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Abstract 

 

Since the discovery in the late 1980’s that the endothelium relaxing factor is nitric oxide (NO) 

there has been intensive scientific pursuit to understand the many roles of NO in biological 

systems. NO is a messenger molecule with both paracrine and autocrine functions. NO is 

produced by phagocytes as part of the immune system as a non-specific antimicrobial which may 

be effective against Influenza. Influenza is a virus that infects millions of people each year 

resulting in hundreds of thousands of deaths. While vaccination and antivirals have helped 

reduce the death toll, their effectiveness is limited because of the rapidly evolving nature of the 

influenza virus and the development of resistance. The recent 2009 influenza pandemic has 

highlighted the need for new and novel antivirals. We hypothesize that the direct exposure of 

influenza viruses to gaseous nitric oxide (gNO) will have an antiviral effect. We also show that it 

is feasible and safe to deliver inhaled gNO to humans at antiviral concentrations using an 

intermittent high dose regimen.  
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Chapter I:  Introduction to Nitric Oxide and Influenza 

1.1 Nitric Oxide 

Nitric oxide (NO) is a small molecule produced by the innate immune response in organs and 

cells exposed to bacterial and viral infections. These include the nasopharyngeal airway, lungs, 

circulating neutrophils and macrophages. It has been suggested that prolonged exposure to NO is 

microbicidal and its antimicrobial characteristics are in addition to its role as a key biological 

messenger. NO is a highly reactive free radical synthesized from L-arginine by a family of 

enzymes called nitric oxide synthases (NOS). NO is a broad non-specific antimicrobial, effective 

against a wide range of bacteria, parasites, fungi and viruses. 

1.1.1 Nitric Oxide Biochemistry 

 

As outlined by Stamler, NO is a short-lived chemical transmitter that diffuses freely across 

membranes. The molecule possesses a small dipole moment because of the similar 

electronegativities of oxygen and nitrogen, making it essentially hydrophobic. Its reactivity is 

due to the unpaired electron in the outer valence orbital of its oxygen constituent. NO is almost 

unreactive as a free radical compared to other oxygen radicals. Indeed, NO decays within 

seconds after its synthesis, if left unbound in solution, because it reacts with either molecular 

oxygen or superoxide (Stamler 1992). 

NO has been implicated, in-vivo, in a number of diverse physiological processes. The 

biochemical pathways in these processes share two common features: the enzymatic synthesis of 

NO from L-arginine and the formation of an iron-nitrosyl complex in a target (heme) protein to 

evoke the functional response. The broader chemistry of NO, however, involves an array of 
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interrelated redox forms: nitrosonium cation (NO
+
), nitric oxide (NO•), and nitroxyl anion    

(NO
-
) (Stamler 1992, Fang 2004). 

NO interacts strongly with molecular oxygen to form dinitrotrioxide (N2O3), or with superoxide 

(O2
-
) to form peroxynitrite (ONOO

-
). The reaction with superoxide can be diminished by 

superoxide dismutase (SOD), which removes O2
-
 from ONOO to form hydrogen peroxide 

(H2O2). NO also binds to sulfhydryl groups (SH) and unsaturated fatty acids. NO can be “stored” 

by covalent interaction with glutathione to form S-nitrosoglutathion. Superoxide dismutase 

thereby prevents the loss of NO to peroxynitrite, instead forming hydrogen peroxide and 

increasing the cyclase stimulatory capacity of the cell (Stamler 1992).  

NO can potentially be regenerated, endogenously, from ONOO
-
 in two steps: first, cytochrome C 

oxidase reduces peroxynitrite to nitrite (NO2-), followed by the enzyme nitrate reductase 

reducing nitrite to NO (Degroote 1999). Nitrate reductase exists in two isoforms: a mitochondrial 

type and an endoplasmic reticulum resident protein. Both receive the electrons needed for nitrite 

reduction to NO from either NADH or NADPH, and interact with flavoproteins (FAD prosthetic 

groups) and cytochromes. NO is produced commercially by oxidating ammonia at 750°C to 

900°C using platinum as a catalyst. In the lab, NO is generated by reducing nitric acid with 

copper or by reducing nitrous acid with sodium nitrite or potassium nitrite. For the studies that 

follow we used commercially prepared NO. 

Gaseous NO concentration can be determined using a simple chemiluminescent reaction where 

NO is combined with ozone to produce NO2, which is detected by gas chromatography-mass 

spectrometry (GC-MS), or by Fourier transform infrared spectroscopy (FTIR). 

Chemiluminescence is the most commonly used method of determining NO concentration in the 
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laboratory setting. Clinically, electrochemical analysis is the most common method of analyzing 

both NO and nitrogen dioxide (NO2). 

1.1.2 Nitric Oxide in the Immune System 

 

While this dissertation does not deal specifically with the role of the NOS pathway within the 

host, it is nonetheless important to understand how the mammalian host protects itself by 

increasing the expression of the enzymatic pathways of NOS to produce NO. NO provides a 

broad spectrum, front line antimicrobial. The NOS systems reviewed and summarized by 

Bogdan are:  

First, in addition to macrophages, a large number of other immune-system cells produce and 

respond to NO. Second, and contrary to previous views, all known isoforms of NO synthase—

neuronal NOS (nNOS, or NOS1), iNOS and endothelial NOS (eNOS, or NOS3)—operate in the 

immune system. (The nNOS and eNOS isoforms are also known collectively as constitutive... 

Third, the activity of NO is not restricted to the site of its production. As an uncharged gas, NO• 

radicals are highly diffusible. Low-molecular weight S-nitrosothiols (such as S-

nitrosoglutathione), S-nitrosylated proteins, and nitrosyl-metal complexes can function as long-

distance NO vehicles, which liberate NO either spontaneously or after cleavage by ectoenzymes 

found on cells such as T and B lymphocytes. Fourth, in contrast to cytokines, the interaction of 

NO is not restricted to a single defined receptor; rather, it can react with other inorganic 

molecules (such as oxygen, superoxide or transition metals), structures in DNA (pyrimidine 

bases), prosthetic groups (such as heme) or proteins(leading to S-nitrosylation of thiol groups, 

nitration of tyrosine residues or disruption of metal–sulphide clusters such as zinc-finger 

domains or iron–sulphide complexes). Considering that many of the targets of NO are 

themselves regulatory molecules (for example, transcription factors and components of various 

signalling cascades), it is evident that NO frequently exerts heterogeneous and diverse 

phenotypic effects. 

It is now clear that iNOS is detrimental in some infectious disease processes and that it helps to 

counteract excessive immune reactions, protects to some degree against autoimmunity and 

functions as an intra- and intercellular signalling molecule shaping the immune response. In 

addition, nNOS and eNOS are now known to participate in important immunological processes 

such as apoptosis, cell adhesion, autoimmunity and perhaps antimicrobial defence. 

The demonstration of iNOS expression by macrophages and other cell types in tissues from 

patients with a wide variety of infectious, autoimmune and degenerative diseases has disproved 

the claim that iNOS does not occur in the human immune system. Because the regulation, 

expression and function of the NOS isoforms are so complex, NO-based therapies against 

infectious, autoimmune or malignant diseases are not easy to design. This should not, however, 
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discourage immunologists from future research on NO, especially considering that they have 

been confronted with similar problems in the field of cytokines for years (Bogdan 2001). 

As Bogdan outlines, the regulation of NOS can be difficult to control and therapies can be 

difficult to design. For this reason, we have chosen to use gaseous NO from an exogenous source 

that has been commercially prepared to a known concentration (fully described in Chapter 2).  

1.1.3 Nitric Oxide Delivery 

 

The experimental methodologies used to study NO were identified in a search of the literature 

summarized by Reiss (1998). The methodologies were organized into three main categories: 

             1. Manipulation of the iNOS pathways. 

             2. NO-derived from a donor molecule.  

             3. Genetically modified animals (i.e., knock-out mice).   

We propose a fourth methodology, direct delivery of gaseous NO (gNO). 

We evaluated all four delivery methodologies for their potential for translation to a therapeutic 

intervention. The first method of manipulating the enzymatic pathway to target a specific site of 

infection is difficult to achieve. NO is ubiquitous throughout the body and plays a wide range of 

functions depending on the location and concentration of the NO generated (Fang 2004). 

Additionally NO is a significant part of the inflammatory cascade as an effector and messenger 

molecule (Bogdan 2001). Therefore, the precise delivery of NO generated through enzymatic 

manipulation has the potential for unwanted consequences because it is difficult to control and it 

is difficult to titrate for a therapeutic application.  
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The second method of using NO donors such as sodium nitroprusside (SNP), S-nitroso-L-

acetylpenicillamine (SNAP), or 3-morpholino-sydononimine (SIN-1) allows for NO to be 

delivered to the site of an infection. However, the precise control and release of the NO donated 

to the site of an infection can be difficult to achieve, especially since the release of NO by these 

donors often requires a highly acidic environment for NO release. Also, few donors are capable 

of sustaining the kind of controlled NO release required to be effective.  

The third method, knocking out iNOS genes in transgenic mice is not practical as a treatment in 

humans because our understanding of the human immune system is incomplete and there is no 

practical way to alter human genes (as described in the above section on NO and the immune 

system).  

We propose gNO as an alternate method of assessing antimicrobial properties with the potential 

to be readily translated into a therapy. Therapeutic gNO is applicable to areas where NO can be 

delivered topically, for example, the skin, or to the upper and lower respiratory tract where gNO 

can be inhaled (Ghaffari 2006). While the topical delivery of gNO is readily achievable, the 

delivery of gNO to the respiratory tract can cause some unwanted side effects by reacting with 

oxygen to form radicals (e.g., NO2), and crossing into blood and binding with hemoglobin 

forming methemoglobin. 

1.1.4 Gaseous Nitric Oxide as an Antibacterial 

 

Recently, our group and others have reported that continuous in-vitro exposure to exogenous 

gNO is efficacious as a non-specific antimicrobial agent against a broad range of 

microorganisms including Gram positive, Gram negative and multi-drug resistant strains of 

bacteria, yeast, and mycobacteria (McMullin 2005, Stenzler 2004, Ghaffari 2005). Long et al 
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have shown clinically that gNO doses lower than 80 parts per million (ppm) are not bactericidal 

(Long 2005), while we have shown that 160 ppm is an effective bactericidal concentration of 

gNO (Miller 2009, McMullin 2005). These studies demonstrated that, for bacteria, 160 ppm was 

the minimum inhibitory concentration (MIC) during five hours of continuous exposure. 

