206 HIGH 15 days post ITB
1400W prevents the additional collection of cells by massage seen in both PBS
and ITB treated mice without 1400W (Table 2) without changing the number of cells
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collected by BAL. GFP+ F4/80+ cells are collected by BAL and more express Cd11b HIGH
(Figure 4). Similarly an increased number of Cd11b expressing cells is seen in the
tissue of 1400W treated mice 15 days post ITB (Figure 6). GFP+ F4/80+ cells are split
into two populations; Cd11c+ Cd206 HIGH and Cd11c- Cd206- (Figure 4). 1400W
decreases the relative population of Cd11c+ Cd206 HIGH cells; 94± 1% compared to 87±
3% (p=0.03). GFP- F4/80+ cells are also split between Cd11c+ Cd206 HIGH and Cd11cCd206- but the ratio is unchanged by 1400W; 72± 6% compared to 61± 8% Cd11c+
Cd206HIGH (P>0.05)(Figure 5).
Resident and recruited macrophages adopt a M2 phenotype regardless of
1400W treatment. Those cells F4/80+ Cd11c+ are Cd206 HIGH whether GFP+ (Figure 4)
or GFP- (Figure 5). Ym1expression is induced 15 days post ITB with or without 1400W,
however Ym1 expressing cells in 1400W treated mice are larger (Figure 6).

3.5 Discussion
This work demonstrates inducible nitric oxide synthase is needed for
macrophage activation following ITB. Recruited but not resident macrophage activation
is depended iNOS. Recruited macrophages classically activate 8 days post ITB.
Alternatively activated recruited and resident macrophages populate the lung 15 days
post ITB.
Classically activated macrophages increase expression of iNOS but activation
has yet to be shown under the control of iNOS. Previously, we have reported a
decrease in mRNA levels of pro-inflammatory markers, Ptgs2, IL1β and Ccl2, 8 days
post ITB with 1400W (Guo et al., 2016). This work demonstrates iNOS is necessary for
classical activation 8 days post ITB. This previous work also reported a reduction in total
BAL cell number 8 days post ITB, but this was not observed in this work. This difference
is likely due to the varying degree of injury following ITB. The dose given intratracheally
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varies by lab a great deal; ranging from 1.25-4units/kg (Moore and Hogaboam, 2008).
Also the anesthetic agent can effect the extent of injury (Fortis et al., 2012; Strosing et
al., 2016) and in fact varied between these two experiments. It is possible a larger effect
on inflammation would have been seen if an earlier time point was evaluated.
Resolution of inflammation was impaired by 1400W 15 days post ITB. 1400W
increased inflammation score compared to 8 days and ITB without 1400W at 15 days.
Similarly, we previously reported an increase in inflammation score at 21 days post ITB
when also treated with 1400W (Guo et al., 2016). The number of recruited Cd206HIGH
BAL macrophages was decreased by 1400W. Following 1400W, the number of
Cd11bHIGH Cd11c- recruited macrophages was increased suggesting an increase in
recruitment or decrease in maturation. Cd11b, a migratory integrin, is shed upon arrival
to the site of injury (Gomez et al., 2012). Epithelial influences, such as GM-CSF and
SPD, are known to stimulate expression of pulmonary integrin Cd11c (Sunderkotter et
al., 2004; Guth et al., 2009).
Radiation is a limitation of the chimeric mouse model as radiation has the
potential to cause lung injury. Dose and type of radiation determine the effect on the
lung. The dose used in this experiment, 12 Gy by x-ray, has not caused injury to the
lung detectable 7 or 8 weeks post radiation. Sham instilled mice, assessed
histologically, show no sign of inflammation or fibrosis.
Resident macrophages have different responses to radiation. Alveolar
macrophages are particularly resistant to radiation (van oud Alblas and van Furth, 1979;
Tarling et al., 1987; Kennedy and Abkowitz, 1998; Landsman and Jung, 2007;
Hashimoto et al., 2013). While others have used lung shielding (Janssen et al., 2010),
we were limited to whole body irradiation as the length of time required to deliver 12 Gy
x-ray radiation, 45 minutes, exceeds the duration of anesthetics. Despite whole body
radiation, resident macrophages are collected from the lungs of sham instilled mice. The
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phenotype of collected cells is consistent with the pulmonary phenotype, Cd11c+
Cd206LOW Cd11b- Ly6C-. One explanation for the preservation of resident macrophages
is the source of radiation; x-ray was used in this work but beta and gamma radiation are
more commonly used.
iNOS inhibition reduced only activation of recruited macrophages. It is therefore
possible the resident macrophage maintenance of alternative activation is due to a subtherapeutic dose of 1400W to the airspace. In previous work, we have shown a
reduction in NO metabolites in the BAL with this dose of ITB (Atochina-Vasserman et al.,
2007). However, the cellular source of NO metabolites cannot be deciphered and
therefore may only reduce iNOS activity of blood derived cells.
Several mechanisms by which iNOS inhibition prevents macrophage activation
are plausible. NO is known to modify proteins such as NFκB (Kelleher et al., 2007),
GAPDH (Hara et al., 2005), Keap1 (Buckley et al., 2008), SP-D (Guo et al., 2008) and
Hmgb1 (Tsoyi et al., 2010) via s-nitrosylation. Such protein modifications impact
inflammation and resolution pathways. NO also has the potential to influence
macrophage activation by directly promoting glycolysis (Erusalimsky and Moncada,
2007) the energy pathway of classically activated macrophages (Kelly and O'Neill,
2015). These NO dependent modifications require evaluation to elucidate the
mechanism by which NO activates macrophages.
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3.6 Tables

Table 3-1
Table 1. ITB increases pulmonary inflammation and iNOS inhibition potentiates
inflammation at later time point. Lungs were prepared for histology 8 and 15 days post
instillation after bronchoalveolar lavage. Lung sections were stained with hematoxyllin
and eosin, assessed for pulmonary inflammation and assigned scores. P<0.05
*compared to PBS, #compared to ITB
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Treatment

