© 2019
Sheryse Taylor
ALL RIGHTS RESERVED

REGULATION OF MACROPHAGE PHENOTYPE BY S-NITROSYLATION DURING
PULMONARY INFLAMMATORY RESPONSES
BY
SHERYSE TAYLOR
A dissertation submitted to the
School of Graduate Studies
Rutgers, The State University of New Jersey
In partial fulfillment of the requirements
For the degree of
Doctor of Philosophy
Graduate Program in Toxicology
Written under the direction of
Dr. Andrew Gow
And approved by
______________________________
______________________________
______________________________
______________________________
______________________________
______________________________
New Brunswick, New Jersey
MAY, 2019

ABSTRACT OF THE DISSERTATION
REGULATION OF MACROPHAGE PHENOTYPE BY S-NITROSYLATION DURING
PULMONARY INFLAMMATORY RESPONSES
By: Sheryse Taylor
Dissertation Director: Andrew Gow, PhD

The pulmonary microenvironment is truly unique as it is continuously exposed to insult
through inhalation of pollution and microbes, tasking the pulmonary immune system with
active maintenance of homeostasis. In the lung the resident immune cell is the alveolar
macrophage. These cells, along with bone marrow derived infiltrating macrophages are
capable of developing responses that can be characterized along a pro-inflammatory or
pro-repair spectrum, which is dictated in part by the microenvironment. For example,
resident alveolar macrophages are largely anti-inflammatory as the lung contains a
number of immunosuppressive mechanisms to prevent activation. These macrophages
surveil the lung and when necessary, mount an immune response to preserve lung
function. Key to this inflammatory response in macrophages is inducible Nitric Oxide
Synthase (iNOS) and iNOS derived nitric oxide (NO). NO can react with a large number
of biological targets, the majority of which fall under three major categories: reactive
oxygen and nitrogen species (RONS), metals and thiols. NO’s thiol based reactions
serve as a signaling mechanism, forming S-nitrosothiols (SNOs) on proteins and small
peptides. Formation of SNOs modifies the activity and function of a variety of proteins
including enzymes and transcription factors, many of which have been implicated in
macrophage activation and inflammatory signaling. Loss of NO has been found to alter
the immune response in a model, and time dependent manner. Whether through genetic
ablation or inhibition, loss of iNOS derived NO has been found to both reduce acute lung
injury (ALI) in models of ozone, bleomycin, and LPS and worsen hyperoxia induced ALI,
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and bleomycin induced fibrosis. It is unclear which of NO’s bioactivity contributes to the
previously observed effects, as well as the extent of NO’s thiol based signaling on
regulation of macrophage activation. Using models of acute lung injury, fibrosis and
adenocarcinoma the present studies confirm previous findings of model induced
changes in macrophage activation, and then determine how increased SNO formation
affected macrophage phenotype in these models. Using multiple methods of
immunophenotyping, we observed that SNO formation limited pro-inflammatory
macrophage activation in models of pulmonary inflammation. Additionally, consistent
with microenvironment/macrophage crosstalk, these changes altered immune signaling
in the lung microenvironment. In general, these changes in macrophage phenotype and
immune signaling led to alterations in biomarkers of disease progression. Also observed
were the effects of SNO signaling in multiple macrophage subsets, primarily observing
differences in resident lung populations as opposed to those recruited to the lung, and
alveolar space during inflammatory signaling. Our findings suggest that NO’s thiol based
signaling present an opportunity to regulate inflammatory signaling and macrophage
activation, as well as demonstrate the contribution of macrophage phenotype to the lung
microenvironment.
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Chapter 1: General Introduction
1.1 NITRIC OXIDE
There are three isoforms of nitric oxide synthase (NOS) that generate nitric oxide (NO)
from L-arginine. These are eNOS, nNOS, and iNOS (endothelial, neuronal, and
inducible respectively). eNOS is expressed by endothelial cells, nNOS by neuronal cells
and iNOS by immune cells including macrophages, thus is the focus of this discussion.
iNOS is coded for by the gene NOS2 and transcription is upregulated following
stimulation with pro-inflammatory signals including LPS, and IFN-𝛾 (1). In the C-terminal
reductase domain iNOS binds NADPH and the N-terminal domain contains a binding
site for heme, arginine, BH4, and calmodulin. iNOS generates the highest levels of NO
when compared to other isoforms and is always active when expressed.
The NO molecule is highly reactive and can be found biologically in many different
oxidation states. NO is capable of reacting with a plethora of biological targets which
may be generally combined into three general categories: oxygen species, metals, and
thiols (Figure1).
Figure 1.1

Figure 1.1. Fates of NO. Metabolic fates of NO can be generalized into three categories, ROS,
thiols, and metals each having unique physiological consequences.
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NO is capable of reacting with superoxide to form peroxynitrite, a reactive species and
thus potentially increase cellular damage driven by oxidative stress, or where levels of
GSH may have been depleted. This reaction is of special relevance as macrophages
produce both superoxide and NO through iNOS and NADPH oxidase (2).
NO’s reactivity with thiols allows for NO-derived signaling through post-translational
modification of proteins, leading to altered function. While the NO molecule itself has a
very short half-life, NO-derived signaling is continued by transfer of the NO+ species in a
process known as trans-nitrosylation occurring with thiol containing low molecular weight
peptides such as glutathione (GSH) and proteins. Nitrosylated GSH, now GSNO, is a
potent and abundant donor of intracellular NO to proteins with S- cysteine residues in
thiols. This is of importance as there are several targets that contribute to inflammation
and immunosignaling that are substrates for S-nitrosylation. For example, S-nitrosylation
NF𝜅-B reduces its ability to translocate to the nucleus, also allowing iNOS and iNOSderived NO to serve as a negative feedback regulator of inflammatory signaling (3).
NO’s reactivity with redox active metals such as iron is also relevant to inflammatory
signaling through the formation of dinitrosyl iron clusters (DNICs) as they may also
donate SNO species, thereby nullifying the cytotoxicity of free iron (4, 5). When
compared to high molecular weight DNICs, low molecular weight DNICs are more
stable, providing longer storage and transfer of NO, even being detected in cells that do
not produce NO increasing the pool of thiols for S-nitrosylation. Furthermore, DNIC
formation may also be protective from oxidative stress by reducing the availability of NO
to react with superoxide.

1.2 PHAGOCYTES
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In 1982, Eli Mitchnikof discovered white blood cells with phagocytic capability in the
larvae of starfish. He initially termed them “phagocytes” and these are the cells we now
know as macrophages (6). Since their discovery the importance of the role of the
macrophage in immunity has been continuously highlighted. Macrophages are part of
what is classified as the innate immune system and play a significant role in maintaining
homeostasis. These cells are responsible for recognizing and destroying invading
pathogens through the release of reactive oxygen or nitrogen species (RONS),
phagocytosis, efferocytosis, antigen presentation to T cells for an adaptive immune
response. Pathogen and damage associated molecular patterns (PAMPS and DAMPS)
activate receptors on macrophages leading to their activation, orchestrating an immune
response. In response to stimuli, macrophages activate along a spectrum with the proinflammatory and pro-reparative phenotypes on opposing ends. With these phenotypes
are various functional capabilities, allowing for tailored responses to a wide variety of
stimuli (7). Features of the M1/pro-inflammatory macrophage include increased antigen
presentation capability and increased production of RONS, thus pro-inflammatory
macrophages express higher levels of NADPH Oxidase and inducible nitric oxide
synthase (iNOS). Pro-inflammatory macrophages are largely associated with a response
that is associated with a Th1 dominant response from the adaptive immune system and
are considered “classically activated”. This activation state provides efficient clearing of
bacterial and viral pathogens and tumor cells. Conversely, the M2/pro-repair
macrophage activation state is referred to as “alternatively activated”. These
macrophages are thought to be largely play a role in tissue remodeling, producing high
levels of polyamines and are linked to Th2 responses of the adaptive immune system.
These pro-reparative macrophages are thought to play a large role in the elimination of
helminth infections, and fibrotic responses (8). While the Th1 vs Th2 activation state
works well for T cells, macrophage activation has proven to be much more complicated
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and has been compared to a color wheel as opposed to a linear spectrum (9).
Intermediate phenotypes are frequently observed with macrophages showing features of
both activation states (7, 9).

1.3 PULMONARY MACROPHAGES
Because of their key role in protection from damage both foreign and host derived, many
organs have a resident population of macrophages that are specialized and are known
by specific names (10). These resident cells are derived from the yolk sac or fetal liver,
have self-renewing capabilities and have specialized activity specific to the organ. In the
lung, these cells are alveolar macrophages where they are tasked with 1) responding
appropriately to inhaled microbes and particulate without total pulmonary or systemic
inflammation, and 2) successfully resolving the initiated response. Alveolar
macrophages reflect the nature of the consistent exposure of lungs to stimuli as they are
largely immunosuppressive with reduced phagocytic, antigen presenting and T cell
suppressive capabilities (11-13). While alveolar macrophages are the cell type
commonly referred to as the resident cell of the lung, macrophages are also found in
bronchial airways as well as the interstitium. Interstitial macrophages, like alveolar
macrophages have a low turnover rate (however it is unclear whether this rate is higher
or lower than that of alveolar macrophages) but are functionally and phenotypically
distinct from alveolar macrophages (14, 15). While much remains unknown as they are
less frequently studied, interstitial macrophages have demonstrated increased
phagocytic ability as well as altered responses to stimuli potentially contributing
differently to the pulmonary immune response (14, 16). Both alveolar and interstitial
macrophages express CD115, and CD116 (receptors for M-CSF and GM-CSF
respectively); however, stimulation with GM-CSF led to increased expression of CD11c
in alveolar macrophages, while CD11b was increased in interstitial macrophages (16).
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Differences in the responses to these CSFs potentially the observation of interstitial
macrophages having reduced proliferative capacity compared to alveolar macrophages
as stimulation with both CSFs did not lead to proliferation in interstitial macrophages.
These differences in macrophage populations warrants further investigation as
preliminary studies suggest they may contribute to inflammation differently (17, 18)

1.4 IMMUNE CELL IMMUNOPHENOTYPING
During homeostasis, resident alveolar macrophages are largely immunosuppressive
through a number of mechanisms. For example, in the fluid lining the lung are the
pulmonary collectins: surfactant proteins A and D. These collectins interact with alveolar
macrophage surface receptors such as TLR4, and SIRP𝛼 inhibiting ligand interactions
and thus activation (19). During steady state, the lung microenvironment is abundant in
IL-10 and TGF𝛽, both of which lead to a pro-reparative phenotype of alveolar
macrophages (20-22). More recently, there has been a greater appreciation for
macrophage heterogeneity. It is well documented that resident macrophages are
functionally different when compared to “recruited” monocytes that mature into
macrophages in the lung as there is now evidence that these macrophages persist in the
lung and adopt features consistent with the microenvironment (20, 23-27). With
advances in differentiating markers for assessment of macrophages by flow cytometry, it
is now possible to distinguish pulmonary macrophage subpopulations, such as resident
vs recruited macrophages, and those that reside in the interstitium vs the alveolar space,
or upper airways (14, 28), and to determine their contributions to lung function and
disease. Table 1.1 shows expression of markers often used to identify pulmonary
macrophage subsets.
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Table 1.1

CD64

Resting
Alveolar
+

Activated
Alveolar
+

CD24

-

F4/80

Interstitial

Recruited

+

+

-

-

-

+

+

+

+/-

CD11c

+

+

-/lo

+/-

CD11b

-/lo

+

+

+

SiglecF

+

+

-

-

CCR2

-

-

-

+

CD115

-

-

-

+

MHCII

+/-

+/-

+

-

Table 1.1 Flow cytometry Based Macrophage Sorting. Macrophage subpopulations can be
determined by the presence or absence of surface and/or intracellular markers when assessed by
flow cytometry.

Macrophages may also be sorted by markers associated with pro- or anti-inflammatory
activation by flow cytometry and/or immunohistochemistry (IHC). As shown in Table 1.2
and 1.3, proteins that are associated with specific activation states that may or may not
have any known functional activity.
Table 1.2

Marker

Technique

Ly6C

Flow cytometry

iNOS

IHC

IL-1β

IHC

COX-2

IHC

Table 1.2. Macrophage Pro- Inflammatory Markers. Macrophages that are activated and
polarized toward a pro-inflammatory phenotype commonly express these markers.
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Table 1.3

Marker

Technique

CD206/Mannose Receptor

Flow cytometry, IHC

Ym1

IHC

HO-1

IHC

Table 1.3. Macrophage Pro- Reparative Markers. List of markers commonly expressed by
anti-inflammatory markers.

In Table 1.4, additional immune cells and their phenotypic markers are described.
Macrophage subpopulations also respond distinctly to stimuli and possess different
antigen presenting capabilities (29). There has been considerable research to show that
resident macrophages do not alter their phenotype significantly in response to stimuli,
and recruited macrophages have more plasticity in their phenotype adoption (20, 23). In
the blood, these macrophages are Ly6C+ and home to the lung using the CCL2/CCR2
and CX3CL1/CX3CR1 pathway. Ly6C expression may remain during an inflammatory
response, but these macrophages can also contribute to replenishing the resident Ly6Cmacrophage population. It is believed that under homeostatic conditions, only a very
small percent of these Ly6C+ monocytes enter the lung, and most return to circulation.
However, during an inflammatory response, these monocytes adopt a phenotype based
on the pulmonary microenvironment. At the end of the response the ultimate fate of
these monocyte-derived macrophages is unclear.
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Table 1.4

Cell Type

Surface Markers

Neutrophils (PMNs)

CD11b+Ly6G+SideScatterhi

Immature Recruited
Macrophages

F4/80+/-CD11b+/hiLy6C+Ly6G-/lo

Eosinophils (Eos)

F4/80+SiglecF+CD11c-CD11b+Gr1+

Th1 T cell

CD3+CD4+IL-12+Tbet+

Th2 T cell

CD3+CD4+IL-12+GATA3+

Th17 T cell

CD3+CD4+IL-12+IL-17

Cytotoxic T cell

CD3+CD8+IL-2+IFγ

T regulatory cell (Treg)

CD3+CD4+Foxp3+

Table 1.4. Additional Flow Cytometry Based Immunophenotyping. Flow cytometric
phenotypes of additional cells of the immune system.

1.5 PULMONARY MACROPHAGES IN DISEASE
Failure of the macrophages to recognize, initiate, and importantly terminate an
appropriate immune response to offending agents will inevitably contribute to the
etiology and eventual manifestation of pulmonary disease. Often times, pulmonary
injury and damage manifests in part, as a result of macrophage dysfunction. However,
fully understanding how macrophages contribute to lung pathology is difficult as the lines
between how macrophage phenotype determines the pulmonary microenvironment and
how the pulmonary microenvironment determines macrophage phenotype is blurry.

1.5.1 Acute Lung Injury
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Acute lung injury characterized by tissue damage and destruction has been attributed in
part to excessive or exaggerated pro-inflammatory signaling (30-32). During acute
inflammation, short lived neutrophils (PMNs), followed by Ly6C+ blood monocytes are
recruited to the lung. There, they receive signals that maintain their pro-inflammatory
phenotype, releasing increased levels of RONS that eliminates invading pathogens. If
necessary, antigen presentation to activate the adaptive immune system also increases.
Normally, this response is short-lived. When the threat is neutralized, the
microenvironment of the lung switches, and enters a reparative mode (33). When this
initial response and necessary repair is proportional and appropriate, there is minimal
scarring. However, a pro-inflammatory response that is exaggerated, or lasts too long,
this leads to extensive damage to the lung tissue. These damaged epithelial cells will
then release additional signaling molecules to further propagate pro-inflammatory
signaling, leading to the persistence of Ly6C+ monocyte-derived macrophages in the
lung (31). This is further illustrated as loss of alveolar macrophages worsens acute lung
injury, and neutrophil persistence during bacterial and viral infections highlighting the
contribution of macrophages to cessation of the pro-inflammatory response (34).

1.5.2 Fibrosis
Accumulating evidence suggests that pulmonary fibrosis develops in part because of
excessive lung remodeling from an exaggerated pro-reparative macrophage activation,
which may or may not have been preceded by prior injury (35-38). Fibrosis may present
idiopathically, or be the result of insult from therapeutic intervention (bleomycin,
amiodarone, and cyclophosphamide), chronic exposure to irritants (asbestos, and silica)
or even chronic infection (39). While tissue remodeling is often a necessary part to the
completion of an inflammatory response, damage, lung fibrosis occurs when there is
excessive deposition of collagen leading to impaired lung function through increased
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resistance to expansion and inefficient gas exchange. Interestingly, during fibrotic
processing, it is the recruited macrophages that play a larger and differing role during
fibrosis despite the constitutive pro-reparative phenotype of resident macrophages (27,
40). In pro-fibrotic signaling, a network of stromal cells including macrophages, and
fibroblasts participate in the remodeling of the extracellular matrix and increase
deposition of scar tissue (41). Cytokines such as IL-10, IL-4, IL-13 and TGF-𝛽 play a key
role in pro-fibrotic signaling. Activation of these receptors on macrophages have been
found to lead to the activation of signaling pathways that enhance tissue remodeling
through increased secretion of IL-10, IL-4, IL-13, TGF-𝛽, S100A4, chitinases,
metalloproteinases, and collagen. Along with factors leading to Th2 activation of the
adaptive immune system (CCL1, and CCL22 and CCL4), increased pro-inflammatory
cytokines are also observed during fibrosis (42). Surfactant abnormalities including
altered metabolism, and Type II cell dysfunction have also been proposed as initiating
factors to the pathogenesis of pulmonary fibrosis, potentially indicative of a role of
altered lipid metabolism in macrophages as macrophages participate in surfactant
recycling (43, 44).