Additionally, exogenous NO may potentially reduce inflammatory sequelae associated with the 

high levels of endogenous NO that are part of the inflammatory cascade (Ghaffari 2006, 

Rezakhanloua 2011). We have also shown that multiple eight-hour daily exposures to 160–200 

ppm gNO is neither toxic nor mutagenic to human cell lines used to model dermal wounds 

(Ghaffari 2006). These observations led to the successful treatment of a critically colonized, non-

healing, lower leg ulcer in a human subject using gNO (Miller 2004). We hypothesize that gNO 

may also be effective as an inhaled antimicrobial treatment against pulmonary pathogens. The 

main consideration when using inhaled gNO is the formation of methemoglobin, because NO has 

a high affinity for hemoglobin. The formation of methemoglobin reduces the oxygen carrying 

capacity of hemoglobin. Another concern is that NO may be harmful to cells in its capacity as a 

nitrosative agent. 

1.1.5 Inhalation of Nitric Oxide 

 

NO gas is classified as a drug and is currently administered by inhalation as a selective 

pulmonary vasodilator to infants on mechanical ventilation. NO is approved for use in neonates 

with hypoxic respiratory failure associated with pulmonary hypertension (FDA 1999). The most 

commonly used dose is 20 ppm and a dosing range of 1- 80 ppm is approved for treating 

pulmonary hypertension. Consequently, significant knowledge regarding the safe delivery of 

gNO as a selective, short acting pulmonary vasodilator has been established over the past decade 
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(FDA Guidance 2000). Due to potential complications, particularly in the lungs, the use of gNO 

as a microbicidal agent has raised safety concerns. (Hurford 2005). 

Some preliminary data on NO safety is available from animal studies. Hergott reported the 

effects of intermittent delivery of 160 ppm inhaled NO for thirty minutes every 3.5 hours for a 24 

hour period in a rat model of Pseudomonas aeruginosa pneumonia. This therapeutic regimen 

successfully reduced pulmonary bioburden and leukocyte infiltration without a significant 

change in myeloperoxidase, plasma nitrates and methemoglobin (Hergott 2006). In a second 

animal trial, 160 ppm gNO was administered to cattle for approximately 30 minutes to treat 

Bovine Respiratory Disease Complex (BRDc). BRDc is a condition associated with five 

pathogenic viruses often seen when cattle are transported and housed in close proximity to each 

other. The treatment was well tolerated physiologically and metabolically by the cattle (Schaefer 

2006). Additionally, these results showed that gNO given prophylactically or upon initial 

detection of infection significantly decreased the clinical symptoms of the disease and 

significantly lowered the incidence of recurring BRDc or a secondary bacterial pneumonia when 

compared to the control cattle. To realize our goal of a human therapy, the safe delivery of gNO 

will need to be assessed.
 

1.2 Nitric Oxide as an Antiviral 

Viruses can be grouped into seven families based on the Baltimore classification system, which 

groups viruses based on their method of replication and type of genomic structure (Baltimore 

1971). Viruses from all seven classes have the ability to infect humans and cause disease. Over 

the last century, some common viral infections such as measles, mumps, rubella and polio have 

been controlled with the use of vaccines. Some infections such as influenza are partially 
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controlled through seasonal vaccination but the threat of a pandemic persists because the 

influenza virus evolves rapidly (Palese 2007). Viruses that cause the common cold, HIV, 

hepatitis and many others that cause diseases have no vaccine, and once infection occurs 

treatment can be difficult.  

1.2.1 Literature Search  

 

Methodology - A systematic review of the literature was conducted following standard 

systematic review methodological approaches (Higgins 2009). Given the anticipated lack of 

literature on the topic, the systematic review was intended to act as an evidentiary foundation on 

which to base novel exploratory analyses of the role of NO in influenza viral infectivity. A 

consultant with methodological expertise was recruited to assist in the design and 

implementation of the literature search. Articles were selected for inclusion by one reviewer with 

content expertise in viral infectivity. 

Strategy - The literature search strategy was designed to address questions related to the role of 

NO as an antiviral, specifically as an antiviral for human influenza virus.  

The literature was searched using MEDLINE (OVID: 1996 through August 2009), EMBASE 

OVID: (1996 through August 2009), the Cochrane Library (OVID; Issue 3, 2009), the Canadian 

Medical Association InfoBase, the National Guideline Clearinghouse, and the NHS evidence 

database. Reference lists of related papers and recent review articles were also scanned for 

additional citations. 

The literature search of the electronic databases combined medical subject headings (MeSH), 

heading terms and text search terms to identify the body of published evidence on NO as an 

antiviral agent (Table 1.1). 
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Studies were to report data on outcomes informing: 1) whether NO was a more effective antiviral 

therapy compared to standard antiviral therapy with M2 channel blockers or neuraminidase 

inhibitors; 2) whether NO was effective in inhibiting human influenza virus replication and 

infectivity; and 3) whether NO delivered in supra-physiologic concentrations was more effective 

than using NO donors or manipulating the enzymatic pathways to either increase or block NO 

production and, if so, the mechanism of action. 

Outcomes of interest included the inhibition of the replication of viral RNA synthesis, inhibition 

of infectivity, and viral inactivation. 
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Table 1.1 Literature Search Strategies  

 Search Terms 

1 nitric oxide/ or nitric oxide.ti. or Nitric Oxide Donors/ or S-nitroso-n-acetylpenicillamine/ or 

S-nitroso-n-acetylpenicillamine.mp. or s nitroso n acetylpenicillamine.mp.  

2 AMANTADINE/ or amantadine.mp. or RIMANTADINE/ or rimantadine.mp. or 

neuraminidase inhibitor$.mp.  

3 influenza, human/ or (influenza and human).ti. or human influenza.ti. or influenza.ti. or 

flu.ti. or influenza a virus/ or influenza a virus.mp. or influenza b virus/ or influenza b 

virus.mp. or h1n1.mp.  

 

1 

2 

3 

4 

5 

6 

Medline 

(56288) 

(2035) 

(38350) 

2 or 3 (18868) 

1 and 4 (30) 

from 5 keep 1-30 (30) 

Embase 

(69811) 

(6238) 

(19722) 

2 or 3 (24251) 

1 and 4 (83) 

from 5 keep 1-83 (83) 

 

1 

CMA Infobase 

Human Influenza (19) 

NGC 

1. Keyword: human influenza 

2. Treatment/Intervention: antiviral (26) 

 

1 

NHS Evidence Database 

“Human Influenza” (13) 

Cochrane 

1. Influenza (29) 

 

Study Selection Criteria - Articles were selected for inclusion in the systematic review of the 

evidence if they reported data on the role of NO as an antiviral. Given the nature of the topic, it 

was recognized that the strength and volume of the evidence from the published literature would 

likely be modest. For that reason, no study limitations were placed on the search of the literature. 

http://s-nitroso-n-acetylpenicillamine.mp/
http://acetylpenicillamine.mp/
http://amantadine.mp/
http://rimantadine.mp/
http://virus.mp/
http://virus.mp/
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In descending order of preference, the minimum levels of evidence needed to inform the clinical 

questions were considered to be clinical practice guidelines, systematic reviews, meta-analyses, 

randomized controlled trials, non-randomized comparative studies, prospective single-cohort 

studies, retrospective single-cohort studies, and case studies. In the event that sufficient 

published data were not available, unpublished data collected through direct contact with experts 

in the field was considered eligible for review.   

Articles were excluded from the systematic review of the evidence if they were reported in a 

language other than English. 

 Synthesizing the Evidence - Given the paucity of evidence, data was not pooled from literature 

identified by the search. Each paper was evaluated individually for the antiviral potential of NO, 

and for which of the three experimental methodologies, described above, generated the antiviral 

result. 

1.2.2 Baltimore Classification 

 

A detailed review of the literature revealed that under experimental conditions, NO has antiviral 

potential against at least one virus within each of the Baltimore Classification System categories. 

Below is a brief summary of the current literature for each class as it relates to the method of NO 

delivery and the antiviral potential. 

Group I viruses are double-stranded DNA and are usually associated with replicating cells since 

they require the cell’s polymerase for replication. Interferon gamma stimulation in-vitro has led 

to the production of NO which has been shown to inhibit the growth of Herpes Simplex Virus 

(HSV-1) (Karupiah 1993, Komatsu 1996). In an in-vivo model, inhibition of NOS2 has been 

shown to improve HSV-1-induced pneumonia in mice (Adler 1997). Epstein-Barr Virus 
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(Mannick 1994), Vaccinia Virus (Karupiah 1993, Harris 1995, Melkova 1995), Ectromelia Virus 

(Karupiah 1993) and Marek’s Disease Virus (Djeraba 2000) have been shown to be inhibited by 

enzymatic manipulation of NOS in-vitro.  

Adenovirus has been inhibited in-vitro with the use of a NO donor (Cao 2003).  

In vivo enzymatic inhibition of NO led to an increase in Ectromelia Virus in mice (Karupiah 

1993). 

Group II viruses are single-stranded DNA viruses. Porcine Parvovirus has been inhibited in-

vitro by both NO donors and enzymatic manipulation of NOS (Wei 2009). 

Group III viruses are double-stranded RNA viruses. NO donors inhibited both Reovirus 

(Reoviridae) (Pertile 1996) and Infectious Bursal Disease Virus (Birnaviridae) (Poonia 2005). 

These groups of viruses represent two of the major families making up class III.   