Collection

Total

GFP+ F4/80+

GFP- F4/80+

BAL

222,775 ± 28,164

18,567± 3,685

201,376± 26,410

BALM

515,267± 84,659+

9,625± 2,738

499,436±85,352 +

BAL

424,400± 47,145*

115,275±18,213*

275,849±38,470

BALM

639,525± 34,419+

221,176± 28,685*+

335,140±61,840

BAL

393,175± 33,496*

101,854± 9,161*

251,119±29,879

BALM

853,217± 102,933+

351,406± 55,740*+

450,655± 42,522 +

BAL

183,243± 18,899

17,894±2,594

163,303± 20,411

BALM

522,633± 121,986+

225,369± 84,201 +

285,228± 28,355 +

BAL

533,586± 56,669*

190,641± 27,202 *

283,695± 29,766 *

BALM

925,660± 112,111+

441,431± 61,376

372,787± 52,525

BAL

708,025± 57,507*

228,455± 32,118 *

363,290± 24,296 *

BALM

833,300± 142,041

268,359± 63,044

508,221± 85,424

8 Days
PBS

ITB

ITB+1400W
15 Days
PBS

ITB

ITB+1400W

Table 3-2
Table 2. ITB increased the number of recruited macrophages without altering the
number of resident macrophages; unaffected by iNOS inhibition. Cells were
collected from lungs by BAL and BALM. After counting, GFP and F4/80 expression
was measured and macrophage populations calculated. P<0.05 * compared to PBS,
#compared to ITB, + compared to BAL
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Table 3-3
Supplemental Table 1. Macrophage populations activate in a origin and time
dependent manner. Macrophages collected from the BAL are classified based on
their origin, pulmonary and migratory integrin expression and activation identified.
Recruited pulmonary macrophages (Cd11b +/-) are Ly6C positive and Cd206
expression is elevated above low but less than High seen at 15 days. (* p value
<0.05 compared to PBS)
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% of F4/80+ Cells

3.7 Figures

Cd206

ITB

Cd11b

ITB+1400W

Cd206

PBS

Ly6C

Cd11c

Ly6C

Cd11c

Cd11b
Figure 3-1
Figure 1. ITB leads to recruitment of macrophages that split between recently
recruited and pulmonary phenotype; iNOS inhibition increases the portion recently
recruited. Mice were intratracheally instilled with PBS (blue), ITB (red) and treated
with ITB+1400W (green). Cells were collected 8 days post instillation by
bronchoalveolar lavage and immunophenotyped by immunofluorescence using
antibodies to Cd206, Cd11c, Ly6C and Cd11b. Data is shown by histogram (A) and
contour plot (B).
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% of F4/80+ Cells

Cd206

Ly6C

ITB

Cd11b

ITB+1400W

Cd206

PBS

Cd11c

Ly6C

Cd11c

Cd11b
Figure 3-2
Figure 2. Resident macrophages do not polarize 8 days post ITB, unchanged by
1400W. ITB does lead to a subset of resident macrophages with lower Cd11c and
Cd206 than saline treated and 1400W promotes this double negative population. Cells
were collected by bronchoalveolar lavage from mice 8 days post instillation of saline
(blue) or ITB (red, green). 1400W was systemically delivered to a subset of ITB treated
mice (green). Flow cytometry was used to measure expression of Cd206, Cd11c, Ly6C
and Cd11b on GFP- macrophages. Data is expressed by overlay histograms (A) and
contour plots (B).
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GFP

Cd11b

COX2

Ym1

PBS

ITB

ITB
+1400W
Figure 3-3
Figure 3. Increased expression of COX2 post ITB is inhibited by 1400W treatment.
GFP, Cd11b, COX2 and Ym1 are increased 8 days post ITB. Immunohistochemistry
was performed to assess protein expression in tissue post lavage. Lungs after
bronchoalveolar lavage, were inflation fixed and prepared for histological sectioning.
Antibodies to the protein of interest were incubated followed by biotinylated
secondary and DAB staining.

% of F4/80+ Cells

63

Cd206

Ly6C

Cd11c

ITB

ITB+1400W

Cd206

PBS

Cd11b

Ly6C

Cd11c

Cd11b
Figure 3-4
Figure 4. Macrophages continue to be recruited to the lung 15 days post ITB,
particularly in the 1400W treated mice. Recruited macrophages increase Cd206
expression in response to ITB, population reduced by 1400W. Cells were
phenotypically analyzed by flow cytometry after collected from lungs of saline (blue)
or ITB (without 1400W (red), with 1400W (green)) using antibodies to F4/80,
Cd206, Cd11c, Ly6C and Cd11b.
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Cd206

ITB

Cd11b

ITB+1400W

Cd206

PBS

Ly6C

Cd11c

Ly6C

Cd11c

Cd11b

Figure 3-5
Figure 5. Resident macrophages increase their Cd206 expression 15 days post ITB but
1400W promotes a split of resident population into Cd206 HIGH Cd11c+ and Cd206LOW
Cd11c-. Cells are collected by bronchoalveolar lavage 15 days post instillation of
saline (blue) or ITB (red, green). 1400W was administered to a subset of ITB treated
mice (green). Resident macrophages were identified as GFP- F4/80+ and
phenotypically assessed using antibodies to Cd206, Cd11c, Ly6C and Cd11b.
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GFP

Cd11b

COX2

Ym1

PBS

ITB

ITB
+1400W
Figure 3-6
Figure 6. GFP expression remains high in tissue 15 days post ITB while Cd11b
expression remains high only in ITB+1400W treated mice. COX2 expression is
reduced but Ym1 expression induced. Lung tissue was collected for histology
after bronchoalveolar and prepared for immunohistochemistry. Antibodies to
Cd11b, GFP, COX2 and Ym1 were used followed by biotinylated secondary and
DAB stain.
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A

B

GFP
BAL - BALM

GFP+
BAL

BALM

200,000
+

+

15

Cd11c

Cell Number

8

400,000

F4/80

0

BAL BALM BAL BALM
8 Days
15 Days
Ly6C

8
Cd206

Figure 3-7
Supplemental Figure 1. Resident macrophages predominate the population of
macrophages collected by lavage with and without massage following sham
instillation. GFP+ macrophages exist in the lavage and increased with
massage (+ p<0.05 compared to lavage) but phenotypically are identical to
GFP- macrophages. Cells were collected from lungs by lavage with (BALM)
and without (BAL) massage. Cells counted and identified as GFP+ (green) or
GFP- (black) (A) and further phenotypically characterized by flow cytometry
(B).

% of GFP+F4/80+

% of GFP- F4/80+
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Cd206

Cd11c

Ly6C

Cd11b

Figure 3-8
Supplemental Figure 2. 8 Day BALM macrophage phenotype (GFP- top, GFP+
bottom) of PBS (blue), ITB (red) and ITB+1400W (green) treated mice.