1.5.3 Cancer
Not only do macrophages contribute to pulmonary damage through their responses to
stimuli, but also through their failure to do so. Such is the case in lung pathologies
characterized by cellular overgrowth. Key to innate immune function is recognition of self
vs. non or altered self- a function that fails during tumor development. Tumors avoid
immune elimination through a variety of immunosuppressive mechanisms that include
evading recognition by immune cells by masquerading as self, as well as hijacking
immune cell function to promote tumor progression (45). As cancer cells upregulate
markers of self such as CD47, and MHC Class I macrophages fail to adopt a pro-
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inflammatory/tumoricidal phenotype; they also fail to activate the adaptive immune
system through efficient antigen presentation to CD4+ and CD8+ T cells (46-48).
Additionally, the adaptive system also is affected by immune evasion as CD4+ cells fail
to recognize “neo-antigens” that would be unique to the tumor, tumors may express
checkpoint inhibitor molecules such as CTLA-4 and PDL1, or conversely persistent
antigen presentation to CD8+ T cells may lead to exhaustion (49, 50). Proinflammatory/Th1 biased responses are normally mounted to eliminate abnormally
proliferating cells; however, these cells successfully create an immunosuppressive
microenvironment to promote growth, angiogenesis, and dissemination (51-53). This
requires persistent and dynamic immunosignaling as the needs of the lesion changes,
and this creates a unique phenotypical dysfunction in pulmonary macrophages. Although
immune cells isolated from the sites of cellular overgrowth or the surrounding area,
should be expressing RONS to eliminate the tumor, in fact, they are in an inactive, and
tumor promoting state. These cells are heterogeneous in type (54-60), activation state
(61-63) and may be classified based on their location relative to the tumor (64).
Key players in immunosuppression are cells of myeloid origin including myeloid derived
suppressor cells, and tumor associated/infiltrating macrophages (MDSCs, TAMs/TILs
respectively). Along the MDSC to TAM spectrum are cells that are inappropriately
activated in response to abnormally growing cells. Characteristics of this altered
activation state include tumor escape of immunosurveillance (65), epithelialmesenchymal transition to aid angiogenesis and metastasis (66), and suppression of the
adaptive immune system (67). In cancer and chronic inflammation (68), both TAMs and
MDSCs are found to be heterogenous populations (69, 70). Thus far, TAMs have been
identified as differentially activated along the pro- and anti-inflammatory spectrum, while
MDSCs have been differentiated based on their monocytic or granulocytic origin (70).
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1.6 REGULATION OF MACROPHAGE PHENOTYPE
As macrophages are terminally differentiated cells but are able to mount very different
responses to a variety of stimuli, there is much to understand about macrophage
activation. There are several mechanisms of regulation of macrophage phenotype at
both pre- and post-transcriptional levels. It is interesting to consider how these layers of
regulation all work together to co-ordinate the macrophage response to stimuli, and how
they are changed during the distinct phases of an inflammatory response.

1.6.1 Epigenetic Regulation
At the epigenetic level, macrophage gene expression is controlled by histone modifying
enzymes. Histone demethylase Jmjd3 is upregulated in response to both LPS and IL-4
macrophage stimulation (71, 72). Jmjd3 associates with another histone demethylase
KIAA1718 and together they allow for more efficient transcription of inflammatory genes
(73). For phenotype specific activation, histone deacetylase 3 (HDAC3) has activity has
been found to oppose pro-reparative polarization while favoring pro-inflammatory
activation (74). Loss of HDAC3 inhibition creates an exaggerated pro-reparative
phenotype in macrophages without stimulation while impairing the effective transcription
of pro-inflammatory genes upon stimulation (75). Further regulation of macrophage gene
transcription occurs with the variation of enhancers and lineage determining transcription
factors (LTDFs). Enhancers and LTDFs are also marked with histone modifications,
which determine cell type, and macrophage polarization (76). Recent work has indicated
that there are pro-inflammatory specific enhancers termed “de novo” or “latent”
enhancers as they have no intrinsic activity; upon TLR4/NFκ-B activation, they gain
histone modification marks such as H3K4me1/2 to create active and functional
enhancers for increased ease and speed of gene transcription (77, 78). Interestingly,
there has been noted diversity in the motifs of the LTDF DNA binding regions leading to
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diversity in enhancer selection and thus affecting the polarization potential of
macrophages. This is elegantly demonstrated in the analysis of strain specific analysis of
LTDF diversity between C57bl/6 and Balb/c mice (79). When C57 SNP’s were placed in
macrophage and B cell specific LTDF binding regions and p65 binding motifs of Balb/c
mice, enhancer activity and p65 binding resembled that of C57bl/6 mice. This epigenetic
mechanism of regulation of macrophage phenotype may contribute to the differences of
observed immune response in these two strains.

1.6.2 Regulation by Non-coding RNA
There are two primary divisions of non-coding RNA. Short non-coding RNAs are less
than 30 nucleotides and includes micro (mi), short interfering (si), and piwi-interacting
RNAs (pi). Long non-coding RNAs are greater than 200 nucleotides (lnc). Both short and
long noncoding RNAs actively regulate macrophage activation. When short noncoding
RNAs are considered, miRNAs (miRs) are the primary subgroup that has been
implicated macrophage activation regulation in multiple aspects that determine
macrophage activation including phenotype and function. miR-21 is downstream of MCSF has been found to play critical role in the pro-reparative phenotype of
macrophages, as loss of miR-21 led to a more pro-inflammatory macrophage phenotype
(80). miR-21 has also been found to be critical to efferocytosis and negative regulation of
LPS induced increases in pro-inflammatory signaling indicating a key role in the
resolution of inflammation (81). In contrast, miRs-26a and b have both been found to
regulate pro-inflammatory macrophage phenotype by increasing the pro-inflammatory
response to LPS via NF𝜅-B (82, 83). Additionally, stimulus dependent miRs have also
been observed in macrophage activation following stimuli such as LPS, IL-4, TGF-𝛽 and
following hypoxic conditions (84, 85). Although findings such as miR-146b’s regulation
of STAT1 and miR-18a’s regulation of STAT3 were discovered outside of macrophages,
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given the importance of these transcription factors in macrophage polarization, it is not
unreasonable to speculate that these and several others may also regulate macrophage
activation (86-89). LncRNAs have also been found to play a role in macrophage
activation. A subset of lncRNAs have been found to be immune priming as they remodel
chromatin to allow for a more robust response upon re-exposure to a previously
encountered stimulus in innate immune cells (90). Additionally, expression of the lncRNA
Malat1 increases in macrophages following LPS stimulation in macrophages and is
decreased following IL-4 stimulation. Malat1 interacts with genes downstream of NF𝜅-B
(91). Loss of Malat1 was also associated reduced pro-inflammatory signaling leading to
decreased acute lung injury but worsened fibrosis. The lncRNAs such as FIRRE,
lincRNA-Cox2 and Tnfaip3 has also been found to work downstream of NF𝜅-B to
regulate macrophage phenotype (92-94).

1.6.3 Genetic Regulation
There are several key transcription factors that regulate macrophage phenotype
following receptor activation, leading to upregulation of effector molecules that determine
macrophage function and activation. Those associated with pro-inflammatory signaling
include the STAT family (with the exception of STAT3, and 6) NFκ-B, IRF4 and 5, AP-1,
PU.1, and C/EBP-𝛼 (95, 96). Translocation and subsequent DNA binding leads to
transcription of pro-inflammatory genes such that code for IFNγ, iNOS, IL-1β, TNFα, and
IL-12 leading to pro-inflammatory macrophage function. In contrast, STAT3, STAT6, HIF
family, Nrf2, miRNAs, C/EBPβ and PPARγ either suppress transcription of proinflammatory genes or lead to the transcription of anti-inflammatory genes coding for
Arginase I, IL-4, HO-1, and NQO1 (97).

1.6.4 Metabolic Regulation
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Glucose metabolism represents another means of control of macrophage activation as
pro-inflammatory macrophages shift toward anaerobic glycolysis in addition to
upregulation of the pentose phosphate pathway when compared to resting or proreparative macrophages (98). Pro-inflammatory macrophages express the PFK2 isoform
of 6-Phosphofructo-2-kinase which is more active than the liver-type L-PFK2 isoform,
increasing fructose-2,6 biphosphate levels, further increasing the shift toward glycolysis.
Following stimulation with LPS, CARKL (carbohydrate kinase-like protein) is
downregulated, promoting glycolysis, and loss of CARKL increases pro-inflammatory
activation in macrophages without stimulus (99). Interestingly, a similar upregulation in
glycolysis occurs during phagocytosis, a function associated with a subtype of M2
macrophages. In M2 macrophages, oxidative phosphorylation predominates, and is also
associated with increased mitochondrial content (100). Resting and M2 macrophages
also have normal TCA cycles while M1 macrophages display TCA disruption as
succinate, citrate, and itaconate are all increased following stimulation with LPS and
IFN𝛾 stimulation (101). These increases in citrate in M1 macrophages also leads to
altered lipid metabolism as citrate is used for fatty acid synthesis seen in M1
macrophages whereas beta oxidation predominates in M2 macrophages. Metabolism of
arginine also plays a key role in determining macrophage phenotype. L-arginine for is
the substrate for iNOS and Arginase I. Pro-inflammatory macrophages express higher
levels of iNOS producing NO promoting killing effector function while pro-reparative
macrophages express higher levels or Arginase I producing higher levels of ornithine
promoting wound repair effector function (98).

1.6.5 Regulation by Cellular Signaling
Control of macrophage phenotype is also regulated in part by multiple families of
signaling cascades induced by phosphorylation leading to translocation of transcription
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factors involved in macrophage polarization. The PI3K/Akt signaling pathway has been
implicated in both pro-inflammatory and pro-reparative macrophage phenotypes (102).
Akt2 is associated with pro-inflammatory activation while Akt1 is associated proreparative signaling as loss of each led to a switch of the opposing phenotype. Loss of
Akt2 led to increased C/EBP-𝛽 induced expression of Arginase 1 and IL-10 following
LPS exposure while loss of Akt1 led to increased expression of iNOS and TNF𝛼. The
Jak family of kinases are upstream of the STAT transcription factors and different stimuli
leads to phosphorylation of a cascade of kinases followed by translocation of different
members of the STAT family, leading to M1 or M2 activation in macrophages. Following
exposure to IFN-𝛾, STAT1 is activated following Jak1/2 phosphorylation leading to
increased transcription of key genes associated with pro-inflammatory activation.
Additionally, SOCS3 inhibits STAT1 activation further limiting M1 activation (103). The
large family of mitogen- activated protein (MAP) kinases are also play a key role in
macrophage activation with ERK-1 and 2, JNK-1 and 2, and p38 all being upregulated
following stimulation with LPS and IFN-𝛾 (104). Conversely, the MKP-1 phosphatase
also serves to limit pro-inflammatory activation following stimulus induced
phosphorylation of the MAP kinases (105).

1.6.6 Regulation by S-nitrsoylation
The importance and complexity of S-nitrosylation in cellular signaling has been
highlighted in the immune response to various stimuli including cancer and inflammation
as the activity of iNOS and abundance of NO plays a key role in determining
macrophage phenotype and function outside of NO’s effects as a RNS. As previously
described, in S-nitrosylation a molecule of NO is transferred to a thiol containing protein,
altering its function or stability. Such proteins that a relevant to macrophage phenotype
include HIF-1α, Keap-1, Surfactant Protein D (SP-D), GAPDH, and NF-κB (106). The
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pools of targets for S-nitrosylation are dependent on a variety of factors including cellular
redox status, the type of SNO donor, target availability and stability of the nitrosothiol
bond as dictated by the local microenvironment (107, 108). Since NO and S-nitrosylation
levels are easily manipulated through inhibition of iNOS, administration of SNO donors
or inhibition of SNO degradation, the effects of signaling on macrophage function can be
assessed during the pathogenesis of lung injury models.

1.7 MURINE MODELS OF PULMONARY INFLAMMATION
Mouse models have been instrumental in understanding immune signaling, and
macrophage phenotype. There currently exists a multitude of models to study
inflammatory signaling. In this work we attempt to better understand the diverse
immunosignaling mechanisms as well as the effects of S-nitrosylation in acute lung
injury, resolution and repair and chronic inflammatory signaling as illustrated below.

Acute Inflammation
Chronic Inflammation

Time

Resolution & Repair
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1.7.1 Acute Inflammation: Ozone (O3) Induced Acute Lung Injury
O3 is formed through the reaction of higher order nitrogen species and volatile organic
chemicals generated from vehicle and factory emission (109). Acute O3 exposure has
been found to negatively affect respiratory function, especially in susceptible populations
such as children, asthmatics, and those that work outdoors in urban areas. Effects
include difficulty breathing/wheezing, and coughing. O3 causes oxidative stress induced
cellular damage in pulmonary epithelial cells (110). This leads to an immune response
including neutrophilia and subsequent macrophage activation, possibly further adding to
tissue damage (111). However, with O3 exposure, an inflammatory response is not
correlated with changes in lung function (112). There are various models of O3 that
include both high and low doses as well as acute and chronic exposures (113-115).
Following acute exposure to ozone an inflammatory response is observed 24-72 hrs
following exposure (33). There is an increase in cellular recruitment as total BAL cell
counts and increased numbers of neutrophils and macrophages are observed. Proinflammatory macrophages are observed 24-48 hours post-exposure, and pro-reparative
macrophages are observed 48-72 hours. Loss of pro-inflammatory macrophages
through decreased recruitment, or loss of iNOS reduces measures of lung injury
including BAL protein concentrations, and reduced measures of oxidative stress,
highlighting the contribution of the pro-inflammatory macrophage to O3 induced injury
(116, 117).
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1.7.2 Resolution and Repair: Acute Lung Injury and Fibrosis: Intratracheal Instillation of
Bleomycin
Bleomycin is an effective antitumor agent used to treat variety of solid tumors (118). Its
mechanism of action of this therapeutic includes the degradation of both DNA and RNA,
and possibly inhibition of thymidine incorporation (119, 120). Administration of bleomycin
has been associated with interstitial pneumonitis, and/or pulmonary fibrosis, creating a
dose-limiting effect (121). Bleomycin has been utilized model of pulmonary fibrosis in
vivo. In mice there are two predominant models of bleomycin-induced lung injury and
fibrosis: systemic and intratracheal administration. In the former, bleomycin is
administered via Alzet osmotic pump (122). This means of administration has also been
used to model systemic sclerosis (123).
The intratracheal instillation model consists of a single dose of the chemotherapeutic
bleomycin (ITB) which leads to the development of fibrosis ~21 days later. This fibrotic
phase is preceded by an acute inflammatory response seen at day 3, the peak of
inflammation is observed at day 8 and resolution of the inflammation is seen at day 15
(124). In this model, as inflammatory signaling progresses and recruitment continues,
there is a phenotypical switch observed in macrophages (125). While cellular recruitment
remains active throughout, during the “inflammatory” portion of the model, macrophages
are in a pro-inflammatory activation state. This pro-inflammatory phenotype contributes
to the observed histological damage to alveoli during this first phase. Loss of iNOS in
ITB leads to reduced lung damage as assessed by pathological scoring; however, late
phase fibrosis is worsened revealing the necessity of iNOS derived NO in the resolution
of the inflammatory response (126). While these phases are more distinct, and occur
over a longer period in ITB as compared to O3, both models are oxidative stress
dependent and recapitulate the three phases in the initiation and termination of an acute

20
inflammatory response with pro-inflammatory responses being followed by a period of
resolution that precedes reparative signaling.

1.7.3 Chronic Inflammation: Lewis Lung Carcinoma (LLC)
Use of the Lewis Lung Carcinoma (LLC or 3LL) model allows for study of the effect of
chronic, and dynamic inflammation on macrophages, and how they contribute to the
microenvironment as well. The LLC model is especially useful as it is a syngeneic model
and allows us to understand how these macrophages affect the adaptive immune
system as well (127). These cells were discovered by Dr. Margaret Lewis from a
spontaneous carcinoma in a C57bl/6 mouse (128). The development of this model
allowed for the study of lung carcinomas, metastasis, and chemotherapeutics in a fully
immunocompetent model. While this model has primarily been used to study therapeutic
efficacy and metastasis, this syngeneic model is being used more to understand the
tumor immune microenvironment (129-131). A growing body of work has implicated M2like, tumor-promoting, immunosuppressive macrophages in the LLC model of non-small
cell lung cancer (132-135).