Group IV viruses are positive sense, single-stranded RNA viruses. Many viruses in this class 

have been found to be susceptible to NO. In-vitro studies with NO donors have shown effects on 

Poliovirus (Lopez Guerrero 1998, Komatsu 1996), Coxsackie Virus (Zaragoza 1997, Zell 2004), 

Rhinovirus (Sanders 1998), Mouse Hepatitis Virus (Lane 1997), Sindbis Virus (Tucker 1997), 

SARS (Coronavirus) (Kayaerts 2004, Akerstrom 2005 and reviewed by Cinatl 2005,), and 

Dengue (Charnsilpa 2005, Takhampunya 2006). In-vivo results that showed inhibition by NO 

include: Theiler’s Murine Encephalomyelitis Virus (Oleszak 1997), Coxsackie (Lowenstein 

1996), Japanese Encephalitis Virus (JEV) (Lin 1997, Saxena 2000), Mouse Hepatitis Virus 

(MHV) (Lin 1997) and Sindbis Virus (Tucker 1997). 
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Group V viruses are negative sense, single-stranded RNA viruses. Many viruses in this class 

have been found to be inhibited by NO. In-vitro studies with NO donors have demonstrated 

effects on Influenza (Rimmelzwaan 1999), Bunyaviridae (Klingstrom 2005, Simon 2006) and 

Rhabdovirus (Bi 1995). In-vitro antiviral effects with enzymatic increase of NOS were noted in 

Influenza (Imanishi 2004, Komatsu 1996), Respiratory Syncytial Virus (RSV) (Hobson 2008), 

and Rhabdovirus (Komatsu 1996). In-vivo results show NO inhibits of RSV (Stark 2005) and 

Rhabdovirus (Bi 1995). 

Group VI viruses are a family of viruses that use reverse transcriptase to convert positive sense 

ssRNA into DNA. In-vitro and in-vivo models of NO delivery by both donors and NOS 

increased inhibition of Friend Murine Leukemia Virus (Akarid 1993). Human Immunodeficiency 

Virus (HIV) gp120 has been shown in-vitro to be inhibited by NO ( Koka 1995, Kong 1996). 

The pros and cons of NO use in HIV infection were reviewed by Torre (2002), and helped to 

illustrate the potential challenges of using NO against viruses. 

Group VII viruses are double-stranded DNA viruses that use reverse transcriptase for 

replication. NO inhibited Hepatitis B Virus replication in the livers of transgenic mice (Guidotti 

2000). 

As we see from the above list, NO affects a wide range of viruses, covering all the 

classifications. Within the viral life cycle, there are multiple targets for NO to bind to and, 

thereby, disrupt the viral life cycle. 
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1.2.3 Viruses Susceptible to the NO Donor, SNAP 

 

Current testing methodologies summarized by Reiss state: 

In-vitro, for most (but not all) viruses studied, prior activation of the cell to have enzyme activity 

of NO before infection is associated with inhibition of viral replication. This has been 

accomplished by providing NO donors, by co-culture with activated macrophages as a source of 

diffusing NO, by directly activating NOS in cells with cytokines or through other cell surface 

receptors (Reiss1998). 

The use of donors, in particular SNAP, closely approximates the use of gNO in experimental 

testing. As outlined above NO has an antiviral effect. The NO donor SNAP has antiviral effects 

on a variety of viruses in in-vitro testing models (Table 1.2). NO donor molecules usually require 

a reduction in pH in order to release NO. The duration and concentration of the NO release can 

be difficult to control and quantify. Our methodology of using gNO eliminates the pitfalls of 

donor molecules by using a precise concentration of NO for a precise time.  

Table 1.2 Viruses Susceptible to the NO Donor SNAP 

Baltimore 

Classification 
Family Name Virus Naked or 

enveloped 
Genome 

Architecture 
I Herpesviridae Marek’s Disease 

virus 
enveloped dsDNA 

I Adenoviridae Adenovirus naked dsDNA 
II Parvoviridae Parvovirus naked ssDNA 
IV Picornaviridae Coxsackie naked (+) ssRNA 
IV Coronaviridae SARS enveloped (+) ssRNA 
IV Flaviviridae Dengue enveloped (+) ssRNA 
V Bunyaviridae Hantavirus enveloped (-) ssRNA 
V Orthomyxoviridae Influenza enveloped (-) ssRNA 
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1.3 Influenza  

For centuries, influenza has affected human health both seasonally and through recurring 

pandemics. Significant disease reduction has been achieved through vaccination efforts. 

However, circulation of seasonal Influenza A and B viruses continue to cause morbidity and 

mortality, particularly in patients with pre-existing pulmonary conditions. Seasonal influenza is 

responsible for over 36,000 deaths and 200,000 hospitalizations at a cost of $10 billion each year 

in the United States (Thompson 2003, Tosh 2010). Two subtypes of Influenza A virus, H3N2 

and H1N1, circulate within the human population. In contrast to Influenza A, which has a broad 

host range, Influenza B has a limited host range of only humans and seals, and it mutates at a 

much slower rate than Influenza A. Nevertheless, Influenza B viruses cause significant disease 

and are the predominant circulating strain of influenza virus in approximately one in every three 

cases (CDC Influenza update May22-September 3, 2011).  

A pandemic can occur when human viruses acquire mutations directly or by re-assortment with 

other mammalian viruses that adapt them for transmission and replication in human hosts. In 

2009, the world experienced a global, Phase 6 pandemic caused by a novel swine origin 

Influenza A/California/04/2009(H1N1) virus. During previous pandemics, influenza viruses 

needed more than six months to spread, allowing sufficient time to develop new vaccines. The 

new H1N1 virus spread worldwide in less than six weeks (WHO 2009). Had the virulence been 

higher, the mortality prior to release of the vaccine would have been catastrophic. This rapid 

spread of viral infection is of grave concern as there may not be time for an effective vaccine to 

be produced or there may not be sufficient quantities of vaccine available. Viral infection control 

methods are mainly dependent on antiviral agents to interrupt transmission and limit outbreaks.   
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Two classes of antiviral medications are currently used to treat and prevent influenza infections: 

the adamantanes and neuraminidase inhibitors. The adamantine derivatives, amantadine and 

rimantadine, act on the M2 protein of Influenza A. They are not effective on Influenza B and the 

development of wide spread amantadine resistance in H3N2 (99%) and H1N1 (10%) strains 

during the 2008-2009 season has limited their utility (Tosh 2010). Fortunately, the recent 

pandemic Influenza A/California/04/2009  virus and some other Influenza A and B viruses are 

still susceptible to neuraminidase inhibitor drugs, Zanamivir (inhaled) and Oseltamivir (oral) 

(Tosh 2010, Moscana 2005). Zanamavir (Relenza) and Oseltamivir (Tamiflu) are licensed 

worldwide for the treatment and prevention of influenza. Oseltamivir-resistant viruses have 

recently increased in circulation, especially among H1N1 viruses (Dharan 2009). New antivirals 

have been developed in recent years, but given the rapidly evolving nature of antiviral resistance, 

other options warrant exploration. 

1.3.1 Nitric Oxide and Influenza 

 

In an influenza model using NOS2 deficient mice (NOS2 
-/-

), it was demonstrated that in the 

absence of NO production, the interferon response of the immune system was sufficient to clear 

the infection. In the same experiment using a wild type mouse, infection with influenza virus 

resulted in excessive NO production that led to a fatal pneumonitis (Karupiah 1998). The 

interferon class of cytokines can inhibit viral replication and signal other molecules of the 

immune system. One of the roles of NO in the immune system is to enhance the inflammatory 

response. The inflammatory process was well reviewed by Zaki et al who stated that “excessive 

production of NO and O2 in the respiratory tract during influenza and other respiratory virus 

infection plays a profound role in airway inflammation and pathogenesis of pneumonia” (Zaki 

2007). This finding can be contrasted with Rimmelzwaan who showed that NO donors in an in-
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vitro model inhibited the replication of the influenza virus during the early stages of infection by 

inhibiting viral RNA synthesis (Rimmelzwaan 1999). Reiss stated that “in most cases an in-vitro 

anti-viral inhibition translated to comparable in-vivo results” (Reiss 1998). It is important at this 

point to review the previous discussion of NO. The above results point out that there may be a 

difference in comparing NO efficacy between the endogenous NOS pathways and the exogenous 

delivery of NO via donors and gNO. Rimmelzwaan demonstrated that the direct application of 

NO inhibits influenza, whereas Akaike et al. (and others) have shown that the enzymatic 

pathway and the associated profound inflammatory response can be detrimental to the host. 

There appears to be a fine balance between beneficial and detrimental effects of NO that is 

essential for the successful resolution of influenza. (Reviewed in Pamer 2009).  

Observations in our laboratory have shown that the direct application of an exogenous gas supply 

of NO can inhibit the infection of influenza in-vitro in MDCK cells. Li, in a recent report, 

demonstrated “that Influenza A virus infection activates IL-32 and iNOS expression by a 

heretofore unrecognized complex mechanism, in which the two pro-inflammatory factors 

regulate each other through positive and negative feedback regulatory loops” (Li 2009). An area 

of future interest would be to explore regulatory feedback mechanisms of inflammation and the 

interaction of exogenously applied gNO. We speculate that the application of exogenous gNO 

may have a feedback mechanism that dampens the proinflammatory effects of NO in addition to 

its anti-viral potential. 

Interestingly, NO overproduction has been noted during infection by HIV-1, an enveloped RNA 

virus with similarities to the Influenza Virus (Koka 1995, Kong 1996). Torre et al reported that 

in HIV-1 infection, endogenous NO had both positive and deleterious effects (Torre 2002). The 
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challenge is to direct NO at the right concentration and for the right duration to maximize its 

antiviral potential. It is this antiviral potential we seek to understand with Influenza. 

1.4 Hypothesis 

Over the past decade our research group has pioneered the direct use of exogenous gNO as a 

broad spectrum antimicrobial (Miller 2009, Ghaffari 2006 and McMullin 2005). We have 

developed a testing methodology that allows the precise delivery of a known concentration of 

gNO at physiologic temperature and humidity. The delivery of gNO is readily translated from 

research models to therapy. We have successfully eradicated bacteria (including drug resistant 

strains), mycobacteria, fungi and parasites in in-vitro testing in our lab (Miller 2004, 

McMullin2005 and Ghaffari 2007). NO has successfully treated wounds colonized with bacteria 

(reviewed in Jones 2010). It is our intention to undertake an exploration of the antiviral potential 

of gNO against Human Influenza Virus and to determine an effective dosing regimen for the safe 

delivery of gNO to humans.  