% of GFP+ F4/80+

% of GFP- F4/80+
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Cd206

Cd11c

Ly6C

Cd11b

Figure 3-9
Supplemental Figure 3. 15 Day BALM macrophage phenotype (GFP- top, GFP+
bottom) of PBS (blue), ITB (red) and ITB+1400W (green) treated mice.
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CHAPTER 4: ORIGIN OF INOS DETERMINES EFFECT ON MACROPHAGE
ACTIVATION IN ACUTE LUNG INJURY

4.1 Abstract
Macrophage activation is dependent on inducible nitric oxide synthase in the
intratracheal bleomycin model of acute lung injury. This work aims to determine the role
of bone marrow cell vs pulmonary derived iNOS. A chimeric mouse approach was
employed to create iNOS competent (WT to WT), pulmonary knockout (WT to NOS2 -/-)
and bone marrow knockout (NOS2-/- to WT) chimeras on the C57/BL6 background.
Flow cytometry and immunohistochemistry were used to immunophenotype cells 8 and
15 days post ITB. Bone marrow knockout chimeras had reduced classical activation of
macrophages and increased alternative activation 8 days post ITB. Alternative
activation increased with time in the bone marrow knockout. Pulmonary knockout
chimeras had fewer Cd11b positive cells in the tissue 8 days post ITB without altering
cell number. Pulmonary knockout chimeras did not alter classical activation 8 days post
ITB but did reduce alternative activation 15 days post ITB. Biopterins were also
measured and the ratio of reduced to oxidized reduced post ITB. ITB decreases the
availability of reduced cofactor 8 and 15 days post ITB. Only the pulmonary knockout
chimera has restored levels of available reduced cofactor 15 days post ITB. This work
demonstrates iNOS of a particular cell origin influences macrophage activation. These
findings could in part explain the divergent role of iNOS previously reported in ITB
mediated ALI.

4.2 Introduction
The inflammation and resolution phases of ITB mediated ALI are orchestrated by
recruited and resident macrophages in the lung. Previously, we have shown in Chapter
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3, macrophages are recruited to the lung 8 and 15 days post ITB while the number of
resident macrophages remains consistent. Recruited macrophages classically activate
8 days post ITB while resident macrophages do not activate. 15 days post ITB, recruited
and resident macrophages alternatively activate. This work demonstrated macrophage
origin determines phenotypic response to ITB mediated acute lung injury. Others have
shown cell origin determines response to bleomycin induced lung injury using a chimeric
mouse model (Gasse et al., 2007; Sangaletti et al., 2011; Cohen et al., 2015).
Classically activated macrophages increase many pro-inflammatory proteins; one
of which is inducible nitric oxide synthase. This enzyme is induced via translocation of
NFκB to the nucleus (Robbins et al., 1997). iNOS produces nitric oxide at a high flux
rate resulting in the production of high oxides of nitric oxide in the oxidant rich
environment following ITB (Rosa et al., 2014). Such radical species have the potential
to cause harm to cells thus potentiating the inflammatory response (Ju et al., 2010).
Loss of nitric oxide signaling, due to oxidation, is also potentially detrimental as NO has
been shown important to many physiological functions (Furchgott and Vanhoutte, 1989;
Drazen et al., 1995; Coleman, 2001; Bland et al., 2005; Auten et al., 2007).
iNOS expression is increased during inflammation in macrophages and
pulmonary epithelial cells (Guo and Erzurum, 1998; Guo et al., 2016). Therefore there
are resident and recruited sources of iNOS. iNOS inhibition, by 1400W, has been
shown in Chapter 3 to differentially effect recruited and resident activation. For instance,
recruited macrophages classically activate 8 days post ITB and alternatively activate 15
days post ITB, both of which are prevented by 1400W. Resident macrophage activation
on the other hand is not reduced by iNOS inhibition and resident macrophages
alternatively activate 15 days post ITB with or without 1400W.
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4.3 Methods
Animals
6 week old C57/BL6 (Jackson) or NOS2-/- mice were irradiated with 12 Grey (Gy) X-ray
radiation using a Torrex irradiator. Bone marrow was harvested from C57/BL6
(Jackson) or NOS2-/- mice and the following chimeras were made; iNOS competent
C57/BL6 to C57/BL6, pulmonary knockout C57/BL6 to NOS2 -/- and bone marrow
knockout NOS2-/- to C57/BL6. Mice were monitored for 6 weeks and fed Picolab 0.025%
Trimethoprim/0.1242% Sulfamethoxazole antibiotic chow for the first 2 weeks
(W.F.Fisher and Son Sommerville, NJ).

Intratracheal instillation and Sample Collection
After 6 weeks of recovery, mice were either instilled with 50uL saline or 50uL 3units/kg
bleomycin (Sigma St. Louis MO) in saline under isoflurane anesthesia. Mice were
either sacrificed 8 or 15 days post instillation by ketamine/xylazine overdose followed by
exsanguination. Lungs were cannulated and bronchoalveolar lavage (BAL) was
completed to collect cells and proteins from airways. Left lungs were then inflation fixed
with 3% paraformaldehyde 2% sucrose, ethanol dehydrated and paraffin embedded for
sectioning. Another set of mice underwent BAL followed by a massage of lung tissue
and subsequent lavage of lung (BALM).

Cell Analysis
Cells collected by BAL and BALM were centrifuged to collect cell pellet and supernatant
for protein measurement (Bradford assay). Cells were counted by Multisizer (Beckman
Coulter Indianapolis IN). Cytospins of 30,000 cells were prepared and stained with
KWIK-DIFF (Thermo Scientific) and morphologically assessed for cell type. 200,000
cells (or remaining if insufficient) were immunostained for flow cytometry using the
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following antibodies: Cd206-PE (Biolegend 141706), Ly6C-PerCP/Cy5.5 (Biolegend
128012), F4/80-PE/Cy5 (Biolegend 123114), Cd11b-APC (Biolegend 101212), Cd11cAF700 (Biolegend 117320). Manufacturer protocols were followed including a 10 minute
Fc block (TruStain FcBlock Biolegend 101320), 30 minute antibody incubation and 30
minute viability dye incubation (eBiosciences 65-0865-14 San Diego, CA). Fluorescence
was measured using Gallios (Beckman Coulter Indianapolis IN) and data analyzed by
Kaluza software (Beckman Coulter Indianapolis IN).

Tissue Analysis
Paraffin blocks were prepared of dehydrated left lungs and sectioned for hematoxylin
and eosin (H&E) stain and immunohistochemistry. H&E sections were assessed for
extent of inflammation and structural damage. Immunohistochemistry was performed
using the following antibodies; Cd11b (abcam 133357, 1:3000 primary dilution), COX2
(abcam 15191, 1:2000 primary dilution), Ym1 (StemCell 01404, 1:500 primary dilution)
and (secondary antibody 1:2000 (Vector Burlingame, CA)).

4.4 Results

Cell Number Unaffected by Loss of iNOS in Either Compartment
Total cell number was counted in the BAL and found to be unchanged in either
chimeric mouse (Table 1). Cells were identified as macrophages by F4/80 expression
and the number of macrophages or other (F4/80-) cells were also unchanged in either
chimeric mouse. This is true at 8 and 15 days.