1.8 OVERALL RESEARCH HYPOTHESIS
The importance of iNOS and iNOS derived NO as an effector molecule in
inflammation and in macrophage function is well established. More recently, the role of
in signal transduction through SNO formation has received considerable attention. The
overall goal of these studies is to elucidate the contribution of NO’s thiol-based effects
on macrophage activation and overall immunosignaling. As key inflammatory signaling
molecules such as NFκ-B, SP-D, HIF-1α, and Keap1 are dysregulated by SNO
formation, we speculated that increased SNO formation would alter macrophage
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activation. More specifically, it is our hypothesis that increased S-nitrosylation causes
changes in macrophage phenotype during pulmonary inflammatory responses,
leading to improved resolution of inflammation, and an overall change in inflammatory
signaling. To test this hypothesis, the contribution of SNO dependent changes in
macrophage activation and inflammatory signaling were assessed in models of acute
lung injury, pulmonary fibrosis, and the development of cancer.
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CHAPTER 2: THE EFFECTS OF SNO DONORS ON OZONE INDUCED ACUTE LUNG
INJURY

2.1 Abstract
Acute exposure to Ozone (O3) has been found to adversely affect lung function and
induce an inflammatory response in humans. The mechanism by which O3 exerts its
pathologic effects involve oxidative stress and pro-inflammatory macrophage activation.
Increased levels of iNOS and NO have been observed 24-48 hr following exposure (ref).
Moreover, loss of iNOS is associated with reduced ozone toxicity (xxx). In these studies
we sought to understand and the role of iNOS derived NO in inflammatory signaling
following O3, focusing on NO’s interaction with thiols. Thiol modification by NO leads to
formation S-nitrosothiols (SNOs), conferring altered protein function and activity through
a variety of biochemical mechanisms. Several key players in the general inflammatory
signaling process, as well as those that are key regulators of macrophage activation are
regulated in part by SNO formation. However, SNO formation is highly regulated by a
number of mechanisms including thiol accessibility and biochemical permissibility. In
these studies, we administered three distinct SNO donors to determine how SNO
donation would affect O3 induced lung injury, and to determine which thiol subsets play a
dominant role in macrophage phenotype following O3. All three SNO donors reduced O3
induced lung injury; however, the general SNO donor ethyl nitrite (ENO) and intracellular
SNO donor SNO-propanamide (SNOPPM) were the most effective at reducing proinflammatory macrophage activation following exposure to O3.

2.1 Introduction
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Ozone (O3), a common pollutant and a component of smog, is a known
toxicant as it has been found to adversely affect lung function and induce
inflammation in healthy adults(136, 137). These effects become of special
concern to susceptible populations including those residing in areas where ozone
levels are not compliant with the current Clean Air Act, children, the elderly, and
those with preexisting lung disease(136, 138, 139). For example, O3 has been
found to exacerbate inflammation in asthmatics(140). Exposure to O3 leads to
oxidative stress in pulmonary epithelial cells and the lipid components of lung
lining fluid, inducing an inflammatory response that is characterized by
neutrophilia and macrophage activation(141-145). Pulmonary macrophages
adopt a pro-inflammatory phenotype 24-48hrs following acute ozone exposure,
while reparative/anti-inflammatory macrophages are seen 48-72hrs following
exposure(145). During the early phase macrophages recovered from the lung
express high levels of inducible nitric oxide synthase (iNOS). In macrophages,
iNOS expression is associated with pro-inflammatory activation, producing
increased levels of nitric oxide (NO). iNOS derived nitric oxide (NO) not only
serves as a source of reactive nitrogen species (RNS), capable of reacting not
only with O3 and resulting ROS’s, but also with products of O3 induced oxidation,
increasing oxidative stress by forming products such as peroxynitrite and higher
nitrogen oxides capable of tyrosine nitration(144, 146-148). Despite these
potential harmful reactions, iNOS derived NO is critical to the inflammatory
process as loss of iNOS dysregulates proper resolution of inflammatory
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signaling(126). This may be due in part to NO’s capability to react with targets
beyond ROS(149).
NO is capable of reacting with thiols in both low molecular weight
peptides, such as glutathione (GSH), and proteins to form S-nitrosothiols
(SNOs). As post translational modification, SNO formation has been found to
regulate the function of a wide range of proteins (150). Like other forms of posttranslational modification, SNO formation is remarkably specific, and reversible.
However, unlike other forms, SNO formation is largely dictated by physiological
chemistry. Investigation into the mechanism of SNO formation has revealed
specific motifs in SNO formation creating unique thiol subset (151, 152). The
hydrophobicity, surface accessibility, pKA, and location of the thiol (including
surrounding amino acids of the cysteine) as well as the type SNO donor all
dictate SNO formation(107, 152, 153). Stated simply, the physicochemical
properties of individual thiol moieties will determine their propensity to be
modified by different SNO donor compounds.
Importantly, SNO formation serves as another point of regulation of
inflammatory signaling as S-nitrosylation can increase or decrease activity
proteins, and transcription factors in signal cascades that control the expression
of inflammatory signals(154). For example, S-nitrosylation of the p65 and p50
subunits of NF-κB reduces translocational and DNA binding capability, thus
decreasing gene transcription(3). Additional regulatory activity can be found in
several inflammatory signaling pathways as STAT-3, HIF-1α, SP-D (Surfactant
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Protein D), and GADPH all contain thiols that are capable of being S-nitrosylated,
conferring altered activity (106).
As O3’s mechanism of action includes epithelial cell and macrophage
inflammatory signaling, and inflammatory targets of S-nitrosylation are found in
both cell types, often opposing pro-inflammatory activation,
we questioned how increased SNO levels would affect inflammatory signaling
following O3 exposure. To this end we investigated the effects of SNO donors
following exposure to O3.
In the present study, we administer three chemically distinct SNO donors
that would target different SNO subsets and observed their effects on O3 induced
injury and inflammation. We found that administration of SNO donors led to a
reduction in measures of injury and inflammation. Additionally, SNO donor
administration led to a reduction in markers associated with pro-inflammatory
macrophage activation. These studies demonstrate the influence of Snitrosylation on inflammatory signaling and show that altering the levels of Snitrosylation may be a point of intervention in diseases where pro-inflammatory
macrophages contribute to etiology.

2.3 Methods

SNO Compounds
Mice received SNO donors intranasally in 50𝜇L of vehicle.
0.0125% Ethyl Nitrite (Millipore Sigma 309923) was degassed and dissolved in
50% ethanol.
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25mM SNO-Propanamide was prepared from N-mehyl-3-sulfanylpropanamide
(Enamine EN300-127389), sodium nitrate (Millipore Sigma S5506250G), and
0.5M Hydrochloric acid in sterile 1X PBS.
25mM S-nitrosyl N-acetylcysteine was prepared from N-acetylcysteine (Millipore
Sigma A7250) and sodium nitrate in sterile 1X PBS.

Animals
Female C57Bl/6/J mice (7 week old) were obtained from the Jackson
Laboratories (Bar Harbor, Maine). Mice were exposed to air or 0.8 ppm of ozone
for 3 hrs in whole body Plexiglas chambers. Ozone was generated by UV ozone
generator (Gilmont Instruments, Barrington, Illinois) and mixed with air. Ozone
concentrations were measured inside the chamber by photometric ozone
analyzer (Teledyne Instruments, Thousand Oaks, California). One hour following
exposure, mice were administered ENO, SNAC, or SNO-PPM. Mice were
sacrificed 48 hrs later. All animal procedures were approved by the Rutgers
University Institutional Animal Care and Use Committee and done in accordance
to the National Institute of Health’s Guide for the Care and Use of Laboratory
Animals.

Histology
Left lungs were inflation fixed with 3% paraformaldehyde, stored overnight at
4°C, and then transferred into 70% ethanol. Paraffin embedded tissue were cut
into 5 μm sections, and deparaffinized in xylenes, and rehydrated by decreased
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alcohol concentrations (100%-50%) then washed in deionized water. Following
citrate antigen retrieval (10.2 mM sodium citrate, pH 6.0), endogenous
peroxidase activity was quenched in 10% H2O2 in methanol. Tissue sections
were then blocked with 10% normal goat serum for all antibodies with the
exception of cytochrome b5 (25%). Tissues were incubated overnight at 4°C with
IgG controls or the following primary antibodies: iNOS (Ab15323), IL-1β
(Ab9722), Cytochrome b5 (Cyb5) (Ab69801), Ym1 (Stem Cell Technologies
1404), HO-1 (Enzo Life Sciences ADI-SPA-896). Sections were subsequently
incubated with 1:2000 or 1:5000 dilutions of biotinylated secondary antibody
(Vector Labs, BA-1000). Slides were developed using DAB peroxidase kit
(Vector Labs, SK-4100).

Inflammatory Scoring
H&E stained lung sections were scored on a 5 point scale (0-4) and scoring
criteria that included normal alveolar structure, the presence of inflammatory
cells, septal thickening and, normal bronchial structure. Scores were determined
by a blinded independent observer.

Bronchoalveolar Lavage
Following perfusion with heparinized PBS, bronchoalveolar lavage fluid and cells
were collected. A 20G cannula was inserted into the trachea. Using a 1mL
syringe, PBS was slowly instilled and withdrawn from the lung a total of 5 times
through a 20G cannula that was inserted in the trachea.
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The fluid was then centrifuged at 300g x 10 min at 4ºC. The resulting supernatant
was collected and stored. Cells were resuspended in PBS and counted using a
Beckman Coulter Cell Counter and then processed for flow cytometry (see
below).
BAL fluid protein content was determined by Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific 23225). BAL IgM levels were determined by ELISA
(Bethyl Laboratories, E99-101).

Lung Digestion and Magnetic Associated Cell Selection
Right lung lobes were enzymatically digested in 5 mL of 2 mg/mL collagenase IV
(Miilipore Sigma C5138) in RPMI 1640 Medium (Thermo Fisher 11875119) with 5
% heat inactivated FBS (S11550) and 37°C for 30 min with shaking. A single cell
suspension was then generated using a 70 μm strainer. Following RBC lysis for 5
min at RT (Millipore Sigma R775), F4/80-PE conjugated cells were then
positively selected as per Stem Cell Easy Eight Mouse PE Positive Selection kit
protocol. Cells were then stained for flow cytometric analysis.

Flow Cytometric Analysis
BAL and tissue associated cells were Fc blocked for 10min 4°C or 5min RT
respectively. Cells were then incubated with the following antibodies (1:100) and
respective conjugates for 30min at 4°C. As tissue associated macrophages were
selected based on F4/80 positivity, these cells were stained with all antibodies
F4/80-PE (Stem Cell 60027PE clone BM8).
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Cd11c- Af700 (Biolegend 117320, clone N48)
Cd11b- FITC (Biolegend 101206, clone M1/70)
Ly6G- Alexa Fluor 647 (Biolegend 127610, clone 1A8)
Ly6C- PerCp5.5 (Biolegend 128012, clone HK1.4)
Viability 780 (Thermo Fisher 65-0865-14, eBiosciences Fixable Viability)

Gating Strategy
Following the exclusion of doublets, in the BAL viable cells were selected based
on expression of F4/80 and CD11c. Cells double positive for F4/80 and CD11c
were then analyzed for expression of CD11b, followed by the exclusion of Ly6G
followed by the expression of Ly6C. In magnetically selected F4/80 positive cells,
following the exclusion of doublets, viable cells were analyzed based on
expression of CD11b followed by the exclusion of Ly6G. Cells were then
analyzed for expression of CD11c and Ly6C.

Statistical Analysis
Data were analyzed using Graphpad Prism software. Parametric data was
analyzed by two-way ANOVA and Tukey’s post-hoc tests. Median histological
scores were analyzed by Kruskal-Wallis Test. All p values ≤ 0.05. For each
treatment group, n ≥ 4.

2.4 Results
Administration of ENO Reduces Ozone Induced Lung Injury
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Initially, we determined whether administration of ENO, the general SNO
donor, reduced ozone-induced pulmonary injury. We first measured total proteins
in the BAL; consistent with previous findings (33), ozone exposure was found to
result in increases in BAL protein. Administration of ENO significantly reduced
total protein levels in BAL. Ozone also caused an increase in concentrations of
IgM in BAL, a response also reduced following ENO administration. (Table 2.1).
Table 2.1

[Protein] (ug/mL)

[IgM] (ng/mL)

Cell Count
4
(*10 cells/mL)

Air

120.3 ± 17.8

8.4 ± 3.1

13.5 ± 1.3

Air + ENO

156.7 ± 24.3

9.1 ± 3.8

24.1 ± 6.1

Air + SNAC

185.7 ± 12.3

57.9 ± 18.0

15.3 ± 2.1

Air + SNOPPM

90.4 ± 16.0

17.2 ± 5.2

18.5 ± 0.6

O3

245.6 ± 31.2

130.0 ± 38.0

17.2 ± 2.1

179.4 ± 32.9 *

69.0 ± 5.0

21.61 ± 6.3

O3 + SNAC

193.5 ± 12.3

29.6 ± 19

26.1 ± 1.0

O3 + SNOPPM

98.2 ± 16.0 *

13.2 ± 12

21.88 ± 2.7

O3 + ENO

Table 2.1 BAL Measures of Lung Injury and Recruitment. Lungs were lavaged with
sterile PBS and fluid separated from cellular components. O3 led to increases in total protein,
IgM and cell counts. SNO compounds decreased O3 induced increases in protein and IgM,
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and increased cell counts. p ≤ 0.05 2-way ANOVA, Tukey’s post-hoc test. Bold- significant to
Air *- significant to O3 , # - significant to O3 + ENO.

Treatment of mice with ozone led to an increased inflammatory response
and tissue damage, as assessed in histologic sections. Based on scoring criteria
the lungs of ozone treated mice had a median score of 2 compared to that of 0 in
air controls. The pulmonary response to ozone was characterized by damage to
the alveolar tissue, the presence of macrophages in the alveolar space.
Additionally, there was immune cell recruitment near the respiratory bronchioles.
ENO reduced tissue damage and inflammation surrounding the bronchioles
(Figure 2.1).

Figure 2.1

Figure 2.1 O3 Induced Tissue Damage. Left lungs were inflation fixed and paraffinembedded. H&E staining reveals characteristic peribronchial and perivascular inflammation
and damage to lung parenchyma which is reduced by administration of SNO compounds,
with SNAC being the least effective.
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We next examined expression of biochemical markers of oxidative stress
and injury. We found that ozone increased expression of the oxidative stress
marker, Cyb5 (Figure 2.2) in the airway epithelium and alveolar epithelium.
Administration of ENO reduced alveolar epithelial staining; conversely Cyb5
staining of macrophages increased. Re-epithelialization is part of the response to
lung injury (155); this can be assessed by PCNA staining. We observed that
PCNA staining of epithelial cells was increased after ozone primarily in the
airways, but also in type II cells (Figure 2.3). ENO reduced the number of PCNA
positive cells in the lung.
Figure 2.2

Figure 2.2. Cyb5 Immunohistochemical Staining. Left lungs were inflation fixed and
paraffin-embedded. IHC staining reveals increased Cyb5 staining following O3 reduced by
SNO compounds.
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Figure 2.3

Figure 2.3 PCNA Immunohistochemical Staining. Left lungs were inflation fixed and
paraffin-embedded. IHC staining reveals increased PCNA staining following O3 reduced by
SNO compounds with the exception of SNAC.