We hypothesize that the direct application of gNO inhibits the influenza virus and can be safely 

inhaled by humans.  

We propose the following specific objectives:  

1. Determine the effect of the direct application of gNO on the influenza virus in an in-vitro 

testing methodology. 

2. Determine a mechanism of action by which gNO may inhibit the influenza virus. 

3. Identify a viable treatment regime that would allow antimicrobial concentrations of gNO to be 

safely administered to humans. 

4. Validate the safety of the potential treatment regime in normal healthy adult humans. 
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The successful completion of these objectives will contribute to scientific knowledge and will 

pioneer exploration of the antimicrobial potential of gNO. 
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Chapter 2: Gaseous Nitric Oxide and Influenza: An in-vitro model 

2.1 Introduction  

This chapter shows the in-vitro antiviral effect of gNO on Influenza at two stages: the cell-free 

virions and post-infection of the host cell. To our knowledge, there are no reports on the 

evaluation of the highest approved dose (80 ppm) or the antibacterial dose of 160 ppm gNO to 

identify the antiviral potential of gNO on influenza viruses. Therefore we chose to use these two 

doses of gNO with two different testing methodologies. The first method was to infect Madin-

Darby Canine Kidney Epithelial (MDCK) cells with influenza and then expose to gNO. The 

second method was to expose influenza virions to gNO prior to infecting MDCK cells. The 

British Columbia Center for Disease Control (BCCDC) supplied the strains of influenza used in 

this study. We chose to use an H3N2 strain to represent seasonal influenza, an H1N1strain to 

represent a recent pandemic-like influenza, and Influenza B. These three strains of influenza are 

representative of current strains that may be circulating in the human population.  

Laboratory observation has shown that as the concentration of gNO increases, the pH decreases 

and nitrite concentration increases in the testing media (unreported internal communication). To 

ensure that gNO is responsible for the antiviral effect we observed, and not reduced pH or 

increased nitrite concentration, we undertook an exploration of the effect of gNO on influenza.  

2.2 Materials and Methods 

2.2.1 Viruses and Cell Lines 

 

MDCK cells (ATCC CCL-34) were obtained from the American Type Culture Collection and 

maintained in Dulbecco Minimal Essential Medium (DMEM) supplemented with 5% Fetal 
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Bovine Serum (FBS), and incubated at 37°C in a humidified atmosphere containing 5% CO2, 

without antibiotics or antimycotic agents. MDCK cells were grown as monolayers in 75-cm
2
 cell 

culture flasks. Passages between 3 and 15 were used for these experiments.  

All viral strains were obtained from the laboratory stock of the BCCDC. Stocks of Influenza A 

viruses, A/Denver/1/1957 (H1N1), A/Victoria/3/75(H3N2) and Influenza B Virus, B/Hong 

Kong/5/72 were grown in MDCK cells for 48 hours, with medium containing 2 µg/mL modified 

trypsin (treated with TPCK) without serum. All stock viruses were prepared as clarified cell-free 

supernatants. Virus concentrations for stocks were determined by standard plaque assay on 

MDCK cells (Hayden1980). Virus titres for these stocks were 3×10
7
 plaque forming units 

(pfu)/mL (H3N2), 6×10
6
 pfu/mL (H1N1) and 1×10

5
 pfu/mL (Influenza B). 

2.2.2 Gaseous Nitric Oxide Delivery 

 

The design and validity of the continuous horizontal-flow gNO delivery device used in this study 

has been described in detail elsewhere (Ghaffari 2005). In brief, the device consisted of two 

cylindrical Plexiglas® exposure chambers with separate gas entry ports and a common exit port. 

These chambers were surrounded by an airtight Plexiglas® jacket to create a thermally isolated 

environment. This jacket enclosed an electrical heater unit controlled by an internal thermostat 

(Invensys Appliances Control, Carol Stream, Illinois, USA), that provided stable temperatures 

inside the chamber. Independent lines from each of the two exposure chambers delivered 

samples of the gas mixtures to a NO/NO2/O2 electrochemical analyzer (AeroNOx, Pulmonox 

Medical Inc, Tofield, AB, Canada) to detect the exact composition of the gases in the mixture. 

Gases were supplied from pressurized cylinders at a constant pressure of 50 pounds per square 

inch. These included 10,000 ppm NO diluted in nitrogen (N2) (Airgas, Chicago, USA), and 
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medical air (Praxair, Mississauga, ON, Canada). These gases were then mixed together at pre-

determined concentrations using a dilution manifold and a digital mass flow meter (TSI Inc., 

Shoreview, MN, USA). A gas mixture of 80 or 160 ppm was delivered to the exposure chamber 

at a rate of 10.0 L/min at 70-90% relative humidity at a set temperature of approximately 37°C, 

through two independent humidifiers (MR850, Fisher & Paykel Healthcare, CA, USA). The 

control chamber contained only medical air at a flow rate of 10 L/min. 

2.2.3 Post Infection Effect of Gaseous Nitric Oxide 

 

Confluent monolayers of MDCK cells grown in six-well plates were washed once with 

phosphate buffered saline (PBS), then infected with influenza virions at a concentration of 200 

pfu/well. The plates were continuously shaken for 45-60 minutes at 37°C to allow for virus 

adsorption. The inocula were removed and replaced with 1 mL of saline (containing 0.5% FBS) 

per well. Infected plates were treated with either 160 ppm gNO (treatment) or medical air 

(control) for 1, 2 and 2.5 hours and after each time point, saline was removed and replaced with 

2 mL/well of overlay medium consisting of 2X DMEM supplemented with 0.5% agarose and 2 

µg/mL TPCK- trypsin. After two days of incubation at 37°C, the infected cells were fixed with 

3% buffered formalin, then stained with 0.1% crystal violet and the number of plaques was 

counted. 

2.2.4 Virucidal (Cell-free) Effect of Gaseous Nitric Oxide 

 

Each virus (1000 pfu/mL) was treated with 80 or 160 ppm gNO in saline containing 0.5% FBS, 

for 10-180 minutes. At the end of each time point, virus infectivity was measured using the 

plaque reduction assay. Confluent MDCK cells were grown in six-well culture plates (Cotar Inc, 

NY, USA) and infected with virus from both the control and the gNO treated samples to give 
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around 100–250 plaques per well (for optimal visualization). The plates were incubated in 5% 

CO2 at 37°C for one hour. Following one hour, for viral absorption, the viral inocula were 

removed and cells were then cultured for two days with 2 mL/well overlay medium consisting of 

2X DMEM supplemented with 0.5% agarose and 2 µg/mL TPCK-trypsin. After incubating for 

two days at 37°C, the infected cells were fixed with 3% buffered formalin, stained with 0.1% 

crystal violet and the number of plaques counted. 

2.2.5 Nitrites and pH Content  

 

NO has a short half-life in vivo of a few seconds. Therefore, we measured NO indirectly by 

determining the levels of more stable NO metabolites such as nitrites and nitrates. Nitrite 

concentration at the end of each treatment was measured using Griess reagent (Green 1982). A 

sample (100 L saline) was taken from each treatment and control plate (one well) and tested for 

the nitrite concentration and pH. 

2.2.6 Effect of Nitrites, pH and Combination on H1N1 Virion (Cell-free)  

 

Since nitrites and a reduced pH were found in the treated samples, the individual effect of each 

was tested. H1N1 (10 μL or 100,000 pfu/mL) was placed into each of the following conditions: 

1) 100 μL of saline, 2) saline with 10 mM nitrites, 3) saline with citric acid (pH 3.5) and 4) a 

combination of citric acid and 10 mM nitrites (pH 3.5). After one minute, virus infectivity was 

measured using the plaque reduction assay, as explained above. 

2.2.7 Nitric Oxide Effect on Dried H1N1 

Dried virions were tested to control for the change in pH noted when exposing virions suspended 

in saline or media. Aliquots of 20L H1N1 containing approximately 10,000 pfu, diluted in 
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saline (containing 0.5% FBS), were spotted onto a sterile glass slide (25x15mm) and allowed to 

dry inside a biosafety cabinet for about 20 minutes. Glass slides were treated with a flow of 10 

L/m of 160 ppm gNO for 60 and 120 minutes in the exposure chamber described above. Controls 

were treated with air. Samples were reconstituted in 1mL PBS, and virus infectivity was 

measured using a plaque reduction assay, as outlined above. 

2.2.8 Statistical Analysis 

 

The results were analyzed using the unpaired Student’s t-test for comparison between any two 

groups. Group means were statistically tested by least squares means (two-tailed t-test). Data 

analysis and graphical presentation were completed using a commercial statistics package 

(Graphpad-Prism V 3.0, GraphPad Software Inc., USA). Unless otherwise specified, p < 0.05 

indicated statistical significance. Results were reported as the mean ± standard error of the mean 

from at least three independent measurements. 

2.3 Results 

2.3.1 Post Infection Effect of Gaseous Nitric Oxide in Cells 

 

MDCK cells were infected with influenza virions for one hour and treated with either 160 ppm 

gNO or air (control) for 1, 2 and 2.5 hours. Rimmelzwaan demonstrated that NO donors 

inhibited viral replication. This first experiment was done to assess whether gNO would inhibit 

viral replication after the cells had been infected (Rimmelzwaan 1999). 

The viability of MDCK cells was confirmed by direct microscopic visualisation. The six-well 

plates were stained to visualize plaque formation, then counted and reported as control versus 
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treatment. H1N1 was found to be the most sensitive to gNO, resulting in about a 30% reduction 

of plaques formed after 2 and 2.5 hours of treatment (Figure 2.1). 

 

Figure 2.1 Influenza H1N1-Infected MDCK Cells Exposed to 160 ppm gNO. MDCK cells 

were exposed to influenza for one hour to allow for infection. The cells were then treated with air 

(control- solid line) or 160 ppm gNO (Treatment- dotted line). Results were reported as the mean 

± standard error of the mean from at least three independent measurements. 

No change from control was observed after two hours treatment post-infection with H3N2. A 

25% inhibition was achieved after 2.5 hours (Figure 2.2).  
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Figure 2.2 Influenza H3N2-Infected MDCK Cells Exposed to 160 ppm gNO. MDCK cells 

were exposed to influenza for one hour to allow for infection. The cells were then treated with air 

(control- solid line) or 160 ppm gNO (Treatment- dotted line). Results were reported as the mean 

± standard error of the mean from at least three independent measurements. 