Histological Assessment Reveals Improved Inflammation at Late but Not Early Time
Points in the Pulmonary Knockout Chimera
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Histology was assessed for signs of inflammation and structural integrity using a
scoring system adapted from Rudmann, et al. (Rudmann et al., 1998). 8 days following
ITB, all groups had leukocytes in the peribronchial, perivascular and parenchymal areas
of the lung. Airway epithelial cells were hypertrophied. There was little septal defect at
this early time point. As seen in the top row of Figure 1. there are small areas of
consolidation in all chimeric mice. All chimeric groups scored a median of 2. At 15 days
there was an increase in median inflammation score to 3 in the iNOS competent and
bone marrow knockout mouse, but score remained 2 in the pulmonary knockout mouse.
The extent of consolidation is decreased in the pulmonary knockout compared to other
groups 15 days post ITB (Figure 1, bottom row). This overall assessment of
inflammation suggests loss of pulmonary iNOS improves resolution of inflammation
following ITB.

Classical Activation is Prevented and Alternative Activation Promoted in the Bone
Marrow Knockout Chimera
Previously reported, in Chapter 3, recruited macrophages increase Ly6C
expression in the BAL and COX2 in the tissue suggesting classical activation. Ly6C
expression on F4/80+ cells of the BAL showed increased fluorescence in the iNOS
competent and pulmonary knockout chimera but not the bone marrow chimera (Figure
2A). COX2 expression of the tissue however was similar in all chimeras (Figure 2B).
Markers of alternative activation were also assessed in BAL cells, Cd206 expression,
and tissue, Ym1. Cd206 expression of F4/80+ BAL cells was not changed in either
chimera (Figure 3). Pulmonary integrin, Cd11c, was also unchanged by loss of iNOS in
either compartment (Figure 3). Ym1 expression is not induced in the tissue of iNOS
competent mice or pulmonary knockout but expression is increased in bone marrow
knockout mice. This suggests loss of bone marrow iNOS prevents classical and
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promotes alternative activation of macrophages 8 days post ITB. To confirm, similar
recruitment of cells, migratory integrin Cd11b expression was analyzed in the BAL and
tissue. Bone marrow knockout mice had similar Cd11b in the BAL and tissue compared
to iNOS competent mice. However, pulmonary knockout mice had fewer Cd11b
expressing cells in the tissue (Figure 2B).

Alternative activation of Macrophages 15 days post ITB is decreased in pulmonary
knockout mice
Cd206 expression is increased on BAL macrophages and Ym1 expression
increased on macrophages in the tissue (Figure 4). Bone marrow knockout mice and
pulmonary knockout mice have similar Cd206 expression on F4/80+ BAL cells. Bone
marrow knockout mice further induce expression of Ym1 in the tissue. Pulmonary
knockout mice however do not induce Ym1 expression in the tissue. Classical activation
is decreased in chimeras like iNOS competent 8 days post ITB (Supplemental Figure 1).

Cofactor availability is decreased following ITB and only restored in pulmonary knockout
chimeras 15 days post ITB
Biopterins were measured by HPLC and the ratio of reduced to oxidized (Figure
5). All groups treated with ITB had significantly decreased levels of reduced co-factor at
8 days compared to saline treated mice. Ratio in saline is similar 15 days post
instillation and the ratio remains reduced in iNOS competent and bone marrow knockout
chimeras. Pulmonary knockout chimeras restore the ratio to that of saline 15 days post
ITB.
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4.5 Discussion
Loss of iNOS in either the bone marrow or pulmonary compartment results in
distinct changes to macrophage activation but not recruitment. Bone marrow knockout
mice decrease classical activation of macrophages collected by BAL and promote
alternative activation. Alternative activation persists with time and is similar to iNOS
competent mice at 15 days. Pulmonary knockout mice have fewer Ym1 expressing cells
in the tissue but similar Cd206 expression on macrophages collected by BAL at 15 days
without changing activation at 8 days.
Bone marrow knockout mice experience less classical activation during the
inflammatory stage following ITB. Macrophage number and Cd11b expression are
unchanged ruling out the possibility recruitment is responsible for fewer Ly6C+ BAL
macrophages. Previously, we have shown (Chapter 3) recruited macrophages and not
resident macrophages classically activate 8 days post ITB. In the bone marrow
knockout chimera, recruited macrophages are NOS2 -/-. Therefore this finding suggests
iNOS of the recruited cell is necessary for classical activation of that cell. Post
translational modification of pro-inflammatory proteins is one possible mechanism. For
instance, s-nitrosylation of surfactant protein D and HMGB1 lead to classical activation
of macrophages. It is possible these proteins are critical to the adoption of the proinflammatory phenotype.
Pulmonary knockout mice experience less alternative activation of tissue
associated macrophages. BAL Cd206 expression is increased on F4/80+ cells in
pulmonary knockout mice like those cells in iNOS competent mice. However, Ym1
expression in the tissue is reduced. In these chimeric mice the resident alveolar
macrophages and epithelial cells are NOS2 -/- and therefore cannot increase iNOS
expression in times of inflammation. Therefore alternative activation of macrophages
may be in part dependent on either pulmonary epithelial cell or alveolar macrophage
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iNOS activity. S-nitrosylation of KEAP1 and the subsequent release of nrf2 for nuclear
translocation and antioxidant response element gene transcription is one possible
mechanism by which alternative activation is promoted (Buckley et al., 2008; Jensen et
al., 2013).
Tetrahydrobiopterin (BH4) is a necessary cofactor for NOS enzyme production of
nitric oxide. Without BH4, NOS functions in an uncoupled manner to reduce molecular
oxygen directly rather than its substrate arginine (Stroes et al., 1998; Hurshman et al.,
1999). Others have shown loss of macrophage BH4 synthesis decreases NO
production, increases reactive oxygen species production and reduces NRF2 dependent
gene expression (McNeill et al., 2015). In times of inflammation, BH4 synthesis is
increased via upregulation of GTP cyclohydrolase (Gch1)(Hattori et al., 1996; Starr et
al., 2014). In oxidative environments BH4 becomes oxidized to BH2 a competitive
inhibitor of NOS (Vasquez-Vivar et al., 2001; Alp and Channon, 2004). Oxidized
biopterins are capable of binding at the biopterin binding site of NOS but cannot
participate in electron transduction (Vasquez-Vivar et al., 2002; Crabtree et al., 2008).
This work demonstrates the availability of BH4 is decreased in proportion to the
availability of oxidized biopterins. That would suggest iNOS is not only producing NO
but superoxide as well. In the pulmonary knockout mouse, the ratio of reduced to
oxidized biopterins is restored.
The necessity of radiation in the development of chimeric mice is one limitation to
this work. Radiation has been shown to cause lung inflammation. Previously, in chapter
3, we reported the effect of radiation on sham treated mice. Macrophages collected
from sham treated mice 6 weeks after radiation were resident pulmonary macrophages
(F4/80+ Cd11c+). This supports a significant body of literature demonstrating alveolar
macrophage resistance to radiation (van oud Alblas and van Furth, 1979; Tarling et al.,
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1987; Kennedy and Abkowitz, 1998; Landsman and Jung, 2007; Hashimoto et al.,
2013).