Effects of ENO on Ozone-induced Alterations in the Phenotype of Lung Macrophages
As the inflammatory response plays a key role in the response to ozone, we sought to
understand if this was altered by ENO administration. We found that both ozone
exposure was associated with increased numbers of inflammatory cells recovered in
BAL; this was not altered by ENO (Table 2.2). The total BAL cell population was
analyzed by flow cytometry, using a pre-defined gating strategy. Pulmonary
macrophages were defined within the population of viable cells as cells expressing
F4/80 but not Ly6G, which is expressed by granulocytes. F4/80+Ly6G- cells were
almost exclusively mature, resident tissue macrophages (Cd11c+Cd11b-) (Fig. 2.4).
Treatment of mice with ozone led to an increase in the percentage of cells expressing
Cd11b, a marker of migratory cells. Cd11c+Cd11b+ macrophages (11.3 ± 1.3% versus
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2.7 ± 0.19% in air treated mice). Interestingly, in mice treated with ENO a novel
population of macrophages was identified that are Cd11c-Cd11b+. This population was
16.5 ± 8.4% of pulmonary macrophages in air exposed controls but reduced to 10.7 ±
3.8% of F4/80+ cells after ozone exposure. We next analyzed the activation state of the
macrophages by assessing Ly6C expression. While there is no current function
associated with this protein, expression of Ly6C is associated with activated
proinflammatory monocytes and macrophages. In all 4 treatment groups (air, ozone, air
+ ENO and ozone + ENO), Cd11c+Cd11b- pulmonary macrophages remained Ly6C-,
indicating a lack of activation (Table 2.2). Conversely a subset of Cd11c+Cd11cb+
macrophages were positive for Ly6C. Ly6C+ macrophages from ozone exposed mice
were 27.9 ± 3.1% of Cd11c+Cd11b+ cells. This population was reduced to 6.8 ± 2.1%
following ENO treatment.
Table 2.2

Alveolar
Macrophages

Mature
Recruited
Macrophages

Immature
Recruited
Macrophages

Air

0.2 ± 0.02

49.5 ± 1.6

13.75 ± 3.6

Air + ENO

0.4 ± 0.1

24.7 ± 6.0

24.2 ± 14.7

Air + SNAC

0.1 ± 0.03

4.6 ± 1.1

9.75 ± 3.8

Air + SNOPPM

0.1 ± 0.02

2.0 ± 0.9

13.63 ± 3.0

O3

0.2 ± 0.09

27.9 ± 3.1

9.14 ± 3.0

O3 + ENO

0.7 ± 0.07

25.0 ± 3.6

7.6 ± 2.8

O3 + SNAC

0.1 ± 0.02

9.9 ± 4.3

*#

7.63 ± 1.9
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O3 + SNOPPM

*#

0.5 ± 0.1

6.4 ± 1.9

8.13 ± 2.8

Table 2.2 Percentage of BAL Macrophages Expressing Ly6C. Ly6C expression was
measured of each macrophage population found in lung lavage. SNO donors reduced O3
induced increases in Ly6C expression. Percentages are expressed as % of indicated
population. p ≤ 0.05 2-way ANOVA, Tukey’s post-hoc test. Bold- significant to Air *significant to O3 # - significant to O3 + ENO

Figure 2.4

Figure 2.4 Viable, F4/80+ BAL Cell Expression of Cd11c vs Cd11b. Flow cytometric
analysis of cell recovered from lung lavage shows distinct populations of macrophages
recovered from the alveolar space. Exposure to O3 and SNO donors led to recruitment of
novel populations to the BAL. Percentages are expressed as % of F4/80+ cells. MP =
Macrophage. p ≤ 0.05 2-way ANOVA, Tukey’s post-hoc test. Bold- significant to Air *significant to O3 # - significant to O3 + ENO
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Table 2.3

%F4/80Cd11b+

%Ly6GLy6C+

%
Ly6G+Ly6C-

%
Ly6G+Ly6C+

Air

1.4 ± 0.5

0 ±0

0±0

0±0

Air + ENO

51.5 ± 6.8

0.3 ± 0.1

26.2 ± 11.3

0±0

Air + SNAC

0±0

0±0

0±0

0±0

Air + SNOPPM

0±0

0±0

0±0

0±0

O3

7.1 ± 1.3

0±0

20.88 ± 1.8

0±0

O3 + ENO

24.31 ± 8.0 *

4.4 ± 1.4*

24.81 ± 9.2

6.0 ± 5.7*

O3 + SNAC

14.1 ± 2.4

0.1 ± 0.1

#

55.6 ± 2.6

25.8 ± 1.7

O3 + SNOPPM

5.2 ± 1.1*

2.0 ± 1.6

38.9 ± 4.9

27.5 ± 3.9

#

#

#

#*

#*

Table 2.3 Markers of Activation in F4/80 Negative Cells in the BAL. Expression of
Ly6G and Ly6C in F4/80-Cd11c-Cd11b+ cells reveal O3 and SNO dependent recruitment of
immature macrophages and PMNs. F4/80-Cd11b+ percentage expressed as % of F4/80cells. Activation markers expressed as percentage as F4/80-Cd11b+ cells. p ≤ 0.05 2-way
ANOVA, Tukey’s post-hoc test. Bold- significant to Air *- significant to O3 # - significant to O3
+ ENO

Effects of Ozone on Cellular Recruitment
We analyzed cell phenotype within the F4/80- population. In O3 treated mice, 9.3 ± 1.8%
of F4/80- cells were Cd11b+ (Table 2.3). Within this Cd11b+ population, exposure to O3
led to increased neutrophils characterized by expression of Ly6G and side scatter
fluorescence. Neutrophils comprised 20.8% ± 1.8% of F4/80-Cd11b+ cells in O3
exposed mice. Treatment with ENO also resulted in an increase in the Cd11b+
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population to 15.5 ± 6.3% and 29.9 ± 6.4% in air and O3 exposed mice, respectively. Of
the F4/80-Cd11b+ population, neutrophils were 26.2 ± 11.3% in air control mice treated
with ENO and 24.39 ± 9.2% in O3 exposed mice, demonstrating that ENO exposure led
to neutrophil infiltration independently of each O3. We also analyzed expression of Ly6C
in these cells, as cells that are F4/80-Cd11b+Ly6C+ are pro-inflammatory, recently
recruited macrophages. Interestingly, this population was only present in ENO treated
mice.
Table 2.4

Tissue Resident
Macrophages

Recruited
Macrophages

Interstitial
Macrophages

Air

8.1 ± 1.6

21.9 ± 3.6

8.7 ± 2.1

Air + ENO

19.8 ± 2.1

21.4 ± 5.9

18.7 ± 4.9

Air + SNAC

19.0 ± 3.4

37.0 ± 4.9

30.3 ± 6.3

Air + SNOPPM

12.6 ± 1.8

34.9 ± 1.4

9.1 ± 0.6

O3

18.7 ± 2.4

25.4 ± 3.5

25.6 ± 7.4

O3 + ENO

15.5 ± 2.6

16.2 ± 3.3

14.5 ± 1.9*

O3 + SNAC

17.3 ± 2.1

44.6 ± 1.9#

24.0 ± 3.1

O3 + SNOPPM

14.3 ± 1.0

47.8 ± 1.5#

15.5 ± 1.2*

Table 2.4 Percentage of Tissue Macrophages Expressing Ly6C. Ly6C expression
was measured of each macrophage population found in lung tissue. SNO donors reduced O3
induced increases in Ly6C expression. Percentages are expressed as % of indicated
population. p ≤ 0.05 2-way ANOVA, Tukey’s post-hoc test. Bold- significant to Air *significant to O3 # - significant to O3 + ENO
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Effects of ENO on Ozone-induced Alterations of the Phenotype of Tissue Associated
Macrophages in the Lung
In order to examine changes in the tissue associated macrophages in response to zone
and ENO we used a tissue digest approach. In control mice 67.3 ± 3.6% of viable
F4/80+ cells were Cd11c+Cd11b-, while 17.0 % ± 4.3 were Cd11c+Cd11b+ (Figure 2.5).
The interstitial macrophages (Cd11c-Cd11b+) compromised 9.7 ± 1.4% of tissue
associated macrophages. Ozone increased the recruited Cd11c+Cd11b+ population to
24.7 ± 5.8% of the tissue population. Administration of ENO resulted in a small
population change with Cd11c+Cd11b- cells contributing 55.9 ± 4.1% compared to 67%
in controls, the recruited cells comprised 31.2 ± 4.7% of F4/80+ tissue associated
macrophages, while interstitial macrophages were unchanged. Treatment of ozone
exposed mice with ENO resulted in 61.1 ± 51% of tissue associated macrophages as
Cd11c+Cd11b-, 16.5 ± 2.6% were Cd11c+Cd11b+, while 16.2 ± 3.3% were Cd11cCd11b+. When we evaluated pro-inflammatory activity, 8.1 ± 1.6% of tissue resident
macrophages were Ly6C+ (Table 2.4). Ly6C+ recruited macrophages contributed 21.9 ±
3.6% of Cd11c+Cd11b+ macrophages while Ly6C+ interstitial macrophages were 8.7 ±
2.1%. Acutely activated Ly6C+ cells comprised 18.7 ± 2.4%, 25.4 ± 3.5%, and 25.6 ±
7.4% in ozone treated mice in resident, recruited, and interstitial populations respectively
while mice administration of ENO following O3, Ly6C+ populations were reduced to 15.5
± 2.6%, 16.2 ± 3.3%, and 14.5 ± 1.9%.
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Figure 2.5

Figure 2.5 Viable, F4/80+ Tissue Expression of Cd11c vs Cd11b. Flow cytometric
analysis of cell recovered from lung tissue following enzymatic digestion, and MACS
selection, shows three distinct populations of macrophages. Exposure to O3 and SNO
donors led to alterations of tissue populations. Percentages are expressed as % of F4/80+
cells. p ≤ 0.05 2-way ANOVA, Tukey’s post-hoc test. Bold- significant to Air *- significant to
O3 # - significant to O3 + ENO

ENO Reduces Ozone-induced Markers of Pro-inflammatory Signaling and Activation.
The reduced expression of Ly6C in F4/80+ macrophages observed in ENO treated mice
prompted us to look at expression of the classic pro-inflammatory makers: iNOS and IL1β. Following O3 exposure, expression of iNOS and IL-1β was increased in both
epithelial cells and macrophages (Figures 2.6 and 2.7). This was reduced in ENO
treated mice.
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Figure 2.6

Figure 2.6 iNOS Immunohistochemical Staining. Left lungs were inflation fixed and
paraffin-embedded. IHC staining reveals increased iNOS staining following O3 which was
reduced by SNO donor administration.
Figure 2.7
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Figure 2.7 IL-1β Immunohistochemical Staining. Left lungs were inflation fixed and
paraffin-embedded. IHC staining reveals increased IL-1β staining following O3 which was
reduced by SNO donor administration.

ENO Reduces Ozone-Induced Increases in Anti-Inflammatory Signaling and Activation
In response to ozone, expression of HO-1 was increased in both epithelial cells and
pulmonary macrophages (Figure 2.8). ENO reduced this response in epithelial cells but
not macrophages. Ym1 is a characteristic of pro-reparative macrophages. An increase
in numbers of Ym1+ macrophages was observed in the lung following ozone exposure.
This was reduced by administration of ENO, potentially indicative of a dampened
reparative and anti-inflammatory response as a result of an ENO mediated reduction in
ozone induced lung injury (Figure 2.9).
Figure 2.8

Figure 2.8 HO-1 Immunohistochemical Staining. Left lungs were inflation fixed and
paraffin-embedded. IHC staining reveals increased HO-1 staining following O3 and SNO
donor administration.

42
Figure 2.9

Figure 2.9 Ym1 Immunohistochemical Staining. Left lungs were inflation fixed and
paraffin-embedded. IHC staining reveals altered expression of Ym1 staining following O3 and
SNO donor administration.

Targeting Unique Thiol Subsets Effectively Reduces Ozone Induced Inflammation.
In our next series of studies, we focused on better understanding of which S-nitrosylated
thiol subsets were responsible for the observed effects of ENO. In these experiments we
treated mice with SNO donors that target distinct thiol groups as opposed to the general
donation by ENO. SNAC targets thiols that are easily accessible as they are found near
the protein surface and have a low pKA. Thiols of this nature are found in proteins such
as STAT-3, p50 subunit of NFκB, and chloride intracellular calcium 4 (153). Furthermore,
as SNAC is rapidly hydrolyzed and thus is unlikely to enter the cell, we assumed that
SNAC would not only target thiols that follow the acid-base motif, but also primarily
extracellular targets. The second compound, SNO-PPM targets thiols that are
hydrophobic, or surrounded by basic residues such as T complex protein 1, Keap1 and
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HMGB1. Based on the biochemical properties of SNOPPM, SNO formation by SNOPPM
will primarily be found within the intracellular region. Both SNAC and SNOPPM reduced
BAL and tissue markers of injury and inflammation induced by ozone exposure. Mice
treated with SNOPPM had the lowest concentrations of both protein and IgM in BAL
(Table 2.1). Histologic scoring confirmed that SNOPPM was also more effective in
reducing injury when compared to SNAC (Figure 2.1). SNOPPM also showed the
greatest reduction in positive staining for markers of injury and cell proliferation, Cyb5
and PCNA (Figures 2.2 and 2.3).

SNOPPM is Most Effective in Reducing Ly6C Expression in Cd11c+Cd11b+ BAL
Macrophages
In contrast to ENO, neither SNOPPM or SNAC caused the recruitment of Cd11cinterstitial macrophages into the lung. As compared to ozone treated mice, which
showed Cd11c+Cd11b+ cells were 11.3% of cells, they comprised 1.6 ± 0.4% following
treatment with SNAC and 2.1 ± 0.4% with SNOPPM (Figure 2.5). Both compounds were
effective in reducing the Cd11c+Cd11b+Ly6C+ macrophages. When ozone exposed
mice were treated with SNAC, Ly6C+ cells were 9.9 ± 4.3% of the Cd11c+Cd11b+
population, while SNOPPM reduced the population to 6.4 ± 1.9% (Table 2.2).

SNAC and SNOPPM Increase the Percentage of F4/80-Cd11b+Ly6C+Ly6G+
Macrophages in the Lung Following Ozone Exposure
In contrast to ENO, administration of SNAC and SNOPPM to air control mice had no
effect on Ly6G+ neutrophils (Table 2.3). O3 induced neutrophilia was reduced with
administration of both compounds. Pro-inflammatory Ly6C macrophages were also
decreased in both SNAC and SNOPPM treated mice that were exposed to O3; however,
a novel population of Ly6G+Ly6C+ macrophages was observed in response to O3.
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SNOPPM but not SNAP Reduces Ly6C Expression in Interstitial Cd11c-Cd11b+
Macrophages
We next investigated Ly6C expression in the two populations of tissue macrophages that
were responsive to ozone and ENO (Cd11c+Cd11b+ and Cd11c-Cd11b+). Neither
SNAC nor SNOPPM reduced the Ly6C+ population of Cd11c+Cd11b+ cells following
ozone; however, SNOPPM, but not SNAP effectively reduced Cd11c-Cd11b+Ly6C+
cells to 8.1 ± 2.8% of the total tissue associated macrophages (Table 2.4).

Both SNAC and SNOPPM Reduce Pro-inflammatory Signaling Following Ozone
Exposure
Consistent with the findings of reduced inflammation and injury, both SNAC and
SNOPPM reduced the ozone induced increased expression of iNOS and IL-1β in both
macrophages and epithelial cells (Figure 2.6 and 2.7).

SNOPPM Increases Anti-inflammatory Signaling Following Ozone Exposure
SNOPPM appeared to have similar effects on HO-1 expression following ozone as ENO.
Administration of SNOPPM increased HO-1 expression in macrophages with reduced
positive staining found in the tissue (Figure 2.8 and Figure 2.9). In contrast, SNAC
administration reduced positive HO-1 staining in primarily macrophages with HO-1
expression still found in pulmonary epithelial cells. Both SNAC and SNOPPM reduced
the ozone induced increase of Ym1 positive macrophages.

2.5 Discussion
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Inappropriate or dysregulated activation of macrophages and excessive proinflammatory signaling lead to diseases characterized by tissue injury resulting
from high levels of RONS production, while excess anti-inflammatory signaling
leads to diseases characterized by excess tissue remodeling (34, 41, 143).
Studies have shown that macrophages adopt a pro-inflammatory activation state
24-48 hours following ozone (145). iNOS expression and activity has been long
associated with macrophage pro-inflammatory activation. Nitric oxide can have
effects through multiple mechanisms, however, there has been a growing
acknowledgement of S-nitrosylation as a mechanism of NO-mediated signaling
(3, 106, 156). Therefore, we investigated the effects of increased S-nitrosylation
on macrophage activation and lung injury following exposure to O3. Using ENO
as a general SNO donor, and SNAC and SNOPPM to target extracellular and
intracellular thiols respectively, we found that administration of all three
compounds reduced markers of oxidative stress, epithelial cell proliferation
following insult, and indicators of lung leakage in the BAL. We also observed
reduced pro-inflammatory macrophage activation in distinct subsets following
SNO donor administration, with different subsets targeted by each donor.
The contribution of iNOS derived NO to the post-ozone inflammatory
response has been unclear as studies using O3 exposed iNOS-/- mice show
opposing results (117, 157). NO’s dual and complicated role in inflammatory
signaling is further demonstrated in other models of inflammation such as
bleomycin where iNOS-/- mice show improved inflammation but worsened fibrosis
8 and 21 days following the intratracheal instillation of bleomycin (126). This is
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likely due in part to NO’s reactivity to a wide variety of targets including thiols,
and the importance of NO’s activity for the proper resolution of an initiated
inflammatory response. Loss of iNOS derived NO undoubtedly leads to
dysregulation of inflammatory signaling as seen in the altered response in
models of iNOS inhibition and ablation (158-160). In the current studies we the
effects of increasing NO’s propensity to react with thiols, reducing the potential
for the formation of nitrosyl metals, and higher order nitrogen oxides.
We first sought to determine whether increased SNO formation would decrease
the markers of injury that are upregulated following ozone exposure. We found that
administration of all three SNO donors reduced ozone-induced markers of oxidative
stress, epithelial cell proliferation following insult, and indicators of lung leakage in the
BAL. These finding demonstrate that increased SNO formation reduced O3 induced lung
inflammation.
We next assessed potential mechanisms underlying the ability of SNO donor
administration mediated decreases in O3-induced lung injury. It is our proposal that

SNO-mediated reduction of lung injury is mediated, at least in part, via reduced
inflammatory activation of macrophages. Consistent with previous studies, we
found that O3 increased the presence of Cd11b+ macrophages recovered from
the BAL and increased the expression of Ly6C in this population of cells.
Administration of SNO donors reduced the population of Ly6C+ cells retrieved
from the BAL following O3. These findings were consistent in Cd11b+
macrophages found in lung tissue as well, with the most pronounced effect on
the interstitial macrophages that were Cd11c-. We found these changes also led
to reduced expression of both classical markers of pro-inflammatory signaling
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and markers associated with reparative signaling. Treatment with all three SNO
compounds reduced expression of iNOS, IL-1𝛽, YM-1 and HO-1 with the
reduction in reparative signaling likely being a consequence of SNO induced
reduction in injury.