 

Treating Influenza B-infected cells for up to 2.5 hours with 160 ppm gNO did not show any 

effect on the virus when compared to control (Figure 2.3). 
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Figure 2.3 Influenza B-infected MDCK Cells Exposed to 160 ppm gNO. MDCK cells were 

exposed to influenza for one hour to allow for infection. The cells were then treated with air 

(control- solid line) or 160 ppm gNO (Treatment- dotted line). Results were reported as the mean 

± standard error of the mean from at least three independent measurements. 

 

 

2.3.2 Virucidal Effect of Gaseous Nitric Oxide on Cell-free Virions 

 

All three viruses were suspended in saline and exposed to either 80 or 160 ppm of gNO for 

varying lengths of time. Controls were treated with air for the same period of time. Virus 

infectivity was measured using a plaque assay with MDCK cells. gNO was shown to have a time 

and dose dependent effect on all three viruses. Exposing H1N1 to a continuous dose of 80 ppm 

gNO resulted in a 20% reduction in the ability to infect after one hour, a 50% reduction after two 

hours, and complete inactivation after three hours. Exposing H1N1 to 160 ppm resulted in viral 

inactivation of about 65% at 30 minutes and complete inactivation after one hour (Figure 2.4). 
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Figure 2.4 H1N1 Virions Exposed to 80 ppm or 160 ppm gNO. The influenza virions were 

treated with 80 ppm gNO (solid line, control-square, treatment-open squares) or 160 ppm gNO 

(dotted line, control-triangle, treatment-open triangle). Infectivity was measured using a standard 

plaque assay. Results were reported as the mean ± standard error of the mean from at least three 

independent measurements. 
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Figure 2.5 H3N2 Virions Exposed to 80 ppm or 160 ppm gNO. The influenza virions were 

treated with 80 ppm gNO (solid line, control-square, treatment-open squares) or 160 ppm gNO 

(dotted line, control-triangle, treatment-open triangle). Infectivity was measured using a standard 

plaque assay. Results were reported as the mean ± standard error of the mean from at least three 

independent measurements. 

 

 

Influenza B showed a similar pattern to Influenza A, although it was less susceptible to gNO, 

with a 50% reduction after one hour and 100% inhibition after two hours. When the lower gNO 

concentration of 80 ppm was used, a similar pattern to H1N1 was seen (Figure 2.6). 
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Figure 2.6 Influenza B Virions Exposed to 80 ppm or 160 ppm gNO. The influenza virions 

were treated with 80 ppm gNO (solid line, control-square, treatment-open squares) or 160 ppm 

gNO (dotted line, control-triangle, treatment-open triangle). Infectivity was measured using a 

standard plaque assay. Results were reported as the mean ± standard error of the mean from at 

least three independent measurements. 

 

2.3.3 Nitrite Concentrations, pH and Their Effect on Cell-free H1N1 Virions   

 

A solution exposed to gNO produces nitrites and lowers the pH (Table 1). This directly 

correlates with time of exposure and concentration of gNO. The pH was reduced to a pH 

between 3.5-4.6 after of three hours of treatment with 80 ppm gNO or two hours with 160 ppm. 

Exposure time and increased gNO concentration resulted in lower pH and higher nitrates in the 

solution. A correlation was found between the level of nitrite found in the exposed solution and 

the percentage of virus inhibition. In general, the higher the nitrite concentration and the lower 

the pH value, the higher the percentage viral inhibition. 
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Table 2.1 Amount of Nitrite Found in Treated and Control Wells After Exposing to NO or 

Air. Saline (100 µL) was exposed to 80 ppm or 160 ppm gNO. The pH was measured with a 

standard pH meter. Nitrite concentration was measured using Griess reagent. 

gNO  
 

Time            
 

H1N1- 
Treated 

H1N1-

Control 
H3N2- 
Treated 

H3N2- 
Control 

Inf. B- 
Treated 

Inf. B- 
Control 

ppm Min. Nitrite(µM)/ 
pH 
 

Nitrite(µM)/ 
pH 
 

Nitrite(µM)/ 
pH 
 

Nitrite(µM)/ 
pH 
 

Nitrite(µM)/ 
pH 
 

Nitrite(µM)/ 
pH 
 

80 60 156/5.8 23/6.6 174/6.8 21/6.8 193/5.5 5/6.6 
80 120 226/5.2 18/6.6 317/4.2 32/6.6 250/4.6 7/6.6 
80 180 270/4.6 32/6.5 375/4.2 31/6.7 350/4.1 5/6.6 
160 30 171/5.6 13/6.7 198/4.8 15/6.8 133/6.1 8/6.6 
160 60 215/5.1 19/6.7 280/4.1 24/6.7 196/5.1 7/6.9 
160 120 350/4.1 25/6.7 380/3.7 22/6.7 340/4.4 7.5/6.8 

 

To determine whether the pH or the nitrites alone were responsible for the inhibition, H1N1 

infectivity was tested under a variety of conditions, including saline containing 10 mM sodium 

nitrite (pH 6.5), saline with reduced pH (3.5), and a combination of 10 mM sodium nitrite and 

low pH (3.5). The combination of sodium nitrite and acid is known to produce NO (Weller 

2005). As can be seen in Figure 2.7, sodium nitrite had no significant effect on the survival of 

H1N1. Acidified saline with a reduced pH caused 40% reduction in H1N1 pfu/mL while the 5 

mM NO producing solution resulted in 94% inhibition of H1N1. Complete inhibition was 

attained in one minute, using a 10 mM NO-producing solution at pH 3.7. The short time for 

complete inhibition is due to the higher concentrations used in the acidified nitrite solution 

compared to the relatively lower concentration in the gas treated solutions. This experiment 

suggested that the NO gas itself was the factor inhibiting viral infectivity, and not some other 

chemical combination or pH. We performed an additional experiment to substantiate this 

supposition.  
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Figure 2.7 Virucidal Effect of Nitrite and Low pH on H1N1. H1N1 (10 μL) was placed into 

100 μL of control (saline) and treatment (nitrite, low pH or a combination of both) vials. After 

one minute, virus infectivity was measured using a plaque reduction assay. Results were reported 

as the means ± standard error of the mean from at least three independent measurements. 

 

 

To eliminate changes in the surrounding solution (pH) as a factor in the virucidal effect of gNO 

on the virions, we tested the effect of gNO on dried virus (H1N1). A known concentration of 

virus from stock was diluted in saline and dried on a glass slide. The dried virus was then placed 

in the same exposure chamber used for all the other testing and exposed to gNO (160 ppm) or air 

(control) for 60 and 120 minutes at a constant flow rate of 10 L/min. Results show that viral 

infectivity was reduced by 85% (152 ± 26 pfu/mL for treatment compared to 980 ± 56 pfu/mL 

for control) after two hours of exposure. 

2.4 Summary 

We conclude that gNO has an antiviral effect on a representative cross section of Influenza A 

H3N2 and H1N1 subtypes and Influenza B. This effect is dose dependent and begins to occur at 

the highest dosage approved for use of inhaled NO for full term infants (80 ppm). At a dose of 
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160 ppm a significant inhibitory effect is exerted on the early infection of Influenza A. Influenza 

B was not similarly affected during infection but its virions were susceptible in a cell free 

environment. We also show that gNO has an inhibitory effect on the virions independent of the 

effect caused by a reduced pH. Future research should focus on expanding these experimental 

observations to elucidate the mechanism of its antiviral action.  
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Chapter 3: A Mechanism by which Nitric Oxide Inhibits the Infectivity of 

Influenza 

3.1 Introduction 

 In the previous chapter we demonstrated that gNO is an antiviral against influenza. The next 

step is to identify the mechanism by which gNO inhibits influenza. From the literature review 

outlined in Chapter 1 we note that, aside from the report by Rimmelzwaan, there was no other 

report of NO inhibiting influenza. One report speculated that NO may be able to nitrosylate 

several highly conserved cysteines on the influenza hemagglutinin as a potential mechanism 

(Colasanti 1999, Fisher 1998).  

We propose to identify a mechanism of action by which gNO inhibits the infectivity of influenza 

by using two methods that focus on the hemagglutinin. The first method uses the 

hemagglutination inhibition assay to assess if hemagglutinin is a target. The second method is a 

simplified, one step version of the biotin switch method using an S-nitrosylation binding agent 

(SNOB) to identify nitrosylation. 

3.2 Materials and Methods 

3.2.1 Influenza Viruses 

 

All viral strains were obtained from the laboratory stock of the BCCDC. Stocks of Influenza A 

viruses, A/Denver/1/1957 (H1N1), A/Victoria/3/75(H3N2) and Influenza B Virus, B/Hong 

Kong/5/72 were grown in MDCK for 48 hours, with 2 µg/mL of medium containing TPCK 

treated trypsin (Sigma) without serum. All stock viruses were prepared as clarified cell-free 

supernatants. Virus contents for stocks were determined by standard plaque assay on MDCK 
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cells (Hayden 1980). Virus titres for these stocks were 3×10
7
 pfu/mL (H3N2), 6×10

6
 pfu/mL 

(H1N1) and 1×10
5
 (Influenza B) pfu/mL. 

3.2.2 Gaseous Nitric Oxide Delivery 

 

The design and validity of the continuous horizontal-flow gNO delivery device used in this study 

has been described in detail elsewhere (Ghaffari 2005). In brief, the device consisted of two 

cylindrical Plexiglas® exposure chambers with separate gas entry ports and a common exit port. 