4.6 Tables
Cell Number 104

Total

F4/80+

F4/80-

8 Days
iNOS Competent

42±4.7

41±4.5

1.8±0.41

Pulmonary KO

33±5.3

32±5.1

1.3±0.39

Bone Marrow KO

30±9.4

30±9.2

0.4±0.13

15 Days
iNOS Competent

53±5.7

50±4.9

3.4±1.12

Pulmonary KO

45±8.1

44±8.0

1.1±0.16

Bone Marrow KO

47±5.3

46±5.5

1.1±0.23

Table 4-1
Table 1. Total, macrophage and non-macrophage cell number is not altered in
chimeric mice. Cells were collected by BAL and counted on Multisizer. Flow
cytometry was used to identify F4/80 expression.
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Reduced

Oxidized

Total

8 Days
PBS

3.4±0.22

28.7±3.78

32.1±3.62

iNOS
Competent

3.9±0.76

63.1±10.05

67.0±10.63

Pulmonary KO

2.5±0.17

39.9±2.77

42.4±2.90

Bone Marrow
KO

2.0±0.31

46.3±5.75

48.3±6.05

15 Days
PBS

3.4±0.46

30.2±4.12

33.7±4.52

iNOS
Competent

2.7±0.43

55.7±2.96

58.4±3.10

Pulmonary KO

4.5±1.91

55.7±14.86

60.1±16.28

Bone Marrow
KO

2.23±0.32

45.8±2.55

48.1±2.36

Table 4-2
Supplemental Table 1. Total biopterins, particularly oxidized, are increased
post ITB. Reduced (BH4) is restored to saline levels in pulmonary knockout
chimeras 15 days post ITB.
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4.7 Figures

iNOS Competent

Pulmonary KO

Bone Marrow KO

8 Days

15 Days

Figure 4-1

Figure 1. Histological assessment of lungs post ITB demonstrate
pulmonary knockout mice have less inflammation 15 days post ITB while
bone marrow knockout mice have similar to iNOS competent. Left lungs
were histologically prepared and stained with H&E. Lungs were compared
by histological scoring and representative lungs shown.
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iNOS Competent

*

Ly6C

*

Cd11b

Pulmonary KO

Bone Marrow KO

COX2

Cd11b

Figure 4-2
Figure 2. Classical activation 8 days post ITB is reduced in bone marrow
knockout chimeras BAL but not tissue associated cells. Cd11b expression is
decreased in pulmonary knockout chimeras. Cells were collected by BAL and
Ly6C and Cd11b expression of F4/80+ macrophages are shown. Lung tissue
was stained by IHC for COX2 and Cd11b.
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Cd206

iNOS Competent Pulmonary KO Bone Marrow KO

Ym1

Cd11c

Figure 4-3
Figure 3. Alternative activation of tissue associated macrophages is
increased 8 days post ITB in bone marrow knockout chimeras. Cd206 and
Cd11c expression on BAL F4/80+ macrophages is shown in histograms and
does not differ between chimeras. Ym1 stain in the tissue is only induced in
bone marrow knockout chimeras.
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iNOS Competent Pulmonary KO

Bone Marrow KO

Cd206 Ym1

Figure 4-4

Figure 4. Tissue associated macrophages do not alternatively activate in
pulmonary knockout chimeras as seen by a decrease in Ym1 positive stain.
iNOS competent and bone marrow knockout mice induce Ym1 expression in the
tissue and Cd206 expression of the BAL F4/80+ cells.

83

0.16

Saline
Pulmonary KO

iNOS Competent
Bone Marrow KO

0.14
0.12
0.1

Reduced/Oxidized

0.08

*

0.06

*
*

0.04
0.02
0
0.16
0.14
0.12
0.1
0.08
0.06

*

*

0.04
0.02
0
Figure 4-5
Figure 5. Tetrahydrobiopterin (BH4) availability is limited following ITB at 8
and 15 days. Pulmonary knockout chimera restores the ratio to that of saline
treated mice 15 days post ITB. Biopterins are measured by HPLC and the
ratio of reduced (BH4) to oxidized reported.
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CHAPTER 5: SUMMARY, DISCUSSION AND CONCLUSION

5.1 Summary
Macrophages are diverse cells in origin and activation phenotypes. Reactive
species are important to macrophage activation and early inflammatory processes.
During the inflammatory phase that follows bleomycin mediated ALI, recruited
macrophages classically activate. During resolution, recruited and resident
macrophages alternatively activate. iNOS is important to recruited macrophage
activation during the inflammatory and resolution stages that follow bleomycin mediated
ALI. Chimeric mice identify recruited macrophage iNOS necessary for classical
activation of the recruited macrophage. Pulmonary cell derived iNOS is necessary for
alternative activation 15 days post ITB. Therefore the source of iNOS determines the
effect on activation.