In this study we used three chemically distinct SNO donors to observe
their effects on the response to O3. ENO is a general SNO donor, that
preferentially donates a nitrosonium ion to thiols as compared to additional
available targets. There is currently no literature to suggest that ENO displays
any unique thiol specificity or potentially has its own biochemical mechanism of
SNO formation, thus SNO donation by ENO would only be bound by biochemical
permissibility. Interestingly, ENO administration led to increased cellular
recruitment into the alveolar space. Both air controls and O3 exposed mice that
received ENO had a novel population of Cd11c-Cd11b+ cells in the BAL. Based
on the cell populations recovered from the tissue it is presumable that these are
interstitial macrophages that entered the alveolar space in response to ENO as
these populations were reduced in the tissue. These macrophages also failed to
gain Cd11c expression despite being in the alveolar space, potentially
suggesting that ENO directed SNO formation may regulate macrophage maturity.
This cellular recruitment was not only limited to macrophages, but also led to the
recruitment of F4/80-Cd11b+Ly6G+SShi neutrophils. The ENO-mediated
neutrophilia was comparable to that of, and unaffected by O3 exposure. And
while administration of ENO reduced markers of injury, and pro-inflammatory
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macrophage activation following O3, in air controls ENO led to increased
expression of markers of pro-reparative macrophages (Ym1, HO-1) but not
markers of injury and/or oxidative stress (BAL measures and tissue Cyb5 and
PCNA). Taken together, these findings indicate that under homeostatic
conditions, increased SNO formation through ENO administration alters
inflammatory signaling, leading to increased recruitment to the lung.
To better understand our observations following ENO we sought to target
specific thiol subsets with the two SNO donors SNAC and SNOPPM. SNO motifs
place thiols in specific subsets based on a variety of factors including location
and biochemical properties of the cysteine and its surroundings. SNAC quickly
donates nitrosonium ions to potential targets including thiols. Because of its short
half-life and rapid hydrolyzation, it is unlikely that SNAC would enter the cell thus
primarily targeting extracellular thiols. In contrast, based on its hydrophobicity,
SNOPPM should be capable of crossing the cell membrane, and has a longer
half-life than that of SNAC, thus would be more effective at targeting intracellular
thiols than SNAC. As well as the differential ability to enter the cell, SNOPPM is
more reactive with thiol residues in hydrophobic regions of the target proteins,
while SNAC is more reactive with charged surface accessible thiols.
While both compounds effectively reproduced ENO’s effects on ozoneinduced inflammation and macrophage activation, the mechanism by which they
achieved this is unlikely the same. Some effects that were seen in ENO were
observable uniquely in SNAC or SNOPPM treated mice. We observed increased
HO-1 staining at baseline with ENO and SNOPPM but not with SNAC. This
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further supports our hypothesis that SNOPPM would preferentially target
intracellular targets. There are a number of targets that may explain this finding.
One that seems especially relevant is Keap1. It is proposed that upon SNO
formation, Keap1 is unable to inhibit Nrf2, allowing for increased nuclear
translocation, and HO-1 expression is regulated in part by Nrf2.
Based on our findings, it would appear that thiols targeted by SNOPPM may be
the most effective at reducing acute lung injury, followed by those altered by
ENO administration which has already proven beneficial in clinical settings. While
much still needs to be understood about the regulation and site directed
specificity of SNO formation, these findings add to previous studies that
demonstrate that macrophage phenotype, and NO metabolism in part mediate
the pulmonary inflammatory response (41, 117, 126). Discovering the specific
SNO dependent inflammatory pathways that have been altered by each of these
compounds in response to O3 is certainly a plausible next step. There exists a
plethora tools to aid in this analysis including, investigating these pathways in the
specific macrophage populations that are altered in response to O3 and SNO
compounds, as opposed to the entire population in which these minor changes
may be lost.
Using three distinct SNO donors, we have found that increased SNO
formation reduced O3 induced lung injury as well as reduced pro-inflammatory
macrophage activation 48 hours following exposure. SNOPPM was the most
effective at reducing markers of injury, followed by ENO. Furthermore, we found
that each SNO donor had distinct effects on macrophage populations with

50
reductions in pro-inflammatory macrophage activations occurring in a compound
dependent manner. ENO reduced Ly6C expression in tissue associated
macrophages, while SNAC and SNOPPM reduced Ly6C expression in
macrophages from both the tissue and alveolar compartments. Overall these
data demonstrate that increased S-nitrosylation effectively reduces proinflammatory macrophage activation and lung injury following O3 exposure.
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Chapter 3: Increased Intracellular SNO Formation in Bleomycyin Induced Fibrosis
and Inflammation
3.1 Abstract
In this study we examined how inhibition of GSNOR altered pulmonary fibrosis and
acute lung injury as a result of intratracheal bleomycin (ITB) administration, a model
known to be modulated by iNOS function. In the absence of iNOS, acute injury is
reduced but long-term fibrosis is exacerbated, likely due to failure to resolve the
preceding inflammation. A number of pro-inflammatory targets involved in the
inflammatory process are inhibited by SNO formation such as NF-κB, while protective
mechanisms such as Keap-1, are activated. Thus, we hypothesized that inhibition of
GSNOR would reduce fibrosis and inflammation in ITB through increased
SNO formation. 8-12 week old, male C57BL6/J mice were administered 3 U/kg ITB or
saline. Mice received the GSNOR inhibitor N6022 (or saline) every 48hrs from days 8-21
(fibrotic endpoint) by i.p injection, or daily from days 0-8 (at the peak of inflammation).
RT-qPCR analysis of cells from broncho-alveolar lavage fluid revealed altered
inflammatory signaling 21 days post ITB. N6022 administration reduced expression of
inflammatory genes with the exception of Arg1, which remained unchanged compared to
saline treatment. However, analysis of histology, and additional fibrotic markers revealed
no reduction in fibrosis as a result of N6022 administration. At day 8, N6022 treated
animals that received ITB had a reduced median inflammatory score compared to their
saline controls indicating that increased SNO formation reduced the injury response.
Taken together, it appears that increased GSNO reduces inflammation without affecting
fibrosis in the ITB model.

3.2 Introduction
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Intratracheal bleomycin (ITB) has been used extensively as a model of acute pulmonary
injury and consequent fibrosis. It has been shown that NO generated from the iducible
isoform of nitric oxide synthase (iNOS) is a critical component of the inflammation that
results from ITB. Recent work from this laboratory has established that iNOS derived NO
is not only critical to the inflammation that results from ITB but also plays a role in its
resolution. Thus iNOS inhibition reduces inflammation but exacerbates fibrosis (126).
However, the molecular mechanisms by which iNOS-derived NO can have these
opposing functions are unknown. NO is capable of modifying a range of biomolecules
including both proteins and lipids. A key modification is the nitrosylation of cysteine thiols
to produce a S-nitrosothiol (SNO). One of the principle mediators of protein SNOformation is S-nitrosoglutathione (GSNO), whose intracellular concentration is regulated
by GSNO reductase (GSNOR). Within the pro-inflammatory signaling pathways of
macrophages there are a number of proteins that are known targets of S-nitrosylation
and whose function is inhibited by SNO formation, including NF-kB. We have chosen to
investigate our proposal by examining the effects of administration of a GSNOR inhibitor,
N6022 on ITB responses, in general inflammatory and macrophage specific gene
expression. Our specific research hypothesis is that GSNOR inhibition aids in resolution
from injury reducing fibrosis and reduces acute inflammatory activation in response to
ITB. It is the goal of this research to investigate how the role of NO, and its associated
protein modifications, regulates macrophage and inflammatory signaling in response to
bleomycin-induced injury. Macrophages are activated along a spectrum of phenotypes
ranging from pro-inflammatory to pro-reparative. Balance between both activation states
is a key aspect to regulating the response of airway macrophages to stimulation such
that an appropriate response is initiated and ultimately terminated. iNOS and INOSderived NO are critical determinants of macrophage activation. Expression of iNOS is
used as a marker of pro-inflammatory activation; however, it is also possible that iNOS is
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critical to maintaining the balance between the two phenotypes. A key component of
iNOS signaling is the formation of SNOs and this study examines how altering the SNO
pool alters macrophage activation, fibrosis and inflammation subsequent to ITB
administration.

3.3 Methods
ITB Model and N6022 Administration
Male, 8 week old C57bl/6 mice were obtained from Jackson laboratories and housed in
the Animal Care Facility of Rutgers University under standard conditions with food and
water given ab libitum. Mice received either sterile, lipopolysaccharide (LPS)-free saline
or 3.0 units of Bleomycin sulfate dissolved in 50uL of saline intratracheally. This protocol
was approved by the Rutgers University Institutional Animal Care and Use Committee
(IACUC) and conducted in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health.
Fibrotic Signaling
Mice began receiving 0.5-1.2mg/kg of the S-nitrosoglutathione Reducatase
(GSNOR) inhibitor N6022 (Cayman Chemicals) in DMSO on day 0 (day of
administration) by i.p injection in 50𝜇L of saline every 48hrs 8 days post-ITB and
were sacrificed on day 21.
Inflammatory Signaling
Mice began receiving 1.8mg/kg of the S-nitrosoglutathione Reducatase
(GSNOR) inhibitor N6022 (Cayman Chemicals) in DMSO on day 0 (day of
administration) of by i.p injection in 50𝜇L of saline every 24hr. Mice were
sacrificed on day 8 post-ITB.
Histopathology
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Left lung lobes were inflation fixed with 1mL of 3% paraformaldehyde and 2% sucrose
and processed for paraffin embedding. Sections were stained with Hematoxylin and
Eosin, and Masson’s trichrome stain to assess fibrosis. Inflammation was assessed on
severity and area of involvement and given an overall score ranging from 0-4. Area of
involvement was calculated using ImageJ software. Inflammation was assessed by
criteria that included the severity of the inflammation (based on criteria that included
cellular infiltrate, airway hypertrophy, septal thickening, and loss of pulmonary acini) as
well as how much of the lung was affected by inflammation relative to the total lung area.
Severity of fibrosis was assessed by the same criteria with the addition of collagen
deposition.
Histochemistry
Tissue protein expression was also analyzed by immunohistochemistry. Paraffin
embedded sections were deparaffinized with xylene and rehydrated with ethanol.
Heated sodium citrate was used for antigen retrieval followed by endogenous
peroxidase quench. Sections were blocked in 10% goat serum in PBS and incubated in
primary antibody overnight in 10% serum in PBS. Slides were washed with 0.1-0.5%
Tween20 in PBS and incubated in rabbit IgG secondary antibody for an hour, followed
by washing. Sections were visualized using DAB.
BAL
Lungs were washed 5 times using the 1+4 method to recover BAL fluid and cells. Cells
were counted by Beckman Coulter cell counter and 30,000 cells obtained from BALF
were spun onto slides using the Thermo Shandon Cytospin-4 at 800rpm for 3 minutes
and cells stained for identification with Kwik-Diff solutions. Cell differentials were
obtained by counting 5 fields at 20X magnification. Cell counts and mean cell diameters
were obtained using the Beckman Coulter particle counter. BAL protein concentration
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was measured using the Bio-Rad Bradford Assay as described in manufacturer’s
instructions.
RNA Extraction, and RT-qPCR
RNA was extracted rom alveolar immune cells obtained from broncho-alveolar lavage
fluid from control and N6022 treated mice through Trizol and chloroform extraction. The
aqueous phase was separated and precipitated with 2-propanolol and washed with 75%
ethanol. RNA was then dissolved in Ultrapure RNAse and DNAse free water and
converted to cDNA with Taqman Reverse Transcription Reagent kit. RT-qPCR was
performed with the ABI Prism 7300 Sequence Detection System for the following target
genes: Il-1β (Mm00434228_pro-inflammatory), Arg1 (Mm00475988_pro-inflammatory),
Nos2 (Mm00475988_pro-inflammatory), Il-6 (Mm00475988_pro-inflammatory), Il-10
(Mm01288386_pro-inflammatory), and Ccl2 (Mm00441242_pro-inflammatory) with βactin (Mm02619580_g1) as a control. Fold changes were calculated using the ΔΔCt
method.
Western Blot
Tissue homogenate was generated and protein content measured as previously
described. 20𝜇g of homogenates were run on 4–12% Novex Bis-Tris gels (Invitrogen,
San Diego, CA) and then transferred onto nitrocellulose membranes. Nonspecific
binding was blocked by incubation of the blots with 5% non-fat dry milk in Tris-buffered
saline/Tween-20 (20 mM Tris Base, pH 7.6, 137 mM sodium chloride, and 0.1% Tween
20) for 1hr RT. Membranes were incubated overnight at 4°C with primary antibodies
(1:1000) in 1% non-fat dry milk in 0.5% Tris-buffered saline/Tween-20, washed three
times, and then incubated for 1hr at RT with HRP-conjugated secondary antibody
(1:5000), diluted in1% non-fat dry milk in 0.5% Tris-buffered saline/Tween-20. Bands
were developed using an ECL detection system (GE Healthcare Biosciences,
Piscataway, NJ). Densitometry was analyzed using ImageJ Software.
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Bone Marrow Derived Macrophages
BMDMs were harvested from the tibias and fibulas from mature C57bl/6 mice. Cells
were plated at a density of 1*106 cells/mL. Cells were grown in 20ng/mL of M-CSF for 5
days before exposure. BMDMs were treated with 5µM of N6022, 100ngmL of LPS or a
combination of both treatments.
Statistical Analysis
Non-parametrical data was analyzed by Krusal-Wallis testing with Wilcoxon Rank Sum
post-hoc analysis. Parametrical data was analyzed by ANOVA.

3.4 Results
N6022 Does Not Reduce Bleomycin Induced Fibrosis
Histological analysis of Masson Trichrome stains from mice receiving 0.5mg/kg or
0.75mg/kg of N6022 every 48hrs 8-21 days post ITB did not reveal any marked
difference in the levels of collagen deposition based on the presence of blue stain 21
days following intratracheal instillation of bleomycin (Figure 3.1). Panel a. shows no
discernable differences in the deposition of collagen with N6022 treatment. In Panel b,
levels of hydroxyproline confirmed histological findings, with no statistically significant
differences in collagen content. Immunohistochemical staining for markers associated
with collagen deposition, and fibroblast activation revealed no differences in the quantity
of the positive stain observed, there were some qualitative differences observed with the
administration of N6022.
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Figure 3.1

Figure 3.1. Increased Collagen Deposition 21 Days Post ITB. Left lungs were inflation fixed
and paraffin-embedded. Masson’s Trichrome staining reveals characteristic peribronchial and
perivascular inflammation as well increased collagen deposition. Panel B. shows tissue
hydroxyproline concentrations. Both measures of fibrosis indicate no change with N6022
administration. Mice received 0.5mg/kg or 0.75mg/kg of N6022 every 48 hours on days 8-21 post
ITB.

Both treated and untreated mice showed positive TGF-β staining in macrophages and in
the parenchyma (top panel, Figure 3.2). N6022 treated mice showed increased epithelial
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staining in the alveolar space, while untreated mice showed reduced epithelial staining,
with increased positive signal in areas of collagen deposition. Similarly, the expression of
vimentin was altered by N6022. N6022 treated mice showed reduced vimentin positive
fibroblasts and reduced vimentin staining in areas of collagen deposition as seen in the
lower panel. Mice from both groups showed vimentin positive macrophages. These
qualitative differences in N6022 treated mice pointed toward altered inflammatory
signaling following inhibition of GSNOR 21 days following bleomycin.
Figure 3.2

Figure 3.2 Increased Pro-Fibrotic Markers 21 Days Post ITB. Left lungs were inflation
fixed and paraffin-embedded. IHC staining reveals increased TGF-β and Vimentin signaling 21
days post-ITB. N6022 administration leads to altered TGF-β staining pattern.