These chambers were surrounded by an airtight Plexiglas® jacket to create a thermally isolated 

environment. This jacket enclosed an electrical heater unit controlled by an internal thermostat 

(Invensys Appliances Control, Carol Stream, Illinois, USA), that provided stable temperatures 

inside the chamber. Independent lines from each of the two exposure chambers delivered 

samples of the gas mixtures to a NO/NO2/O2 electrochemical analyzer (AeroNOx, Pulmonox 

Medical Inc., Tofield, AB, Canada) to detect the exact composition of the mixed gases. Gases 

were supplied from pressurized cylinders at a constant pressure of 50 psi. These included 10,000 

parts per million (ppm) NO diluted in N2 (Airgas, Chicago, USA), and medical air (Praxair, 

Mississauga, ON, Canada). These gases were mixed together at pre-determined concentrations 

using a dilution manifold and a digital mass flow meter (TSI Inc., Shoreview, MN, USA). A 

range of 40 – 20,000 ppm gNO was delivered to the exposure chamber at a rate of 10.0 L/min at 

70-90% relative humidity at a set temperature of 37
°
C, through two independent humidifiers 

(MR850, Fisher & Paykel Healthcare, CA, USA). Control chamber contained only medical air at 

a flow rate of 10 L/min. 
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3.2.3 Hemagglutination Inhibition Assay 

Influenza A/Victoria/3/75(H3N2) virions were exposed to gNO as described above. Serial 1:1 

dilutions were performed in 96 well plates with U-shaped bottoms (Corning, USA). A 50µL 

volume of virions exposed to gNO or air were added to 50µL of PBS and serially diluted, then 

50 µL of 0.7% guinea pig red blood cells (RBCs) were added to each well and mixed. After 30 

minutes at room temperature, each tray was visually examined for agglutination. If agglutination 

occurred the RBCs would be suspended in a matrix. If no agglutination occurred the RBC’s 

would settle to the bottom of the well and form a doughnut shape. 

3.2.4 Nitrosylation Assay 

The SNOB reagent was used to detect cysteine residues that were S-nitrosylated by NO. The 

SNOB assay is a single-step assay to detect S-nitrosylated proteins with SNOB for detection via 

a Western Blot technique (Tocris Bioscience, Missouri, USA). Using virions exposed to gNO, as 

described previously, stock SNOB reagent solution (20X) was diluted into a lysate sample to 

give a working solution of 1X, which was incubated at 37°C for 30 minutes in reduced light 

conditions. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel- 

electrophoresis (SDS-PAGE) and transferred from the gel onto a nitrocellulose membrane. The 

transferred proteins were then visualised by staining with ponceau red. Excess stain was removed 

by washing with 1% acetic acid, and the membrane was blocked with 5% (w/v) bovine serum 

albumin (BSA) overnight at 4°C. To visualize SNOB, streptavidin‐conjugated to HRP 

(Invitrogen, California, USA) was added to the membrane for 30 minutes and rinsed, leaving 

only bound HRP-SNOB. A chemiluminescent substrate, Super Signal West Pico (Thermo 

Scientific, Illinois, USA), was used to visualize the labelled proteins by exposure to x-ray film.  
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3.2.5 Nitric Oxide Effect on Dried H1N1 

 

To control for a reduced pH when exposing virions suspended in liquid media to gNO, we tested 

dried virions. Aliquots of H1N1 (20 L containing approximately 10,000 pfu) diluted in saline 

(containing 0.5% FBS), were spotted onto a sterile glass slide (25x15mm) and dried in a 

biosafety cabinet for 20 minutes. Glass slides were treated with a flow of 10 L/min of 160 ppm 

gNO for 60 and 120 minutes in the exposure chamber described above. Controls were treated 

with air. Samples were reconstituted in 20 L PBS, and S-nitrosylation was assessed using the 

nitrosylation assay. 

3.2.6 Hemagglutinin 

 

Two commercially available hemagglutinins (HA) were purchased to determine if gNO was S-

nitrosylating hemagglutinin: Influenza A H1N1 (A/California/7/2009 HA) protein and H3N2 

(A/Brisbane/10/2007 ) HA protein (Sino Biological, China). Each HA was reconstituted as per 

the manufacturer’s specifications. H1N1, HA, and H3N2 HA were exposed to either gNO or air 

as per described above and in parallel with the exposure of the corresponding virions. Following 

exposure, the HAs were examined using the nitrosylation assay. 

3.3 Results 

3.3.1 Hemagglutination Inhibition Assay 

 

As outlined in Chapter 2, gNO inhibits the infectivity of influenza. In the hemagglutination 

inhibition assay, Influenza H3N2 exposed to gNO at 160 ppm for three hours only had a modest 

effect when compared to the control. This experiment was done at a flow rate of 2 L/min NO 

which controls for effect on the pH as compared to the experiments in Chapter 2 that were 



38 

 

conducted at a flow rate of 10 L/min. The different flow rates were used in order to control for 

pH. At the lower flow rate of 2 L/min the reduction in pH is more gradual and remains above pH 

6.5 for the duration of the exposure. This method is used when a particular experiment, such as 

the hemagglutination assay, may be sensitive to reduced pH. However, at 2 L/min the formation 

of NO2 is more rapid, leading to concentrations that did not impact the experiment but 

nevertheless would not be clinically acceptable (discussed further in Chapter 5). To overcome 

the excessive production of NO2, the flow rate can be increased to 10 L/min, however, the 

increased flow rate also increases the rate at which pH decreases. As noted in Chapter 2, there 

was some effect inhibiting infectivity when the pH was reduced. We, therefore, theorized that a 

reduced pH may play a role in inhibiting agglutination. To further explore this relationship, we 

tested a range of pH from 6.5 - 3.5. When the pH was lower than 5 and combined with gNO the 

effect became more pronounced, compared to just a lower pH (Figure 3.1). A low pH alone had 

only a modest effect on the virions, and agglutination was not fully inhibited. As the 

concentration of gNO increased, the rate of agglutination increased.  
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Figure 3.1 Hemagglutination Inhibition Assay. Three hours of continuous 160 ppm NO 

exposure to Influenza A/Victoria H3N2. Influenza A H3N2 virions were exposed to 160 ppm 

gNO at a flow rate of 2 L/min, with a pH ranging from 6.5 to 3.5. Control (C) exposed to air. 

Treatment (Tx) exposed to 160 ppm.                                                                         

3.3.2 Nitrosylation Assay 

Using Influenza A/Denver/1/1957 (H1N1) suspended in PBS as described in Chapter 2, we 

observed nitrosylation with the SNOB assay (Tocris, USA) via Western Blot analysis, following 

SDS-page gel electrophoresis to separate the viral proteins. Nitrosylation was visible via an all-

or-none reaction of the SNOB binding to the site(s) of nitrosylation compared to the control 

sample. The control sample was exposed to air and the treated sample was exposed to 160 ppm 

gNO for two hours at 10 L/min.  

To control for the pH changes that occur when exposing PBS to gNO (as described fully in 

Chapter 2), we dried the H1N1 virions onto glass slides and exposed them to either 160 ppm 

gNO or air. Therefore the effect of a reduced pH on the virion was eliminated from this 

experiment.  These exposures where done in parallel with the above experiment (see Section 

2.2.4) at 160 ppm gNO or air delivered at 2l/min. The dried virions were reconstituted with PBS 

and then SDS-PAGE gel-electrophoresis to separate the proteins followed by Western Blot to 
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show nitrosylation. Dried virions demonstrated the same pattern of nitrosylation as the virions 

suspended in PBS.  Note that in Chapter 2, the use of dried virions, controlled for pH, and 

demonstrated that a low pH was not solely responsible for inhibition. This is different from the 

hemagglutination inhibition assay in which a low pH is integral to showing an effect of gNO and 

is of interest because it demonstrates that inhibition can occur at a relatively normal pH. Total 

proteins from the virion were separated on a SDS-PAGE gel and transferred to the nitrocellulose 

paper for Western Blot. The size of the band corresponded to its reported size of 59kDa for 

hemagglutinin. Using the same H1N1 and Influenza B strains as in Chapter 2, we demonstrated 

nitrosylation of the protein in the band similar to the known size of hemagglutinin. No 

nitrosylation was observed in either of the commercially purified hemagglutinins, H1N1-HA or 

H3N2-HA, when exposed to gNO (Figure 3.2). The commercially produced HAs were both in 

their native (HA0, uncleaved) state. Even when inducing conformational change with trypsin, 

reduced pH or both, no evidence of nitrosylation was seen on the Western Blot. 
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A 

 

Lane 1     2      3      4      5      6       7       8     9    10 

B 

 

 

Figure 3.2 The Nitrosylation of Influenza Virion. A- shows the proteins transferred from an 

SDS-PAGE gel to nitrocellulose for Western Blot. Proteins were visualized by staining with 

ponceau red dye. Excess dye was washed away with 1% acetic acid before blocking with 5% 

bovine serum albumin overnight and then continuing with standard Western Blot. B- results of 

the Western Blot showing nitrosylation of a protein that migrates like hemagglutinin on the 

influenza samples treated with 160 ppm.(Lane: 1. Positive control BSA, 2. Control H1N1, 3. 

Treated H1N1-1h, 4. Treated -2h, 5. Treated dried H1N1 -2h, 6. Control H1-HA, 7. Treated H1-

HA, 8. Control H3-HA, 9. Treated H3-HA, 10. Pre-stained protein marker.) 

3.4 Summary 

We demonstrated one potential mechanism by which gNO inhibits the infectivity of the 

influenza virus is hemagglutinin inhibition likely due to the S-nitrosylation of the hemagglutinin. 

This provides a novel antiviral with the potential for limiting infectivity and ameliorating the 

burden of influenza on our society. However, before the potential of gNO as an antiviral can be 

achieved, further work must be done to understand the mechanism of action and the role of pH. 

The specific identification of hemagglutinin as a mechanism of action will be discussed in the 

Future Directions section of Chapter 6. Additionally, there are several issues regarding the safety 

of inhaling gNO that must be overcome if gNO is to be considered a viable clinical therapy. 
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Chapter 4: The Safe Delivery of Nitric Oxide: An Intermittent Dosing 

Strategy 

4.1 Background 

As described in the preceding chapters, we identified 160 ppm gNO as an antiviral concentration 

in-vitro, and proposed the nitrosylation of hemagglutinin as a mechanism of action. The next step 

in translating our findings to a viable clinical therapy was to determine an effective delivery 

method that would be safe for humans to inhale. In order to determine the efficacy of the dosing 

regimen, we included three strains of bacteria that cause respiratory infections, in addition to 

influenza. While the bactericidal effect was not one of the specific aims of this dissertation, the 

results presented hereafter are significant, and illustrate the unique potential of gNO as a broad, 

non-specific antimicrobial.
1
 

Prior to testing this hypothesis in an animal model, a number of challenges need to be addressed. 