5.2 Discussion
iNOS expression is increased downstream of NFκB directed transcription.
Classically activated macrophages express high levels of iNOS and have been shown to
produce nitric oxide (Mantovani et al., 2004). The role of iNOS in macrophage adoption
of pro-inflammatory phenotype has yet to be identified. In chapter 2, scavenge of radical
species resulted in reduced macrophage activation and reduced pro-inflammatory
mRNA and protein levels 3 and 8 days post ITB. Similar results were published by
others in the lab (Guo et al., 2016). In chapter 3, classically activated macrophages
were identified as macrophages originating in the bone marrow at the time of injury.
1400W inhibited classical activation of recruited macrophages 8 days post ITB. In
chapter 4, it was determined iNOS of the recruited cell is necessary for classical
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activation 8 days post ITB. The combination of this work clearly identifies iNOS as a
necessary protein in the classical activation of recruited macrophages.
One such mechanism that is capable of resulting in classical activation is through
s-nitrosylation of surfactant protein D. The classically activated macrophage expresses
high levels of iNOS and therefore produces large amounts of NO. NO diffuses across
the cell membrane where it interacts with the oxidative extracellular environment. Higher
oxides of nitric oxide have the potential to interact with surfactant protein D to form a
trimer leading to NFκB activation.
Alternative activation of macrophages decreases expression of iNOS and
substrate, arginine, is instead metabolized by arginase. This work demonstrates iNOS is
important to alternative activation. In chapter 3, recruited and resident macrophages
alternatively activate 15 days post ITB. iNOS inhibition with 1400W decreases recruited
macrophage alternative activation. Pulmonary knockout chimeras used in chapter 4
demonstrate it is iNOS of the pulmonary cells, either resident macrophages or epithelial
cells, responsible for alternative activation at 15 days. In fact, when pulmonary iNOS is
present but recruited cell iNOS is not, as in the bone marrow knockout chimera,
alterative activation is promoted earlier than seen in iNOS competent mice. iNOS of the
pulmonary derived cells is responsible for alternatively activating macrophages 15 days
post ITB and if unopposed by classical activation, macrophages alternatively activate
earlier.
During resolution, there are fewer classically activated macrophages and
therefore the expression of iNOS and oxidant producing enzymes is reduced. Less
radical species are present in the cellular environment. However, the pulmonary
knockout chimera demonstrates lack of iNOS in the resident macrophage population and
epithelial cells, reduces macrophage alternative activation. Therefore pulmonary derived
iNOS, in either the resident macrophage population or epithelial cell, plays a role in
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alternative activation. S-nitrosylation of several proteins, such as GAPDH, p65/p50 and
Keap1, lead to pro-resolving pathways. These proteins are intracellular and suggest
intracellular NO promotes pro-resolution and anti-inflammatory pathways. It is possible
one or more of these pathways are enlisted in order to promote alternative activation
during resolution.
iNOS is not a major determinant of recruitment. The earliest time point
evaluated was 3 days post ITB in Chapter 2. Total cell number at this time point was
reduced by tocopherol supplementation. However, BAL protein was also reduced
suggesting the alveolar-capillary barrier less damaged. This effect is lost with time, as
both BAL protein and BAL cell number is the same 8 days post ITB with or without
tocopherol. Similarly, in chapter 3 1400W does not change the number of cells collected
by lavage or lavage with massage. More specifically, the number of GFP+ cells is not
decreased 8 or 15 days post ITB. Chimeric mice also have similar numbers of cells and
specifically macrophages in the BAL. Neither chapter 3 or 4 looked at the early time
point of 3 days. Therefore we cannot confirm the 3 day finding in chapter 2 with
systemic or specific loss of iNOS.
This work primarily used flow cytometry and immunohistochemistry to phenotype
the macrophages. Immunophenotyping defines populations based on their protein
expression. However, this work needs to be followed by measures of cell population
activity. For instance, cell populations could be sorted in order to measure mRNA or
protein levels. This becomes particularly difficult in mouse models as the number of
cells is limited. Newer techniques such as RNAseq or single cell analysis could be
employed. The function of these populations would further our understanding of their
role in inflammation and resolution of ALI.
The chimeric mouse model relies on radiation to kill bone marrow cells.
Radiation has the potential to injure the lung (Jackson et al., 2012; Groves et al., 2015;
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Malaviya et al., 2015). Sham instilled mice were used in Chapter 3 in order to account
for the effect of radiation and chimeric mouse development on the lung. Mice were
sacrificed 7 and 8 weeks (8 and 15 days post sham instillation) and cells taken by BAL,
BALM and tissue for histology. As demonstrated in Chapter 3, there was no sign of
inflammation or injury in sham instilled mice. Cells collected by BAL and BALM were
immunophenotyped by flow cytometry and were F4/80+ Cd11c+ Cd206 LOW Cd11bLy6C-. The vast majority of these cells were GFP- and therefore resident to the lung.
This supports others evidence that resident pulmonary macrophages are radiation
resistant (van oud Alblas and van Furth, 1979; Tarling and Coggle, 1982; Kennedy and
Abkowitz, 1998; Landsman and Jung, 2007; Hashimoto et al., 2013).
Studying resolution of inflammation in the intratracheal bleomycin model of acute
lung injury is complicated by subsequent fibrosis. Early signs of fibrosis can be seen 15
days post ITB and fibrosis 21-28 days post ITB (Matute-Bello et al., 2008). Therefore it
is with caution to think of alternatively activated macrophages to be pro-resolving and
beneficial only. It is indeed possible the early subset of macrophages responsible for
fibrosis is reported in these findings. Without following the macrophage populations to
later time points the identification of this population is not possible. The histological
findings in Chapter 4 suggest the pulmonary source of iNOS may play a part in fibrosis
as this lung has reduced inflammation compared to iNOS competent and bone marrow
knockout chimeras. It would be interesting to follow these chimeras out to 21 days and
measure fibrotic endpoints.

5.3 Conclusion
Classical and alternative macrophage activation is dependent on iNOS activity.
The amount of iNOS protein expressed is likely a determinant of effect. When large
quantities of nitric oxide are made quickly, nitric oxide has the potential to diffuse to the
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extracellular compartment where it elicits a pro-inflammatory response. When low levels
of nitric oxide are made the effect is internal and leads to pro-resolving and repair
pathway activation. This work suggests this delicate balance is controlled by
macrophage origin in that recruited macrophages classically activate during the
inflammatory phase and resident macrophages and/or pulmonary epithelial cells
orchestrate resolution through iNOS dependent manners.

5.4 Future Directions
The work I have detailed in this dissertation has focused on the inflammatory
response and its resolution in response to acute lung injury. Fibrosis is a long term
endpoint of ALI and it would be an extension of my work to consider how iNOS function,
within recruited and resident macrophages, alters the fibrotic response to ITB. Fibrosis is
thought to develop in consequence to the inflammation at earlier time points following
ITB. From the work presented in this thesis, we hypothesize the pulmonary knockout
chimera will experience less fibrosis than the iNOS competent and bone marrow
knockout chimera. Resolution is improved in the pulmonary knockout chimera and
alternative activation of macrophages remaining in the lung after lavage 15 days post
ITB is reduced in the pulmonary knockout chimera. If fibrosis is a consequence of
inflammation, improved resolution of inflammation will reduce fibrotic endpoints. One of
the main ways I would assess fibrosis in this situation would be through Trichrome
staining of collagen fibers as well as directly measuring hydroxyproline within lung tissue
(an indirect measure of collagen content).
From my studies it appears that iNOS is serving different roles within different
cell types, which predominate at different times post ITB. This may explain the failure of
iNOS inhibitors to have improved outcome in humans in response to injury. However,
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these observations also indicate that the timing of iNOS inhibition offers a manner to
improve therapy. It appears that iNOS is important to classical activation during
inflammation and alternative activation during resolution. Therefore, it would be
interesting to test the effect of iNOS inhibition during either the inflammation or resolution
phases following ITB. I would propose that iNOS inhibition in the inflammatory phase
will reduce inflammation and improve resolution/fibrosis, however, during the resolution
phase it would produce a negative effect. This approach would also evaluate the
dependence of resolution on processes during inflammation; for instance is resolution
improved or impeded by reduction of early inflammation?
iNOS has been identified as a regulator of macrophage activation through
studies that inhibited iNOS or eliminated gene expression of NOS2. One of the
downstream targets of NO-derived from iNOS are the protein thiols, which can be
nitrosylated to produce S-nitrosothiol. Through manipulations of S-nitrosoglutathione
reductase (GSNOR), S-nitrosylation of proteins is increased due to decreased reduction
of SNO proteins. Thereby manipulations of GSNOR serves as an inverse manipulation
to iNOS inhibition. GSNOR inhibition potentially increases SNO proteins of which many
are immunomodulatory proteins. GSNOR can be manipulated by conditional or full body
knockout or inhibitors currently undergoing testing in clinical trials. I would contend that
reducing GSNOR function could lead to enhanced inflammation, if given early, or
increased resolution, if given late.
The role of reactive oxide species in contrast to nitric oxide in macrophage
activation could also be further explored. This work has studied the role of iNOS in
macrophage activation but iNOS can produce nitric oxide and superoxide depending on
cofactor availability. As reported in Chapter 4, biopterins are oxidized 8 and 15 days
post ITB. Oxidized biopterins bind to iNOS but do not function as cofactor. Therefore
iNOS was likely functioning in an uncoupled manner producing superoxide instead of
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nitric oxide. Only in the pulmonary knockout mouse 15 days post ITB, was the balance
of reduced to oxidized biopterin levels restored to control levels. It would be interesting
to study if iNOS functions in a nitric oxide dependent or independent manner to activate
macrophages.
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INTRODUCTION TO APPENDICES