Inhibition of GSNOR Alters Inflammatory Signaling in Alveolar Macrophages
Analysis of inflammatory signaling by RT-qPCR revealed that N6022’s inhibition of
GSNOR altered signaling in these cells (Table 3.1). Macrophage phenotype may be
inferred in part by expression of two key enzymes iNOS and Arginase. Both of these
enzymes utilize arginine to generate their final products. Pro-inflammatory macrophages
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express higher levels of iNOS when compared to Arginase while anti-inflammatory
macrophages express higher levels of Arginase as opposed to iNOS. As anticipated
during the fibrotic phase 21 days following bleomycin in both untreated and N6022
treated mice, expression of Arg1, the gene which encodes for Arginase I was highly
upregulated as compared to both control groups (88, and 82 fold respectively).
Expression of Nos2, was slightly upregulated 21 days post-ITB (1-fold); however, this
increase was reduced in N6022 treated mice (0.5- fold). Expression of the gene
encoding the chemoattractant ligand to the receptor CCR2 Ccl2 was increased 5-fold
over controls following bleomycin but this upregulation was not affected by N6022
administration. Gene transcription levels of key inflammatory signaling proteins Il-6 and
Il-1β were induced by bleomycin but reduced in N6022 treated mice. Bleomycin led to a
4-fold increase in Il-6, which was reduced to a 2-fold increase with administration of
N6022. Inhibition of GSNOR also reduced the 7-fold bleomycin-induced increase in Il-1β
expression to 0.3-fold. This reduction in general inflammatory signaling genes such as Il6, coupled with the reduction in Il-1β and Nos2 in N6022 treated mice 21 days following
bleomycin suggests that these alveolar macrophages are further polarized toward a proreparative phenotype.
Table 3.1

Sal/Inhib

Bleo/Sal

Bleo/Inhib

iNOS

0.72 ± 0.49

1.12 ±0.35

0.46 ± 0.23

Arginase 1

1.5 ±0.6

87.56 ±0.88*

82.23 ±0.88*

Il-6

1 ±0.4

4.03 ± 1.0

1.89 ±0.91

Ccl2

0.5 ± 0.13

5.15 ± 0.95

4.47 ±0.98
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Il-1β

1.5 ± 0.7

6.67 ±0.88

0.27 ±0.38

Table 3.1 RT-qPCR of Alveolar Macrophages. Macrophages recovered from alveolar
space were phenotyped by RT-qPCR. Fold change calculated by ΔΔCt method to Sal/Sal
controls. p ≤ 0.05 1-way ANOVA, Bon Ferroni post-hoc test. *- significant to Sal/Sal Boldsignificant to Bleo/Sal.

Inhibition of GSNOR Reduces Pro-inflammatory Macrophage Activation In Vitro
BMDMs were harvested from the tibias and femurs of 8-12-week-old C57bl/6 mice. Cells
were matured into a macrophage phenotype with M-CSF and exposed to 100ng/mL of
LPS or vehicle with or without 5μM of N6022. BMDMs were analyzed by flow cytometry
first based on their expression of F4/80 and CD11b (Table 3.2).
Without treatment, 76.9 ± 7.8% were mature, F4/80+ macrophages with 96.6 ± 0.7% of
F4/80+ cells expressing CD11b. The majority of these cells were not activated as only
16.3 ± 3.1% were positive for the pro-inflammatory marker Ly6C, and 9.0 ± 3.1% were
positive for pro-reparative marker CD206. Administration of N6022 led to an increase of
mature macrophages as 84.5 ± 1.8% were F4/80+ and 97.9 ± 0.4% of these were
CD11b+. Administration of N6022 to BMDMs led to a modest reduction of expression of
Ly6C as 13.9 ± 4.5% were positive for Ly6C while expression of CD206 remained
consistent at 9.3 ± 0.9%. LPS increased the maturity of BMDMs as now 88.3 ± 2.6%
were F4/80+ but LPS reduced the expression of CD11b present in mature F4/80+
macrophages to 88.3 ± 2.8%. After exposure to LPS, Ly6C expression increased as
19.3 ± 1.1% of macrophages were activated, while CD206 expression also increased to
12.6 ± 1.8%. Administration of N6022 following stimulation with LPS led to the highest
increase in maturity as 91.2 ± 0.4% of BMDMs were F4/80+. N6022 administration
increased CD11b expression of F4/80/+ cells compared to both control and LPS
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exposed cells, with 98.0 ± 0.5% of mature macrophages expressing CD11b. While,
N6022 did not alter expression of CD206 (13.5 ± 0.9%), expression of Ly6C was
reduced in response to LPS with N6022 as 12.9 ± 1.1% of F4/80+CD11b+ BMDMs
demonstrated pro-inflammatory activation in response to LPS compared to 19% in
untreated cells. Coupled with the previous 21 day findings, this reduction in Ly6C
expression was indicative that inhibition of GSNOR would potentially be effective in
reducing bleomycin-induced acute lung inflammation.
Table 3.2

%
%
%F4/80+CD11b+ %F4/80+CD11b+
F4/80+ F4/80+CD11b+
Ly6C+
CD206+
Untreated

76.9 ±
7.8

96.6 ± 0.7

16.3 ± 3.1

9.0 ± 3.1

+ N6022

84.5 ±
1.8

97.9 ± 0.4

13.9 ± 4.5

9.3 ± 0.9

+ LPS

88.3 ±
2.6

88.3 ± 2.8

19.4 ± 1.1

12.6 ± 1.8

+ LPS
and
N6022

91.2 ±
0.4

98.0 ± 0.5

12.9 ± 1.1

13.5 ± 0.9

Table 3.2 FACS Analysis of Bone Marrow Derived Macrophages. Macrophages were
matured in 20ng/mL M-CSF and exposed to 100 ng/mL LPS and/or 5µM N6022. Expression of
F4/80, CD11b, Ly6C and CD206 were analyzed.

Inhibition of GSNOR Reduces Histological Inflammatory Scores 8 Days Post-ITB
Based on the findings of N6022’s effects on alveolar macrophages, we hypothesized
that these changes may be beneficial during the pro-inflammatory signaling phase of
bleomycin. Thus, we gave 1.2mg/kg of N6022 every 24hrs starting on the day of
instillation. Histopathological assessment of H&E stained sections revealed reduced
inflammation in the lungs of N6022 treated mice. The median inflammatory scores for
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mice receiving saline following bleomycin administration was 15 with a range of 6-20
while N6022 treated mice had a median score of 9 with a range of 1-21, N6022 reduced
the characteristic peribronchial and perivascular inflammatory cell infiltration that is
typically observed 8 days following bleomycin (Figure 3.3). As shown in the lower right
panel of Figure 3.3, N6022 administration led to a modest reduction in the concentration
of total protein measured in the BAL, from 390 ± 45μg/mL to 334 ± 52μg/mL.
Figure 3.3

Figure 3.3 Increased Inflammation 8 Days Following ITB. Left lungs were inflation fixed
and paraffin-embedded. A and B. H&E staining reveals increased perivascular and
peribronchiolar inflammation 8 days post-ITB. C. Total BAL protein concentration was also
increased. p ≤ 0.05 1-way ANOVA, Bon Ferroni post-hoc test. *- significant to Sal/Sal Boldsignificant to Bleo/Sal

N6022 Administration Does Not Alter Inflammatory Cell Recruitment
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Bleomycin-induced increases in cell counts were not affected by administration of N6022
8 days post-ITB (Figure 3.4). Also, administration of N6022 did not alter cell differentials
as assessed by cytospins (lower left panel, Figure 3.4). The lack of N6022 dependent
alteration of cellular recruitment was confirmed by expression of CD11b, a surface
integrin associated with chemotaxis and activation, N6022 did not affect the bleomycininduced increase in CD11b expression.
Figure 3.4

Figure 3.4 BAL Cell Recruitment 8 days Following ITB. Lungs were lavaged and cells
recovered. Upper and lower left panels show cell counts by Beckman Coulter and cell
differentials by cytospins respectively. Paraffin-embedded left lungs were stained by IHC
for CD11b expression showing unchanged recruitment into the alveolar space and tissue
by N6022.

N6022 Alters Macrophage Activation in Response to Bleomycin Eight Days Post-ITB
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Macrophage size is a good indicator of activation. As anticipated and viewed in the left
panel of Figure 3.5, administration of bleomycin led to the induction of a larger
population of cells with a diameter of 4-10μm as assessed by Beckman Coulter Cell
Counter where macrophages are experimentally observed in the 4-20μm range based
on this machine. The average mean cell diameter (MCD) of bleomycin mice receiving
saline was 6μm. Administration of N6022 to mice receiving bleomycin caused a leftward
shift in cell diameter, with the average MCD being reduced to 5.8μm. Also worth noting,
N6022 led to an increase in the macrophage population with a 4-5μm diameter. In
N6022 treated mice, the population count for this macrophage population was increased
to 15*106 cells/mL as compared to 5*106 cells/mL in saline treated mice following
bleomycin. Based on the finding that cell recruitment to the alveolar space was
unaltered, but activation was decreased, we looked at inflammatory signaling in the lung
tissue. When pro-inflammatory markers were observed, N6022 led to a reduction of the
bleomycin-induced increase of iNOS and IL-1β found in both epithelial cells as well as
macrophages (Figure 3.7). We also found that increased levels of GSNO reduced the
presence of COX-2 positive macrophages in both saline and bleomycin treated mice. In
contrast, we found that N6022 did not alter the expression of the anti-inflammatory
macrophage marker Ym1.
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Figure 3.5

Figure 3.5 BAL Cell Size Following ITB. Lungs were lavaged and cells recovered. Left
panel shows cell size and count by Beckman Coulter Counter with a novel population present
following N6022 administration. Right panel shows mean cell diameters of alveolar macrophages,
with additional sizing by cytospin.
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Figure 3.6

Figure 3.6 Tissue Macrophage Immunophenotyping. IHC expression of pro- and antiinflammatory macrophage markers. N6022 reduced pro-inflammatory markers while keeping
levels of Ym1 unchanged in response to bleomycin.

STAT3 Activation Is Reduced in N6022 Treated Mice
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Based on the reduction of Il-6 previously found we explored activation of the IL-6/STAT3
pathway. STAT3 is also a substrate for S-nitrosylation, and S-nitrosylation of STAT3
opposes activation by phosphorylation (156). Lung tissue lysate was probed by western
blot for Phospho-STAT3 expression (Figure 3.8). We found that administration of
bleomycin increased Phospho-STAT3 expression indicative of increased activation. This
increase was reduced by the presence of N6022. We confirmed that N6022 did not alter
overall STAT3 expression.
Figure 3.7

Figure 3.7 Tissue Expression of STAT3. Western Blot of tissue homogenates probed for
the activated, phosphorylated form of STAT3 as well as total STAT3. Bleomycin increased levels
of P-STAT3 which was reduced by N6022 administration.

3.5 Discussion
ITB has long served as a model of inflammation and fibrosis. We previously used this
model to understand the role of iNOS and iNOS derived NO in ITB. Using iNOS-/- mice
we found that loss of iNOS led to improved inflammation 8 days following bleomycin;
however, the fibrosis is ultimately worsened (126). Based on these findings, we
hypothesized that iNOS derived NO was key to the successful resolution of inflammation
and highly relevant to fibrotic signaling. Thus, we hypothesized that the worsened
fibrosis was due to a loss of S-nitrosylation, especially as levels of NO are reduced
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during the fibrotic phase as opposed to the preceding inflammatory phase. Therefore we
sought to improve ITB induced fibrosis through increasing S-nitrosylation by inhibiting
degradation of GSNO.
Observed changes in macrophage phenotype induced by increased levels of GSNO 21
days post ITB were not accompanied by changes in collagen deposition. These results
on the effects GSNOR inhibition on bleomycin induced fibrosis are in contrast with the
currently published and similarly designed study (161). Despite the similarities in
experimental model, we found opposing results. First this study uses a different inhibitor
of GSNOR named SPL-334, which may have an ADME profile distinct from N6022.
Additionally, Luzina and colleagues administered a standard dose of 0.075U of
bleomycin to 8-12 week old mice while we dosed based on current body weight for a
dose of 3U/kg. The use of standard dosing in this study may have led to animals of lower
mass receiving higher doses of bleomycin. In our model, we typically do not see
changes in animal body weight following the cessation of the acute inflammatory
response to ITB while this study reports body weight loss that is improved by inhibition of
GSNOR. Another indication that our findings may be due to model differences can be
found in the cell differentials. Cells recovered from BAL 21 days following bleomycin are
still predominantly macrophages while Luzina and colleagues recover fewer cells, and
observe the presence of lymphocytes while we find that lymphocytes remain in the
tissue and are observable in histological sections only.
Twenty-one days following bleomycin, macrophages were polarized toward an proreparative phenotype consistent with pro-fibrotic signaling. Bleomycin also induced
expression of genes downstream from key regulators of inflammatory signaling (Il-1β
and Il-6). Increased levels of GSNO reduced these changes, but interestingly did not
alter the recruitment as assessed by the type or number of cells recruited into the
alveolar space. As N6022’s effects on macrophage activation were skewed toward pro-
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reparative activation, it was surprising that this shift in activation did not worsen
bleomycin-induced fibrosis.
We surmised that these effects would be beneficial during the peak of inflammation 8
days following bleomycin. Eight days post-ITB, N6022 reduced macrophage activation
when assessed by size, and expression of pro-inflammatory markers iNOS, COX-2, and
IL-1β. These changes in macrophage phenotype potentially contributed to the decrease
in the observed overall inflammation. These findings were consistent with previous
findings with that inhibition of GSNOR leads to down-regulation of pro-inflammatory
genes (162). This study also found an upregulation in Nrf2 dependent antioxidant
signaling; however, we did not explore this avenue especially as overall Ym1 proinflammatory expression, a marker typically expressed on anti-inflammatory
macrophages remained unchanged.
The effects of inhibiting GSNOR are distinct from the changes induced by genetic
ablation of GSNOR. Our own lab has found that loss of GSNOR alters the SNO
proteome, as GSNOR-/- mice have a unique population of SNO-ed proteins not found in
wild type or iNOS-/- mice (unpublished data). These changes in the SNO proteome may
potentially explain some of the observed phenotypes such as spontaneous liver
carcinoma (163), and the increased susceptibility of GSNOR-/- mice to LPS toxicity (164).
The phenotypes associated with GSNOR deficiency as opposed to inhibition further
demonstrate the importance and complexity of S-nitrosylation.
The exact pathways that may contribute to our observed findings have yet to be
explored. The relevant pathways to each phase of signaling in ITB, as well as in
additional models that are altered by inhibition of GSNOR/ increased S-nitrosylation are
certainly avenues worth exploring as it is unlikely that they all contribute equally to each
disease state. The significance of differences in signaling during the progression of the
inflammatory response is partially demonstrated by our own findings as macrophage
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size remained unchanged in the fibrotic phase following ITB; however, it was reduced
during the inflammatory phase. Additionally, fibrosis is typically associated with M2/Th2
biased inflammatory response, yet we found no change in collagen deposition with
N6022 administration despite increasing M2-likeness in macrophages. However,
inhibition of GSNOR with various compounds including N6022 has been found to reduce
asthmatic and allergen responses in the mouse lung and these disease states are also
associated with a Th2 biased response, again demonstrating the need for understanding
of specific signaling mechanisms (165-167).
To summarize, our findings demonstrate that S-nitrosylation has a role in regulation
inflammatory signals that also affect macrophage phenotype. Macrophage activation has
long been an appreciated target for disease intervention. GSNO mediated S-nitrosylation
presents an additional avenue through which macrophage activation and inflammatory
signaling may be altered. Inhibition of GSNOR allows for the potentiation of NO
dependent signaling without changing overall levels of NO. Our macrophage specific
findings are consistent with currently published data, and further lend to the exploration
of which specific pathways would contribute to our findings.
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Chapter 4: Inhibition of S-nitrosoglutathione Reductase in Lewis Lung Carcinoma
4.1 Abstract
The Lewis Lung Carcinoma (LLC) model allows for study of tumor progression in an
immunocompetent model.
Tumor development requires suppression of the immune system and is achieved in part
by altering macrophage phenotype. The pathways by which the tumor microenvironment
alters macrophage phenotype are targets for S-nitrosylation such as NFk-B, STAT3, and
HIF-1α. Thus, we sought to determine if increased intracellular S-nitrosylation would
oppose LLC induced changes on macrophage phenotype. To achieve this, we increased
levels of GSNO through inhibition of GSNOR with N60222. Daily treatment with N6022
following injection of LLC cells, led to reduced tumor size when compared to untreated
mice. In mice treated with N6022, recruitment of additional immune cell types was
altered included immature macrophages, eosinophils, and neutrophils. Activation state of
recruited and resident lung populations was also altered by LLC cells, and subsequently
changed by administration of N6022.

4.2 Introduction
The effects of the tumor microenvironment on the immune response are two-fold and are
immunosuppressive by two primary mechanisms: evasive to avoid detection by the
immune system or permissive by exploiting cellular functions that are conducive for
tumor growth (168). In response to tumor growth, macrophages adopt unique
phenotypes and have been termed tumor associated and/or infiltrating macrophages
(TAMs and TILs), and myeloid derived suppressor cells (MDSCs). As inflammatory
signaling progresses, additional cell types are recruited to the tumor microenvironment,
and adopt a phenotype of the microenvironment (169, 170). Despite the proinflammatory/ pro-reparative spectrum, macrophages in the tumor microenvironment
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have their own unique phenotype that does not fall on either end of the spectrum (171).
In general, TAMs and TILs phenotypically resemble M2-like macrophages, while MDSCs
resemble pro-inflammatory macrophages phenotypically but functionally suppress T cell
function. The Lewis Lung Carcinoma model allows for study of the immune response in
an immunocompetent mouse model. As we are aware that much of iNOS’ and NO’s
physiological effects are through S-nitrosylation and have identified key pathways
through which SNO formation regulates inflammatory signaling, we sought to determine
whether increased intracellular S-nitrosylation through increased levels of GSNO would
oppose LLC induced alteration of macrophage phenotype, and to determine if these
alterations would lead to reduced tumor growth.