The main challenge being that the administration of inhaled continuous gNO at 160 ppm for five 

hours (h) would unequivocally lead to methemoglobinemia and potential hypoxemia. To 

circumvent this problem, we explored an inhaled gNO delivery regimen using a high-dose of 

gNO with a limited duration of time (160 ppm gNO for 30 min) with sufficient time in between 

treatments (3.5 h) to avoid significant methemoglobinemia; thereby reducing the potential for 

host cell toxicity. The purpose of this in-vitro study was to explore the possibility that this dosing 

regimen could retain the desired antimicrobial effect as seen in continuous gNO delivery. 

                                                 
1
 A version of Chapter 4 has been published as Gaseous Nitric Oxide Bactericidal Activity Retained During 

Intermittent High-Dose Short Duration Exposure, Miller C, McMullin B, Ghaffari A, Stenzler A, Pick N, Road J, 

Av-Gay Y, Nitric Oxide 20 (2009) 16-23. 
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Additionally, we examined the ability of host cells to tolerate high-dose gNO exposure. For this 

experiment we used human lung epithelial carcinoma cells.   

4.2 Materials and Methods 

4.2.1 In-vitro Nitric Oxide Exposure Device  

 

The design and validity of the continuous horizontal-flow gNO delivery device used in this study 

has been described in detail elsewhere (Ghaffari 2005). In brief, the device consisted of two 

cylindrical Plexiglas© exposure chambers with separate gas entry ports and a common exit port. 

These chambers were surrounded by an airtight Plexiglas© jacket to create a thermally isolated 

environment. This jacket enclosed an electrical heater unit controlled by an internal thermostat 

(Invensys Appliances Control, Carol Stream, Illinois, USA), that provided stable temperatures 

inside the chamber. Independent lines from each of the two exposure chambers provided samples 

of the gas mixtures to a NO/NO2/O2 electrochemical analyzer (AeroNOx, Pulmonox Medical 

Inc., Tofield, AB, Canada) to detect the exact composition of the gases in the mixture. Gases 

were supplied from pressurized cylinders at a constant pressure of 50 psi. These included 800 

ppm medical-grade NO diluted in N2 (ViaNOx-H, Viasys Healthcare), medical air, O2 and CO2 

(Praxair, Mississauga, ON, Canada). These gases were then mixed together at pre-determined 

concentrations using a dilution manifold and a digital mass flow meter (TSI Inc., Shoreview, 

MN, USA). The gas mixture was delivered to the exposure chamber at a flow rate of 2.0 L/min 

at 90% relative humidity through two independent humidifiers (MR850, Fisher & Paykel 

Healthcare, CA, USA).  
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4.2.2 In-vitro Nitric Oxide Delivery Regimen  

Bacterial cultures were obtained from the American Type Culture Collection (ATCC), Influenza 

A/Victoria/3/75(H3N2) was provided by The BCCDC and clinical samples were provided 

courtesy of the Cystic Fibrosis Clinic at British Columbia Children’s Hospital. The bacteria used 

for this study were Staphylococcus aureus (a clinical multi-drug resistant strain), Escherichia 

coli (a strain isolated from the lungs of a nosocomial pneumonia patient) and Pseudomonas 

aeruginosa (a lethal, antibiotic-resistant strain, isolated from a deceased cystic fibrosis patient). 

The organisms were grown according to the standard operating procedures of the certified main 

hospital laboratory. From these cultures, a 0.5 McFarland standard with 10
8
 colony forming units 

per milliliter (cfu/mL) was prepared and further diluted 1:1000 with sterile saline to10
5
 cfu/mL 

in a volume of 20 mL. The concentration of 10
5
 cfu/mL, or 10

5 
pfu/mL for virions, represents an 

accepted threshold for determining infection (Bowler 2003). We observed in previous in-vitro 

NO studies that the constituents of bacterial support media contain molecules to which NO 

readily binds, reducing the available NO to target the bacteria (Keynes 2003). We, therefore, 

suspended the bacteria in 0.9% saline, rather than a nutrient broth media. Saline maintains the 

bacteria and virions in stasis. Aliquots were then pipetted, in triplicate, into six-well, flat 

bottomed, cell culture dishes with lids (Corning 3516, Corning, NY). When the temperature and 

gNO concentration were at steady state, the diluted cultures were incubated in the control and 

treatment arms of the chamber. To simulate a minimal and safe gNO pulmonary exposure with 

an acceptable antimicrobial effect, an intermittent exposure protocol was designed. The 

pathogens in the treatment arm of the chamber were exposed to 160 ppm gNO for 30 minutes, 

followed by exposure to medical air for 3.5 hour, or they were exposed to gNO continuously. 

The intermittent gNO exposure cycle was repeated for a total of six complete cycles in a 24hour 
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period for treating bacteria. Intermittent gNO administration for influenza was three cycles in a 

12hour period. Pathogens in the control arm were exposed to continuous medical air only. To 

measure the effect of gNO on bacterial viability, cultures were sampled at 0, 4, 6, 8, 12, 16 and, 

if needed, 24 hour. The samples were then spread on Columbia agar containing 5% sheep’s 

blood (PML Microbiologicals, Willsonville, OR) and incubated at 37ºC for 24 hours. The virions 

were sampled at 0, 4, 8, and 12 hours, followed by a standard plaque assay to assess viability. A 

technologist blinded to the exposure performed the colony or plaque counts.  

The total ppm-hours for the intermittent dosing regimen and continuous exposure regimens were 

calculated as follows: 

Total ppm-hours = 

 [gNO ppm concentration x Duration of exposure] x number of exposures. 

 

The intermittent dosing regimen for six 30-minute exposure cycles would be calculated as 

follows:  

Total ppm-hours = 160 ppm x 0.5 hour x 6 treatment cycles = 480 ppm-hours 

For a continuous exposure of four hours the total ppm-hours would be: 

Total-ppm-hours= 160 ppm x 4.0 hours = 640 ppm-hours 

4.2.3 Lung Epithelial Cell Culture 

 

A549 cells (human lung epithelial carcinoma) were obtained from the ATCC. The cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 100 

units/mL penicillin, 100 units/mL streptomycin sulfate, 2mM L-glutamine and 1% essential 
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amino acids, and grown in a humidified 37ºC, 5% CO2 incubator. For growth and analysis of 

THP-1 cell cytotoxicity, the monocytic cell line THP-1 (ATCC 202, Rockville, MA) was 

cultured in RPMI 1640 (Hyclone, Logan, UT), supplemented with 5% FBS, (Hyclone, Logan, 

UT), and 2 mM L-glutamine (StemCell Technologies, Vancouver, BC). Cells that were three 

passages or younger were used for all experiments. The cells were seeded in 96-well microtiter 

dishes at a density of 3x10
5
 cells per well and incubated at 37ºC, 5% CO

2
 for 24 hours, either 

continuously in the presence of 200 ppm gNO, or intermittently (with the same regimen as 

described previously) in the presence of 160 ppm gNO. The negative control consisted of THP-1 

cells incubated in the presence of medical air. As a positive control for cytotoxicity, THP-1 cells 

were treated for six hour with 5% H2O2, and stained with propidium iodide (PI), confirming the 

correlation between PI staining and THP-1 cell death during this assay. Cytotoxicity analysis was 

performed by flow cytometry as described elsewhere (Pick 2004). 

4.2.4 Lung Epithelial Cell Proliferation Assay 

A colorimetric methyl thiazolyl tetrazolium (MTT) assay was used to evaluate the cytotoxic 

effects of gNO on lung epithelial cell proliferation (Roehm 1991, Rasouli-Nia 2004). A549 cells 

were seeded at a density of 5 x10
4
 per well in a 12-well plate (Costar). Cells were treated with 

160 ppm gNO for 30 minutes followed by 3.5 hours of medical air. This intermittent treatment 

was repeated for up to 72 hours. The control group was continuously exposed to medical air 

(commercially prepared sterile air supplied in compressed gas cylinders) for 72 hours. After each 

exposure period, the MTT assay was used to determine the number of viable cells. MTT was 

dissolved in PBS at a concentration of 2 mg/mL and 200 µL of MTT was added to each well. 

After five hours of incubation at 37ºC, MTT end products were solubilised by replacement of the 

culture medium with dimethyl sulfoxide (DMSO), and the optical density at 540 nm was 
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recorded. The MTT analysis is dependent on the reduction of the tetrazolium salt and MTT by 

the mitochondrial dehydrogenase of viable cells to form a blue formazan product. 

4.2.5 Lung Epithelial Cell Migration Assay 

To analyze the effect of 160 ppm gNO on cell migration and attachment, A549 cells were seeded 

at a density of 1 x 10
6
 cells per 60 mm culture dish and incubated at 37ºC in DMEM containing 

10% FBS to form a confluent monolayer. Monolayers were scratched with a plastic pipette tip to 

mimic a wound with a uniform width. Suspended cells were washed away and the media was 

replaced by DMEM containing 2% FBS. These cultures were then exposed continuously to 160 

ppm gNO or medical air for up to 72 hours. Serial light micrographs of the wound areas were 

taken daily for the next three days. Individual frames were stored, calibrated, and measured using 

an image analyzer (Quartz PCI, Pleasanton, CA, USA) to determine the distance migrated across 

the wound. Migration distance was expressed as a percentage of the wound width on day 0. 

4.2.6 Clonogenic Cell Survival Assay 

Exponentially growing A549 cells were seeded in 60 mm culture dishes at a density of 200–600 

cells per dish. The dishes were incubated overnight at 37ºC to allow the cells to attach. The 

cultures were then subjected to different doses of γ-radiation (
60

Co gammacell; Atomic Energy 

of Canada Limited, Mississauga, ON, Canada) and 160 ppm of gNO, continuously, for 24 hours 

at 37ºC, or air alone as a control. Following each treatment, the culture medium was replaced 

with fresh DMEM supplemented with 2% FBS, and incubated at 37ºC for 10–14 days. Cell 

colonies were fixed in 70% ethanol, stained with 10% methylene blue, and counted. The 

surviving colonies were plotted as a function of treatment received. 
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4.2.7 Statistical Analysis 

The results were analyzed using the unpaired Student’s t-test for comparison between any two 

groups. Group means were statistically tested by least squares means (two-tailed t-test). Data 

analysis and graphical presentation were done using a commercial statistics package (Graphpad-

Prism V 3.0, GraphPad Software Inc., USA). Unless otherwise specified, p < 0.05 indicated 

statistical significance. Results were reported as the mean ± standard error of the mean from at 

least three independent measurements. 