While working in Dr. Andrew Gow’s laboratory I have been interested in studying
inflammation and resolution of the lung. My first interest arose after following a patient in
the ICU during pharmacy rotation. A 46 year old female presented post colon surgery to
the ICU after being diagnosed with acute respiratory distress syndrome (ARDS). She
was ventilator dependent and over the following weeks remained ventilator dependent
and lung function continued to deteriorate. Her past medical history lacked lung disease
and I was surprised risk factors for developing ARDS were largely unknown. In learning
about ARDS, I was discouraged to know treatment options are limited and doctors rely
on corticosteroids despite their lack of overall success. This patient was a clear example
of the clinical therapy’s dependence on basic research.
While working in Dr. Andrew Gow’s laboratory, I used the bleomycin model of
acute lung injury to study macrophage activation in the inflammatory and resolution
stages following intratracheal instillation of bleomycin (ITB). I also had the opportunity to
study inflammation in other contexts. For instance, myeloid derived cell activation was
evaluated in lymphangioleiomyomatosis (LAM). LAM is a progressive disease that
develops almost exclusively in women due to loss of tuberous sclerosis complex (tsc) 1
or 2. In humans with LAM and mouse models, parenchyma structure is affected and
cystic development occurs. Destruction of alveolar spaces also occurs in other
diseases, such as emphysema, and is largely due to macrophage activation. Using
techniques such as flow cytometry and immunohistochemistry we identified myeloid
derived cell populations also involved in LAM. Similar myeloid derived cell populations
were also identified in clinical samples from diagnosed patients. These populations
were affected through drug treatments and iNOS protein knockout. Using bone marrow
iNOS knockout chimeras, like that in Chapter 4, we identified a role of iNOS in myeloid
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cell activation in the LAM model. This finding supports the role of iNOS in myeloid cell
activation including models of pulmonary inflammation. I have also extended these
studies to another rare disease, multi-centric Castleman’s, which appears to involve an
altered circulating inflammatory phenotype (although this work has been only preliminary
in nature).
Intratracheal bleomycin causes a diffuse yet patchy inflammation and fibrosis of
the lung. We worked to develop a model in which inflammation could be viewed on a
whole lung level using magnetic resonance imaging (MRI). Using co-registration of
histological sections and in-vivo MRI a MRI signature for inflammation was developed as
explained in Appendix 2. This signature can be used in further experiments to measure
the extent and location of inflammation in the entire lung. Effect of treatment on
inflammation can therefore be measured using this MRI signature. Animals can also be
followed across the multi-stage response to ITB without the need to sacrifice animals at
each time point. I have extended the idea of small animal imaging and co-registration to
make precise measurements of airway diameter and length that can be incorporated into
lung functional models. These studies have been highly collaborative and have pushed
me to consider more team-based approaches to solving complex problems.
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APPENDIX 1
Lymphangioleiomyomatosis (LAM) is a rare lung disease almost exclusively
affects women. Mutation in the tumor suppressor genes tuberous sclerosis complex
(TSC) 1 or 2 is known to cause disease. We show, in the paper below, in a nude mouse
model of LAM the immune system is activated. Specifically, myeloid derived populations
increase in the lung including macrophages, neutrophils and an immature myeloid cell.
The immature myeloid cell is defined as Cd11b+ F4/80+ Ly6G+ and its morphology
consistent with immaturity.
The following discusses work in preparation for publication.
The work in the nude mouse identifies a role of the immune system. Patients
with disease do not have impaired adaptive immunity, like that of the nude mouse, so it
is important to study LAM in an immunocompetent mouse. Therefore we developed the
model in the C57/BL6 mouse. Loss of tsc2 in the cells injected into C57/BL6 mice was
confirmed by western blot. We also confirmed typical markers of LAM, lymphatic vessel
endothelial hyaluronic acid receptor 1 (Lyve1) and smooth muscle actin- alpha (sma-α),
in the lungs 3 weeks post injection of tsc2 null cells. Using flow cytometry we identified
an immature myeloid derived cell population collected by bronchoalveolar lavage (BAL)
(Figure 1). These cells similarly expressed Cd11b F4/80 and Ly6G but also expressed
Ly6C. A more monocytic than granulocytic immature cell was identified on cytospin as
well. We also found the C57/BL6 mouse developed more circular lesions than that seen
in the nude mouse model (Figure 2).
We designed further experiments to study the immature myeloid derived cell
population’s origin. Using the green fluorescent protein (GFP) chimeric mouse approach
as used in Chapter 3, we identified the immature myeloid derived cell population to be
recruited from the bone marrow post tsc2 null cell injection (Figure 3). We also identified
GFP+ cells in tissue to reside along the outside of lesions.
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We approached treatment of LAM via immune modulating drugs. Axitinib, a
vascular endothelial growth factor D (VEGFD) inhibitor, and rapamycin, a mammalian
target of rapamycin (mTOR) inhibitor, were used in the C57/BL6 model of LAM. Both
drugs reduced lesion load in the lung and when combined further reduced the number of
lesions (Figure 4A). Additionally, both drugs reduced the number of immature myeloid
derived cells collected in the BAL (Figure 4B).
As seen in chapter 3 and 4, iNOS is responsible for macrophage activation. We
hypothesized iNOS was also important to the activation of recruited cells to LAM lesions.
Using the chimeric mouse approach, we replaced the bone marrow of a C57/BL6 mouse
with NOS2-/- bone marrow cells. This chimeric mouse was similar to the “bone marrow
knockout” discussed in Chapter 4. In this mouse, we found an increase in the number of
immature myeloid derived cells collected by BAL (Figure 5). The lesions were less
circular if the recruited cells were NOS2-/-, suggesting the recruited cell is important to
restricting lesion growth.
We also had the opportunity to study patients diagnosed with LAM. As part of a
larger clinical trial evaluating the safety of simvastatin in LAM treatment, we collected
peripheral blood. After isolation of white blood cells, cells were immunophenotyped
using flow cytometry. In LAM diagnosed patient peripheral blood we were able to
confirm an immature myeloid derived cell, CD11B+ CD33+ CD14+ CD15+, not present
in healthy control blood (Figure 6A). We also identified these cells in a chyle fluid
sample collected from the lung of a LAM patient (Figure 6B). Clinical samples support
the presence of immature myeloid cells in LAM disease.
This work will continue to study the immature myeloid derived cell population in
LAM disease. Further work evaluating the function of the immature myeloid derived cell
population via cell sorting followed by gene expression measures would be informative.
Additionally, these cells could be approached as if they are myeloid suppressor cells
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(MDSC) as seen in other cancers. Their high expression of iNOS and arginase
suggests they are similar to MDSCs. It would be interesting to see if inhibition of
proteins known to be over expressed in MDSCs, such as arginase and colony
stimulating factors, reduced development of LAM lesions and the number of immature
myeloid derived cells. Identification of the role of iNOS to immature myeloid derived cell
activation suggests increasing the products of iNOS, such as by inhibition of snitrosoglutathione reductase (GSNOR), may decrease the number of immature myeloid
derived cells. There are many therapeutic approaches that arise from the identification
of immature myeloid derived cells in the mouse model and clinical setting of LAM.
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Figure 6-1
Figure 1. Myeloid derived cells are collected by BAL and in control
mice are phenotypically consistent with pulmonary macrophages.
Activated immature macrophages (red) are present in the BAL
following TTJ cell injection (F4/80+ Cd11b+ Ly6C+ Ly6G+).
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Figure 6-2
Figure 2. Histological assessment of lesions in nude and
C57BL/6 mice 3 weeks post tsc2 null cell injection
demonostrate differences in lesion dimensions. C57BL/6
mice have rounder lesions with defined borders compared to
nude mice.
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Figure 6-3