4.3 Methods
Animals
8-12 week old mixed sex mice were injected with 1*106 LLC cells by tail vein injection 72
hours following pump implantation surgery. Mice were sacrificed 23-25 days following
injection based on morbidity as assessed by body weight and behavior.
Alzet Pump Preparation and Implantation
2004 28-day mini osmotic pumps were prepared sterilely according to manufacturer’s
instructions. Pumps were filled with either sterile PBS or filtered N6022 for a dose of
1.2mg/kg every 24 hours. Pumps were then subcutaneously implanted into mice using
the “No touch/Tip only” technique. In brief, mice were sedated under 5% isoflurane, and
surgery performed under 3%. Following the incision, a pocket was made under the skin
and pumps were implanted and closed with 7mm clips. Mice received both systemic and
local anesthetics and were monitored daily for 14 days.
Bronchoalveolar Lavage
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Following perfusion with heparinized PBS, bronchoalveolar lavage fluid and cells were
retrieved with four total washes with sterile PBS. A 20G cannula was inserted into the
trachea. Using a 1mL syringe, lungs were slowly filled and emptied using the 1+3
method. The collected fluid was then spun at 300g x 10min at 4ºC to separate cellular
and fluid components. The resulting supernatant was collected and stored. Cells were
resuspended in PBS and counted by Beckman Coulter and processed for flow
cytometry.
Lung Digestion and Magnetic Associated Cell Selection
Right lung lobes were enzymatically digested in 5mL of 2mg/mL collagenase IV
(Miilipore Sigma C5138) in RPMI 1640 Medium (Thermo Fisher 11875119) with 5%
Heat Inactivated FBS (S11550) and 37°C for 30min with shaking. A single cell
suspension was then created using a 70μm strainer. Following RBC lysis for 5min at RT
(Millipore Sigma R775), CD45-APC conjugated cells were then positively selected as per
Stem Cell Easy Eight Mouse APC Positive Selection kit protocol. Cells were then stained
for flow cytometric analysis.
Flow Cytometric Analysis
BAL and tissue associated cells were Fc blocked for 10min 4°C or 5min RT respectively.
Cells were then incubated with the following antibodies (1:100) and respective
conjugates for 30min at 4°C.
BAL
F4/80-PE (Stem Cell 60027PE clone BM8)
SiglecF-PerCPCy5.5 (BD Biosciences 552125, clone E502440)
CD11c- PeCy7 (Biolegend 117320, clone N48)
CD11b- APC (Biolegend 101206, clone M1/70)
Ly6C- PE Cf594 (Biolegend 128012, clone HK1.4)
CD206/MR- FITC (Biologened 141703, clone C068C2)
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Viability 780 (Thermo Fisher 65-0865-14, eBiosciences Fixable Viability)
Tissue
Macrophages
CD45- APC (Biolegend 103101, clone 30-F11)
F4/80-PE (Stem Cell 60027PE, clone BM8)
SiglecF-PerCPCy5.5 (BD Biosciences 552125, clone E502440)
CD11c- PeCy7 (Biolegend 117320, clone N48)
CD11b- e450 (Biolegend 101206, clone M1/70)
Ly6G- PE (Biolegend 127610, clone 1A8)
Viability 780 (Thermo Fisher 65-0865-14, eBiosciences Fixable Viability)
T Cells
CD45- APC (Biolegend 103101, clone 30-F11)
CD3-Af700 (Biolegend 100212, clone 17A2)
CD8- FITC (Biolegend 100726, clone 53-6.7)
CD4- PeCf594 (Biolegend 100425, clone GK1.5)
CD69- PE (Biolegend 104516, clone H1.2F3)
CD25- PECy7 (Biolegend 102018, clone PC61)
CD196- BV421 (BD Biosciences 557976, clone 140706)
Viability 780 (Thermo Fisher 65-0865-14, eBiosciences Fixable Viability)

Immunohistochemistry
IHC protocol was performed as previously described using anti CD11b (ab133357), and
Gr1 (MAB1037) antibodies. Paraffin embedded sections were deparaffinized with xylene
and rehydrated with ethanol. Heated sodium citrate was used for antigen retrieval
followed by endogenous peroxidase quench. Sections were blocked in 10% goat serum
in 1xPBS and incubated in primary antibody overnight in 10% serum in PBS. Slides were
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washed with 0.1-0.5% Tween20 in PBS and incubated in rabbit IgG secondary antibody
for an hour, followed by washing. Sections were visualized using DAB.

4.4 Results
Inhibition of GSNOR with N6022 Reduces LLC Tumor Size
Tumor bearing mice receiving N6022 via Alzet Osmotic Pump showed reduced tumor
size 25 days following injection with 1*106 LLC cells via tail vein injection. Mice that were
treated with PBS had tumors that affected 26.3 ± 12.1% of the lung. When compared to
mice that received 1.2mg/kg of N6022, tumor size was reduced to only affecting 2.6 ±
1.8% of the lung (Figure 4.1). LLC tumors were associated with pleural edge of the lungs
and were mixed histologically with both solid and acinar patterns observable. N6022
administration led to a reduction in the acinar structures present within the tumors with
areas of necrosis present. Airway epithelial cells were also altered in response to LLC,
becoming stratified/ pseudostratified. Tumors in N6022 treated mice were also less
invasive and were better encapsulated when compared to untreated mice. This
observable reduction in tumor size led us to investigate the effects of inhibition of
GSNOR on the inflammatory process in response to adenocarcinoma. This reduction in
tumor size was accompanied by a reduction in the number of mitotic figures.
Figure 4.1
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Figure 4.1. Lewis Lung Carcinoma Tumors. Left lungs were inflation fixed and paraffinembedded. H&E staining reveals characteristic pleural associated neoplasms of the LLC model.
Right panel shows distribution of tumor sizes as well as the average number of mitotic figures
counted in 5 randomly selected areas.

N6022 Marginally Alters the Cellular Composition of Cells Recovered from the BAL in
Response to LLC
Cells recovered the BAL of naïve mice are typically ≥ 98.0% macrophages, and
approximately 0.1-0.2 * 106 cells/mL are recovered by lavage from the 1+3 method. After
inoculation with LLC cells, average cell counts recovered from the BAL were unchanged
at 0.09 *106 ± 2.0 cells/mL (Table 4.1). Administration of slightly N6022 increased this
number to 0.15*106 ± 5.5 cells/mL. The macrophage population was reduced to 88.3 ±
2.3%, as neutrophils now comprised 4.0 ± 1.3% of the population. Lymphocytes were
3.6 ± 1.6%, and eosinophils were 1.2 ± 0.4%. N6022 again, led a modest modification as
macrophages comprised 91.1 ± 3.3%. Neutrophilia and eosinophilia were unaffected, as
lymphocytes were reduced to 1.2 ± 0.5% of the population as determined by Kwik Diff
stained cytospins.
Table 4.1
Cell
Count
4
(*10
cells/mL)

%
Macrophages

%
Neutrophils

%
Eosinophils

%
Lymphocytes

LLC +
PBS

9.9 ±
2.0

88.3 ± 2.3

4.0 ± 1.3

1.2 ± 0.4

3.6 ± 1.6

LLC +
N6022

15.0 ±
5.5

91.1 ± 3.3

4.1 ± 0.5

0.7 ± 0.5

1.2 ± 0.5
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Table 4.1 BAL Cell Count and Composition. Cells recovered from alveolar lavage fluid
were counted by hemocytometer and analyzed by cytopsin.

When cells from the BAL were analyzed by flow cytometry, we found that LLC led to the
recruitment of immune cells to the alveolar space. Of cells recovered from the BAL ≥
97.0% are mature, resting, alveolar macrophages. These cells are
F4/80+SiglecF+CD11c+CD11b- and negative for markers of granulocity (Ly6G) and
activation (Ly6C). LLC mice had a general reduction in the population of F4/80+ cells
likely due to increased recruitment of immune cells to the alveolar space. Of these
F4/80+ cells, 66.8 ± 6.7% were resting, mature macrophages
(F4/80+SiglecF+CD11c+CD11b-). 5.9 ± 2.1% of mature macrophages
(F4/80+SiglecF+CD11c+) now expressed CD11b in response to LLC and 10.0 ± 3.2% of
these CD11b+ mature macrophages were acutely activated based on Ly6C expression
(Figure 4.2). Administration of N6022 led to modest changes in these populations. 69.1 ±
16.6% of macrophages were resting mature macrophages of cells recovered from the
BAL. In N6022 treated mice, 3.3 ± 2.0% of F4/80+SiglecF+CD11c+ cells were CD11b+
and as with untreated mice, 9.6 ± 2.0% were Ly6C+. This was indicative that treatment
with N6022 reduced activation of the mature alveolar macrophage population in
response to LLC as the % of CD11b+ cells were slightly reduced. As anticipated,
unrelated to their expression based on CD11b, these cells were positive for CD206, and
expression was not affected by N6022 administration.
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Figure 4.2

Figure 4.2 Alveolar Macrophage Activation Following LLC. Cells recovered from
alveolar lavage fluid were analyzed by FACS for expression of CD11c, CD11b, and Ly6C and
Ly6G. Percentages shown are % gated of indicated population. Inhibition of GSNOR by N6022
reduced the population of CD11b+ alveolar macrophages.

N6022 Reduces Tissue Resident Macrophage Population and Activation
We then sought to understand the effects of adenocarcinoma on tissue-associated
macrophages, and how N6022 administration affected these changes. We found that
inoculation with LLC cells reduced the F4/80+ population overall, and that this loss was
potentiated by the administration of N6022. The tissue resident macrophage population
of SiglecF+CD11c+CD11b- cells represented 6.8 ± 14.9% of the F4/80+ cells, which was
reduced by N6022 administration, as this population contributed 3.4 ± 13.5% (Figure
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4.3). Although this is a typically stable population, expression of the pro-inflammatory
activation marker Ly6C was increased to 5.2 ± 2.5%. N6022 reduced this proinflammatory activation as the population of Ly6C+ cells was reduced to 3.7 ± 3.2%.
Over 90% of mature macrophages were negative for Ly6C as compared to the untreated
population of just over 70%. Interestingly, LLC led to increased expression of Ly6G, a
marker of granulocyticity typically found on neutrophils, immature monocytes and
myeloid derived suppressor cells. Of these mature, tissue resident cells, 20.8 ± 12.3%
were Ly6G+, while N6022 reduced this LLC associated phenotype to 6.1± 4.2%.
Figure 4.3

Figure 4.3. Tissue Macrophage Activation Following LLC. SiglecF+ cells recovered
from digested lung tissue were analyzed by FACS for expression of CD11c, CD11b, and Ly6C.
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Percentages shown are % gated of indicated population. N6022 reduced expression of both Ly6C
and G in resident macrophages.

LLC Induces F4/80+SiglecF-CD11bhi Tissue Macrophage Population
Following observation of tissue resident cells, we then proceeded to observe the
F4/80+SiglecF- macrophage population. Selecting for those cells with positive CD11b
expression in this population allows for observation of interstitial macrophages (IMs) and
newly recruited macrophages that are negative for CD11c. Naïve mice, typically have a
singular population of IMs that are CD11b+; however, mice with LLC tumors had two
distinct populations of CD11b+ cells. The first population expressed CD11b at levels
comparable to those typically associated with IMs. Because the novel population
expressed higher levels of CD11b than the IMs, IMs were termed CD11blo and the novel
population, presumably recently recruited macrophages were termed CD11bhi (Figure
4.4). In mice that were treated with PBS IMs were 9.1 ± 2.6% of SiglecF- cells, while the
CD11bhi population was 17.4 ± 13.0%. N6022 reduced these populations to 6.1 ± 7.1%
and 13.9 ± 16.7% respectively.
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Figure 4.4

Figure 4.4. Cd11bhi Macrophages Present in Tissue. SiglecF- cells recovered from
digested lung tissue were analyzed by FACS for expression of Cd11c, Cd11b, and Ly6C.
Percentages shown are % gated of indicated population. Administration of N6022 reduced
markers of activation.

N6022 Alters Expression of Activation Markers in CD11bhi Tissue Population
We then sought to determine if N6022 altered the activation of this cell subset in
response to LLC. We found that in response to LLC, 61.0 ± 3.2% of CD11bhi cells were
Ly6C+, and 65.4 ± 8.4% in N6022 treated mice. When the population of cells that were
double positive for both Ly6G and Ly6C were considered, we found that administration
of N6022 reduced this population from 6.5 ± 3.2% to 2.0 ± 1.8%.
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Effects on N6022 on Various Immune Cell Subsets
Eosinophils
Eosinophils are characterized by expression of F4/80, SiglecF, CD11b, Gr1 and the
absence of CD11c. As eosinophilia has been implicated in several lung diseases
including the LLC model of adenocarcinoma, we first sought to determine whether these
cells were observable by FACS in our model. LLC mice had an overall increase in
eosinophils, as 67.5 ± 10.6% of F4/80+SiglecF+CD11b+CD11c- cells were Gr1+ in
untreated mice (Table 4.2). This population was reduced to 56.93 ± 9.9% by N6022.
Because we used Ly6G and C separately as opposed to Gr1, we were able to
distinguish two eosinophil subsets based on expression of Ly6G. Ly6G+ eosinophils
were Ly6C+/-, while Ly6G- eosinophils were Ly6C+. Furthermore, we found that
administration of N6022 affected each of these subsets differently. While N6022
decreased Ly6G+ eosinophils from 62.9 ± 24.3% to 55.0 ± 19.5%, Ly6C+ eosinophils
were increased from 10.6 ± 1.8% to 20.5 ± 12.2%.
Table 4.2
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Table 4.2. Additional Tissue Populations. Cells recovered from lung tissue were assessed
based on expression of F4/80, SiglecF, Cd11b, Ly6G, and Ly6C. T lymphocytes were assessed
based on expression of CD3. CD4, and CD8.

Neutrophils and Ly6C+ Immature Macrophages
Administration of N6022 led to an increase in the presence of F4/80- cells in the lung
tissue. F4/80- cells are a diverse cell population and may be neutrophils,
splenic/lymphoid macrophages, and myeloid derived suppressor cells. Overall, we found
that N6022 increased this mixed population of cells. Of the total CD45+ cells recovered
from the lung tissue, 25.8 ± 21.4% were F4/80- as opposed to the 52.3 ± 24.1% in
N6022 treated mice (Table 4.2). We then found that N6022 also altered the cellular
composition of this population. The first step in better defining this population, cells were
analyzed based on positive expression of CD11b as well as the exclusion of CD11c and
SiglecF positive cells. Neutrophils are typically distinguished by their expression of
Ly6G, as well as their lack of Ly6C. We found that there was a signification PMN
population in untreated mice that was not found in N6022 treated mice. 23.3 ± 8.2% of
CD11b+ were Ly6G+Ly6C- as opposed to the minimal 0.89 ± 0.9%. We then observed
an immature macrophage population that was Ly6G-Ly6C+ in our F4/80-SiglecF-CD11cCD11b+ and found that this population was increased by N6022 from 57.1 ± 19.8% in
untreated mice to 73.2 ± 12.0% in N6022 treated mice. We also observed that N6022
decreased the small population of cells that were double positive for Ly6G and Ly6C
from 1.06 ± 0.5% to 0.01 ± 0.01%.

Lymphocytes
When we observed the CD3+ T lymphocyte population, we found that LLC cells led to a
modest decrease in CD4+T cells, as the population of CD8+ T cells increased. This shift
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in T cell population was enhanced by administration of N6022, as CD8+ T cells were
marginally increased to 31.8 ± 3.4% of CD3+ cells as opposed to untreated mice, where
CD8+ T cells were 27.7 ± 4.3% of CD3+ cells (Table 4.2). Activation of T cells as
assessed by CD69 expression was unaltered. Surprisingly, expression of Th17 and Treg
subsets of CD4+ cells were not induced in by LLC cells.

N6022 Alters Tissue Expression of Gr1
Immunohistochemical staining of left lung sections revealed minimal changes of CD11b
staining in treated vs untreated mice; however, there was an overall alteration in the
expression pattern of Gr1 in the same areas. In untreated mice, Gr1 staining was less
intense than N6022 treated mice (Figure 4.5). The general staining patter however was
more diffuse in untreated mice with areas of specific staining; whereas N6022 treated
mice displayed only specific positive staining. When H&E stained slides were assessed
in the same areas, we found altered immune cell populations. This was most notable in
areas of necrosis within the tumor. In untreated mice, eosinophils and neutrophils were
found in areas of necrosis. These cell populations were markedly reduced in N6022
mice, with macrophages being the primary observable immune cell present.
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Figure 4.5

Figure 4.5. Tissue Expression of Cd11b and GR1. Left lungs were inflation fixed and
paraffin-embedded. IHC staining of Cd11b and GR1 expression in necrotic areas of LLC tumors
reveal altered staining patters. H&E sections of corresponding region for immune cell
identification also demonstrate N6022 dependent changes in immune cell populations.