F4/80

Cd11b
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Figure 3. BAL cells collected from Tsc2-null cell injected mice were
incubated with fluorescently tagged antibodies for cell phenotyping.
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Figure 6-4
Figure 4. Mice were treated with rapamycin, Axitinib or a
combination and injected with tsc2 null cells. Histological
assessment (A) and cell phenotype (B) were analyzed. Both
treatments reduced lesion development and number of immature
cells compared to no treatment.

109

Figure 6-5
Figure 5. Immature activated macrophages (F4/80+ Cd11b+ Cd11c- Ly6G+
Ly6C+) are increased in iNOS chimeric mice. BAL cells were analyzed by flow
cytometry and F4/80+ were phenotyped based on Cd11b, Cd11c, Ly6G and
Ly6C expression. Cells were collected from wild type (A) and iNOS chimeric
mice (B).
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Figure 6-6
Figure 6. Blood (A) and chyle (B) cells were isolated from LAM patients and
processed for flow cytometry. Expression of activation markers, CD15 and
CD14, was assessed on CD11B and CD33 positive cells.
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APPENDIX 2
In collaboration with Dr. Anant Madabhushi, Dr. Mirabela Rusu and Dr. Haibo
Wang, we used in-vivo imaging techniques to construct a three dimensional model of the
mouse lung from histological sectioning. This approach co-registered magnetic
resonance imaging (MRI) of in-vivo lung with serially sectioned histology. In-vivo MRI
was used to identify large blood vessels and airways and measure total lung volume at
peak inspiration. After removal from the body and inflation with fixative solution, a MRI
of ex-vivo lung was then taken. After fixation, lungs were embedded and sectioned
along the transverse plane starting at the bottom of the lung and sectioning every 55
microns to the top. Histological sections were aligned and reconstruction was
transformed, using the ex-vivo MRI, to match lung volume and location of large airways
and blood vessels on in-vivo MRI using the methods described in the paper below.
We were also able to use the co-registered histological sections to identify a MRI
signature for inflammation. Inflammation was identified on histological section and
mapped onto in-vivo MRI using the co-registration techniques explained below. The
MRI signature identified can be used in future experiments to analyze pulmonary
inflammation. For instance, ITB causes diffuse and patchy inflammation as seen on
histology. Using the MRI signature identified in this work, we can see the extent of
inflammation throughout the whole lung. This approach also allows for longitudinal
studies in the same mouse. For instance, mice could be analyzed by MRI 3, 8, 15 and
21 days post ITB thereby following the development and resolution of inflammation
following ITB.
The co-registration of histological sections to in-vivo MRI also afforded us the
opportunity to map the airway tree of a C57/BL6 mouse. Large airways were identified
on in-vivo MRI and smaller airways on histology section. Using the reconstruction
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approach for histology, the airway tree was also reconstructed from histological sections
and transformed based on in-vivo MRI to actual dimensions at peak inhalation (Figure
Appendix 2.1). Airways were visualized using Slicer software. Airway dimensions,
including length and diameter, were measured using Slicer. 16 airway generations
were identified with our approach.
Airway trees of rodents have been previously reported using other techniques.
Dr. Gomes and colleagues, inflated airways with silicone rubber to create a cast of the
conducting airways of a 6g harvest mouse (Micromys minutus) and 1.5kg African giant
pouched rat (Cricetomys gambianus) (Gomes and Bates, 2002). Their work measured
the length and diameter of airways and reported 33 generations in the African giant
pouched rat and 18 generations in the harvest mouse. Dr. Thiesse and colleagues used
micro-computed tomography (micro-CT) imaging technique to identify the airway tree of
C57/BL6, A/J and BALB/C mice (Thiesse et al., 2010). They were able to identify and
measure dimensions of 6 generations of airways.
The airway tree developed by in-vivo MRI and histology co-registration furthers
our understanding of a commonly used in-bred mouse C57/BL6. Unlike the elegantly
done work of Dr. Gomes and colleagues, the airway tree we developed is of a commonly
used mouse strain. The C57/BL6 mouse airway tree was measured by Dr. Thiesse
using micro-CT but our use of histological sections allowed for identification of lower
airways.
It is our contention that by improving our understanding of the mouse airway tree,
lung function measurements can be improved. Mathematical modeling of lung functional
measurements from techniques like forced oscillation technique across increasing
frequency rely on assumed parameters. One such assumed parameter is the branching
pattern and dimensions of the airway tree. It is possible that by adding actual airway
measurements, lung function modeling can be improved.
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Figure 7-1
Figure 1. Airway tree of a C57/BL6 mouse. Airways were
identified on MRI and histology sections and using coregistration techniques as reported in the paper below.
Airway tree can be visualized with Slicer software and
measurements made of dimensions.
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