4.5 Discussion
In this study we use an established immunocompetent model of adenocarcinoma to
observe chronic inflammatory signaling, and the contribution of primarily intracellular Snitrosylation to this process. In this model, we observe the effects of inhibition of GSNOR
on LLC tumor-based macrophage activation. N6022- induced immune cell composition
and macrophage activation in both the alveolar and tissue and cellular compartments in
response to the tumor microenvironment were accompanied by reduced tumor size in
N6022 treated mice. While the development of LLC tumors did not lead to increased
recruitment of macrophages to the alveolar space, we found that LLC derived signaling
led to the recruitment of additional inflammatory cells types recovered from BAL fluid
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including macrophages, neutrophils, eosinophils, and lymphocytes. N6022
administration led to a decreased pro-inflammatory response in alveolar macrophages
but increased the presence mature F4/80+SiglecF- non-alveolar macrophages to the
alveolar space. This observation was accompanied by a decrease in the immature
F4/80-SiglecF- macrophage population. Interestingly, N6022 increased the expression of
CD206 only in the latter population while leaving Ly6C expression unaltered in both
populations. These is the first observations in this model that macrophage heterogeneity
also leads to a heterogeneous response to inhibition of GSNOR.
This macrophage heterogeneity is further appreciated as the tissue associated cells
were assessed. LLC led to the improper activation of the tissue resident population, as
well the recruitment of pro-inflammatory macrophages. Surprisingly, N6022 either
reduced or did not affect LLC dependent pro-inflammatory activation in the macrophage
populations native to the lung when we consider the SiglecF+ tissue resident and
SiglecF- IMs respectively. However, N6022 increased the pro-inflammatory recruited
macrophage population. This suggests a potential mechanism by which N6022 may lead
to reduced tumor development and brings macrophage diversity to light. Loss of proinflammatory activation of macrophages is a key mechanism of immunosuppression; but
studies have often described the diversity of activation states found in the tumor
microenvironment (171). It is possible, that the pro-inflammatory activation of these two
populations contribute differently to tumor development and signaling. This is in
accordance with previously published data describing not only distinct macrophage
subpopulations, but also how these populations respond differently to LLC tumor
development (171).
Observation of non-macrophage populations also revealed N6022 dependent changes
on the recruitment of these cells. The recruitment of eosinophils in various lung diseases
including cancer has long been observed and has gained greater appreciation (172-
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174). However, the contribution and function of eosinophils to the development of lung
disease has not yet been elucidated. Eosinophil heterogeneity has been documented in
asthmatic models (175). One group uses GR1 and found two eosinophil subsets to be
Gr1+ and Gr1- (176). As Gr1 is a combination of Ly6G and C, it is possible that our
Ly6C+Ly6G- and Ly6G+ subsets are analogous, or eosinophil expression of Ly6C may
eosinophils, their exact role in tumor suppression and tumor progression is unclear
(177). In our model, reduction of neutrophils was observed with N6022 administration
and reduced tumor growth. Delineation of both eosinophil and neutrophil subsets may
provide clarity on these opposing effects.
The complexity of the immunosignaling and cellular heterogeneity highlights a significant
limitation of this study. We have completed the first step in observing the immune
response to LLC and its modifications by inhibition of GSNOR. However, none of these
changes have been correlated with altered function and their distinct contributions and
responses to the tumor microenvironment remain unknown. Our flow cytometric analysis
of macrophages and neutrophils show populations expressing phenotypic markers
typically associated with myeloid derived suppressor cells (178); however, these cells
cannot be classified as such without confirmation of T cell suppressive activity on either
effector function or proliferation. This is also of special interest as N6022 increased this
subpopulation of macrophages. Basic flow cytometric analysis of the T cell population in
LLC show modest modification in CD4 and CD8+ T cells, which was slightly altered with
N6022. It is possible that N6022 altered the balance of Th1 vs Th2 CD4+ T cells
however as this was not covered by our analysis, and eosinophilia is typically associated
with Th2 CD4+ T cells. Ex vivo functional analysis of specific cell populations may go a
long way in revealing the mechanisms by which these cells contribute to tumor
progression.
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Analysis of functional activity of obtained cells from the tumor microenvironment, while
useful, still leaves an additional key aspect of the complexity of cancer immunosignaling
unexplored. In this study, we were able to observe distinct cellular responses to different
regions of the tumor. When we observed the tumor associated immune cells, N6022
reduced CD11b and Gr1 expression. As we moved into the tumor region and observed
CD11b and Gr1 expression of infiltrating cells, we found that CD11b and Gr1 expression
was not changed with N6022 administration. N6022’s alteration of the immune response
was most clear when the necrotic areas of the tumors were observed. In untreated mice,
eosinophils and neutrophils were observed in this area, confirming previously published
data on eosinophilia and neutrophilia to necrotic areas. Following administration of
N6022, macrophages were the primary cells observed and they were smaller in size with
some noticeable giant cells. This was especially interesting as areas of necrosis are
typically hypoxic and HIF-1α is a key substrate of S-nitrosylation dependent signaling.
Furthermore, hypoxia has been implicated in epithelial mesenchymal transition (179,
180). This process has been described and contributed to lung diseases characterized
by tissue remodeling including cancer and fibrosis. The crosstalk between the immune
system and the EMT process has recently gained traction as both have been found to be
key events in cancer progression and metastasis.
In our model, we typically do not observe metastatic events, or multiple tumors per lung
lobe. However, we observed a singular metastatic event to the kidney in an untreated
mouse. In contrast, we also observed an unusually large tumor burden in an N6022
treated mouse. As NO-dependent signaling and S-nitrosylation has been implicated in
reduction of EMT, it lends to the thought if metastatic pathways were downregulated by
N6022, leading to an increased tumor burden. Additionally, as metastasis is dependent
on the preconditioning of the metastatic niche as described in the seed and soil method
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by the immune system, it is possible N6022 dependent inhibition of GSNOR altered
immune function, inhibiting metastatic niche preconditioning (181).
In closing, this study further confirmed the importance of SNO dependent inflammatory
signaling in chronic inflammation. The tumor microenvironment is extremely diverse,
complex, and dynamic. We provide evidence that increased levels of GSNO is an
effective mechanism to alter the tumor driven immunosignaling in the LLC model of
adenocarcinoma. Importantly, these changes were associated with decreased tumor
size. This study also presented additional evidence for immune cell heterogeneity within
and across cell types. Better understanding of how these subpopulations respond to and
interact with the tumor microenvironment, other immune cells, and which SNO pathways
are relevant in their activation are all feasible next steps to understand the mechanism
by which N6022 reduces tumor size.
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Chapter 5: Summary, Discussion, Future Directions, Conclusion and Speculation
5.1 Summary
Macrophage activation is a key factor in maintenance of pulmonary homeostasis and
normal lung function. Thus, inappropriate macrophage activation is implicated in lung
disease. Inflammation is a requirement for preservation of the steady state in the lung as
we constantly inhale stimuli such as particles and microbes; however, dysregulation of
inflammatory signaling or improper activation in response to non-noxious stimuli
adversely affects pulmonary function. iNOS function and iNOS derived NO is extremely
critical to inflammatory signaling and macrophage activation both as an effector
molecule, and signal transduction agent. In these studies, we focus on the latter role of
NO in macrophage activation and immune signaling; observing the role of increased NObased thiol modification in murine models of acute lung injury, fibrosis, and cancer. With
techniques such as IHC, RT-qPCR, and flow cytometry we were able to perform
immunophenotyping of pulmonary macrophage while observing the effects of SNO
dependent signaling on overall disease outcome. Increased SNO signaling altered
model-induced changes in macrophage activation, often times ultimately altering overall
outcome. We utilized three models of pulmonary inflammation to assess inflammatory
signaling in acute lung injury, resolution and repair, and chronic inflammatory signaling
using O3, ITB, and LLC respectively. In these studies we focused on model- induced
changes in macrophage activation and subsequent changes to this phenotype induced
by S-nitrosylation.
In all 3 models, changes to the pulmonary microenvironment led to changes in cellular
recruitment to the BAL and/or tissue and altered macrophage activation (Table 5.1).
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Table 5.1

O3

Recruitment
to alveolar
space

ITB- D.21
-fibrosis

ITB- D.8
-inflammation

LLC

Macrophages

Neutrophils,
macrophages,
eosinophils,
lymphocytes

Neutrophils,
macrophages

Macrophages

Recruitment
to tissue

Neutrophils,
macrophages

Macrophages,
lymphocytes,
fibroblasts

Macrophages

Neutrophils,
macrophages,
eosinophils,
lymphocytes

Increased
proinflammatory
macrophage
activation

Alveolar,
interstitial
macrophages

None
observed

Alveolar,
interstitial
macrophages

Alveolar, tissue
resident
macrophages

Alveolar,
interstitial
macrophages

None
observed

Not measured

Increased
proreparative
macrophage
activation

Interstitial
macrophages

Table 5.1. Recruitment and Macrophage Activation in Each Model. During acute
inflammation, resolution and repair and chronic inflammatory signaling, similarities and
differences in cellular recruitment and macrophages are observed.

We then observed the effects of increased S-nitrosylation on macrophage activation in
these models. Along with our observations on macrophage phenotype, we used various
markers of disease progression to determine if SNO driven changes in macrophage
phenotype were associated with improved disease outcome. As summarized in Table
5.2, we observed that increased S-nitrosylation altered macrophage phenotype in all
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models of pulmonary inflammation and improved overall pathology in both models of
acute lung injury and tumor progression but not in ITB-induced fibrosis.

Table 5.2

O3

ITB- D.21

ITB- D.8

LLC

Changes to
total
recruitment

None observed

None observed

None observed

None observed

Changes in
recruited cell
types

Reduced
neutrophilia

None observed

None observed

Reduced
eosinophils, and
lymphocytes

Changes to
macrophage
phenotype

Reduced proinflammatory
activation,
increased proreparative
activation

Reduced proinflammatory
activation,
increased proreparative
activation

Reduced proinflammatory
activation

Reduced proinflammatory
activation

No change
observed

Reduced
epithelial
damage

Reduced tumor
progression

Changes to
overall
pathology

Reduced
epithelial
damage, and
oxidative
stress

Table 5.2. Effects of Increased S-nitrosylation in Each Model. In all models, increased
S-nitrosylation altered model-induced change in macrophages. With the exception of ITB-induced
fibrosis, these changes were accompanied by improvements in measures of disease outcome.

5.2 Discussion
The importance of NO has long been appreciated in physiology and inflammatory
signaling, primarily as an effector molecule. In the immune system, iNOS is the primary
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source of NO, expressed in macrophages and neutrophils. iNOS and iNOS-derived NO
are especially relevant to macrophage activation as increased expression of iNOS has
been associated with pro-inflammatory and Th1 biased immune responses. In contrast,
pro-reparative macrophages have lower levels of iNOS in comparison to Arginase and
are associated with Th2 biased responses. As a biomolecule, NO’s reactivity outside of
RONS has recently come to greater appreciation as NO’s reactivity with thiols in the
formation of SNOs has emerged as an additional mechanism of immune signaling
regulation. Several key transcription factors and enzymes that play a role in immune
signaling and macrophage activation have altered function upon S-nitrosylation. In
chapters 2-4, we observe that increased SNO signaling is capable of altering
inflammatory signaling, macrophage activation with or without improvement to the
overall disease outcome.
In all three models, we observe that in response to dysregulation, increased SNO
formation limits expression of pro-inflammatory macrophage activation. Based on the
current literature we can speculate ont a few potential mechanisms that may contribute
to these observations as this was not investigated in the scope of this work. Snitrosylation of the both the p50 and p65 subunits of NFκB have been associated with
decreased activity and thus downregulation of NFκB-dependent gene signaling. This
pathway is first relevant directly to macrophage activation as key pro-inflammatory
protein are genetically regulated by NFκ-B including iNOS, IL-1β , IL-6, IFN, TNFα and
several chemokines such as CCL1, eotaxin, and CCL5 (3, 182-187). Enhanced SNO
donation capitalizes on increased nitrosothiol signaling without requiring increased levels
of NO, reducing undesired NO based reactivity with non-thiol targets. Support of this
concept is provided by the use of inhaled ENO as opposed to inhaled NO in clinical
settings, as NO’s reactivity with non-thiols often contribute to off target effects and
pathology (188). Additionally, NFκ-B activity in pulmonary epithelial cells has been
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associated with increased inflammatory signaling in models of asthmatic inflammation,
as well as ozone induced acute lung injury (189-191). SNO dependent reduction of NFκB has been found to affect the nature of cancer cells, decreasing proliferation, and
enhancing responsiveness to chemotherapeutics (192). As the interaction between the
pulmonary microenvironment and macrophage activation are bidirectional, SNOdependent reduction of NFκ-B signaling may not only contribute to reduced macrophage
activation but also improve disease outcome through alteration of signaling of the lung
microenvironment itself.
SNO-dependent downregulation of the IL-6/STAT3 signaling pathway may also
contribute to our observations. Not only is IL-6 a NFκ-B -controlled gene, but STAT3 is
also a substrate for S-nitrosylation, opposing activation by phosphorylation (156, 192).
Our findings of reduced IL-6 mRNA as well as reduced Phospho-STAT3 following
increased levels of GSNO in response to bleomycin certainly support that this is may be
a relevant pathway in the nitrosothiol based regulation of macrophage inflammatory
signaling. This pathway likely holds more relevance in our model of adenocarcinoma, as
opposed to our models of ozone induced acute lung injury, and bleomycin induced
inflammation, and subsequent fibrosis. STAT3 dependent inflammatory signaling has
been associated with pro-tumorigenic/pro-reparative/pro-fibrotic macrophage
polarization, often antagonizing the pro-inflammatory/tumoricidal response of the
immune system (193). N6022 reduced LLC tumor size, decreased resident macrophage
pro-inflammatory activation, while increasing pro-inflammatory activation of select
macrophage subsets.
Through advances in immunophenotyping by flow cytometry, allowing for better
definition of macrophage and additional immune cell subsets, we were able to observe
differential effects of increased SNO formation in macrophage subsets, and noted SNO
mediated effects on additional cell types in tumorigenic signaling. This is certainly in
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correspondence with previous findings in our own lab as well as published literature
detailing pulmonary macrophage heterogeneity and iNOS function based on origin and
location (27, 116, 194).
Interestingly, despite the relevance of SNO-dependent pro-reparative signaling through
pathways such as HIF-1α and Nrf2, our data provided very little evidence that increased
SNO donation leads to increased pro-reparative signaling. Outside of SNOPPM’s and
ENO’s increase in HO-1 and Ym1 staining, all SNO donors did not modify additional
markers of M2 macrophages such as Ym1 and expression of CD206. This however may
be a consequence of our selection of markers for M2 markers and pro-reparative
signaling. The M2 macrophage signaling spectrum is incredibly broad, and it is possible
that we did not select markers to adequately assess the effects of increased SNO
donation on this population (195).
Taken together, these data demonstrate the complexity, and stimulus dependent nature
of inflammatory signaling in the lung, both across and within cell types as well as the
complexity of S-nitrosylation. However, our endpoints of macrophage activation, as well
as overall disease outcome provided further evidence that SNO formation plays a key
role in regulation of immunosignaling and macrophage phenotype, and thus represents a
viable target for therapeutic intervention in lung disease.

5.3 Future Directions
We utilized multiple models of lung inflammation to observe disease induced alterations
in macrophage phenotype, and SNO based opposition of these changes. As SNO
donors successfully modified immunosignaling in all three models, investigation of the
specific SNO-modified pathways involved in each model, and how these changes
contributed to changes in macrophage activation and/or the pulmonary
microenvironment would be an informative follow-up. This would potentially allow for
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tailoring of SNO donors to specific diseases based on pathology and contributions of the
immune system, while reducing off target effects. The presented work also delves into
macrophage phenotype and subpopulations in various models of lung disease.
However, it is unclear how these specific populations contribute to the disease
pathology, as well as how their SNO-dependent alterations played a role in improved
disease outcome. A logical and informative next step would be to correlate these
phenotypic based subpopulations with functional activity. Assessment of macrophage
activity, their interactions with the pulmonary microenvironment, as well as other immune
cell types to further distinguish subpopulations, and their contributions to disease would
capitalize upon previous findings. This would be especially relevant for diseases such as
cancer and fibrosis where the microenvironment is complex, dynamic, and
heterogeneous.

5.4 Conclusions and Speculation
Pulmonary macrophages are a diverse cell population, tasked with maintenance of
homeostasis. Dysregulation of inflammation leads to inappropriate macrophage
activation which may further contribute to disease pathology as opposed to improving it.
The crosstalk between the lung microenvironment and macrophages often presents a
“chicken and egg” paradox, thus creating necessity for understanding of disease
pathology and etiology. There are several mechanisms by which immune signaling is
regulated, and S-nitrosylation has recently gained traction as a highly relevant
mechanism, especially as iNOS activity and expression has proven to be critical to
immunity, macrophage function and has been implicated in disease pathology. In
pathologically distinct models of inflammatory signaling, increased SNO formation
altered macrophage phenotype in response to disease, leading to improved overall
outcome with the exception of bleomycin induced fibrosis. Our findings demonstrate that
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macrophage activation may potentially be an effective therapeutic target in pulmonary
disease, as well as demonstrate that SNO donation is a feasible mechanism to alter
inflammatory signaling and macrophage phenotype, as well as the lung
microenvironment; however, these effects are dependent on disease mechanism.
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