4.3 Results 

4.3.1 Antimicrobial Effect of Intermittent gNO In-vitro  

Previous studies demonstrated that continuous delivery of 160 ppm gNO resulted in a 100% 

lethal dose (LD100) representing a 5 log10 reduction in cfu/mL at 5 hours (SD = 1) (McMullin 

2005). Conversely, the proposed intermittent delivery regimen in this study showed that the 

average LD100 was 16 hours (SD = 0.0) for a 5 log10 reduction in cfu/mL. The resulting survival 

curves for each organism, comparing the continuous versus the proposed intermittent regimen 

are shown in Appendix 1, Fig. 1. This intermittent delivery strategy resulted in a 100% 

bactericidal effect (5 log10 reduction in concentration) against S. aureus, P. aeruginosa, and E. 

coli. These bacteria are associated with human pulmonary pathogenesis. The strategy resulted in 

a 75% reduction of the influenza virions after only three cycles. These experiments demonstrated 

that four cycles of 160 ppm gNO for 30 minutes followed by air exposure for 3.5 hours resulted 

in complete death for the bacteria tested (Appendix 1, Fig. A1.1), and severely inhibited 

influenza (Figure 4.1). NO2 levels were measured during the studies and were analyzed at a 

concentration of 15–18 ppm at flows of 2 L/ min.  
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Figure 4.1 The Effect of Intermittent 160 ppm gNO on Influenza. Influenza A/Victoria 

H3N2. Influenza virions were exposed to either air (control) or 160 ppm gNO for 30 minutes, 

then air for 3.5 hours (treatment). The result was measured using a standard plaque assay. 

Squares represent control conditions; triangles represent treatment conditions; circles represent 

intermittent gNO exposure cycles (not to scale). Results were reported as the mean ± standard 

error of the mean from at least three independent measurements. 

 

4.3.2 Proliferation, Migration and Mutagenesis of Pulmonary Cells in the Presence of  

Exogenous gNO 

 

The effect of gNO on pulmonary epithelial cell proliferation was measured using the MTT assay. 

Proliferation data were expressed as absorbance at 540 nm representing formazan production in 

metabolically active and viable cells (Appendix 1, Fig. A1.2). Cytotoxic and cytostatic effects 

were not observed in epithelial cells exposed to the intermittent exposure regimen of 160 ppm 

gNO. In fact, cells demonstrated a slightly higher growth rate in the presence of gNO after 72 

hours of exposure. Interestingly, this dose of gNO exhibited significant antimicrobial properties 

in previously reported in-vitro studies (McMullin 2005, Ghaffari 2007). The result of a migration 

assay revealed that epithelial cells did not lose their ability to migrate in the presence of gNO 
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(Appendix 1, Fig. A1.3A). Cell migration was monitored and photographed for three days post 

exposure. The distance migrated by epithelial cells was measured and expressed as a relative 

percentage of the original injury size. Cells in both treated and control groups were able to 

repopulate 70% of a 300 µm gap by day three (Appendix 1, Fig. A1.3B). Sensitivity of A549 

lung epithelial cells to 160 ppm gNO was determined using the clonogenic survival assay. 

Various doses of gamma (γ) radiation, a genotoxic agent, were used as positive controls. As 

shown in Appendix 1 Fig. A1.4, epithelial cells were not sensitive to 160 ppm intermittent gNO 

exposure compared to gamma radiation. 

A significant difference was noted between the control and the gNO treated cells, with the gNO 

treated cells improving. Of interest, it is purported that NO orchestrates wound healing and 

influences cell behaviour (Witte 2002). It is possible that NO may act as an effecter molecule in 

epithelial cell proliferation. To determine if gNO exposure was harmful to human immune cells 

important for lung defence, the survival of THP-1 monocytes and macrophages was measured 

after continuous exposure to 200 ppm gNO or medical air as a negative control. The dose of 200 

ppm was used to test for a dose 25% higher than what was used in the exposure regimen. A 

continuous exposure to gNO was used to simulate long term multiple exposures of up to 10-fold 

greater duration threshold exposure than what was used in the exposure regimen. After 24 hours 

of exposure, almost 75% of undifferentiated THP-1 monocytes survived, whether they were 

treated with gNO or air (Appendix 1, Fig. A1.5A). In addition, there was no significant 

difference in survival between gNO exposure and air only. When THP-1 cells were first 

differentiated into macrophages before exposure to gNO or air, they had a slightly lower survival 

rate compared to monocytic cells, at approximately 55% for treatment with air and 60% for 

treatment with gNO (Appendix 1, Fig. A1.5B). In this case, survival of gNO-treated 
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macrophages was increased, compared to the macrophages exposed to air only. Since the 

undifferentiated THP-1 monocytes were not sensitive to treatment with the continuous, long 

term, high end doses of gNO, these same cell lines were further tested for differences in survival 

when treated with an intermittent regimen of 160 ppm for 30 minutes and 3.5 hours of 20 ppm 

gNO (repeated for five cycles) or 20 ppm continuously for 24 hours. A control of 20 ppm gNO 

was used since this is the most commonly prescribed dose of gNO used to treat full term infants 

with persistent pulmonary hypertension (FDA 1999). The histograms of the two PI-stained 

populations are shown in Appendix 1, Fig. A1.5C. Except for a small population of PI stained 

cells in the 160/20 ppm gNO treatment group, no significant population shifts were observed 

between the cells exposed to 160/20 ppm and the cells exposed to 20 ppm gNO. These 

observations were consistent with the previous results, indicating that high-dose gNO delivered 

in an intermittent regimen for a prolonged period of time to representative pulmonary host cells 

does not induce the same cytotoxicity seen for bacteria at similar doses and durations. 

4.4 Summary 

In this study we showed that the antimicrobial properties of continuous gNO were retained when 

an intermittent dosing strategy was employed. We demonstrated that the intermittent dosing 

strategy of 160 ppm gNO for 30 minutes followed by a 3.5 hours recovery time was effective at 

reducing the pathogen load and was generally well tolerated by host cells. In the bacterial models 

we tested, a 100% or 5 log10 reduction was observed within three cycles of intermittent gNO 

exposure. Intermittent gNO produced a 75% reduction in the influenza model. We speculate that 

high-dose (160 ppm) intermittent delivery of gNO may be useful as a first line inhaled 

antimicrobial treatment to augment the innate defence system. The next step is to assess whether 

this dosing strategy can be safely inhaled.  
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Chapter 5: A Phase I Safety Trial of Nitric Oxide in Healthy Adult Humans 

5.1 Background 

In Chapter 4 we demonstrated that gNO is an effective anti-viral in-vitro at a dose of 160 ppm. 

Eradication of the bacteria tested and inhibition of influenza was maintained with intermittent 

dosing using 160 ppm gNO. The next step was to undertake safety trials in healthy humans. 

Patient safety is a concern when using gNO as a microbicidal agent in clinical applications 

(Hurford 2005). Accordingly, we sought to determine whether the treatment strategy outlined in 

Chapter 4 would lead to unacceptably high methemoglobin levels, acute pulmonary injury or 

impairment of pulmonary function in healthy volunteers. Based on published methemoglobin 

kinetics and the dose required for antimicrobial effect (Miller 2007), we developed a treatment 

model using high dose gNO (160 ppm) for a short duration (30 minutes) to limit 

methemoglobinemia and reduce the risk of other toxic side effects (Borgese 1987, Young 1994, 

Young 1996). We demonstrated support for this dosing regimen in Chapter 4 through in-vitro 

studies showing that this strategy provides an effective antimicrobial effect and appears to be 

non-toxic to pulmonary cells (Ghaffari 2007, Miller 2009).  

In this chapter we report a prospective, phase one, open label safety study in ten healthy adults, 

acting as their own controls. Each subject inhaled 160 ppm gNO for 30 minutes, five times a day, 

for five consecutive days. Safe delivery of gNO was assessed and defined as the ability to deliver 

a stable concentration of NO without excessive NO2 levels while maintaining acceptable arterial 

hemoglobin oxygen saturation (SpO2). Subject safety was determined by the absence of acute 

pulmonary injury, pulmonary function impairment or presentation of other adverse effects. The 

subjects were assessed by monitoring vital signs, methemoglobin levels, lung function, blood 
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chemistry (including nitrite/nitrates), hematology, prothrombin time, inflammatory 

cytokine/chemokines levels and endothelial activation (angiopoietin ratio). These parameters 

were compared to baseline measurements (prior to initiation of gNO) and to various time points 

during gNO administration, and at three, seven and 21 days post gNO administration.  

5.2 Methods and Materials 

The protocol used was approved by the University of British Columbia Clinical Research Ethics 

Board, Vancouver Coastal Health Research Institute and the Therapeutic Products Directorate of 

Health Canada (TPD, CTA Number 129958). After obtaining informed consent, healthy adult 

volunteer subjects were screened by physical exam, pulmonary function tests, blood work and a 

medical history to exclude any pre-existing condition. Ten subjects passed the screening and 

were enrolled into the study. Treatment was initiated within five days of enrolment. Subjects 

were housed in a hospital ward and administered inhaled treatments of 160 ppm gNO for 30 

minutes every four hours, five times a day, for five consecutive days. During the treatment 

period (Day1-5) several parameters were monitored (see below). Subjects returned for follow-up 

evaluations three, seven and 21 days after the final gNO exposure on day five. 

5.2.1 Intermittent High Dose Inhaled Nitric Oxide Delivery 

 

To obtain approval for this clinical trial, all components of the gNO delivery system required 

approval from the Therapeutic Product Directorate of Health Canada. Subjects were 

administered gNO as close to the mouth as possible through a modified disposable mouthpiece to 

minimize NO2 production. Inspiration was spontaneously initiated by the subject from a 

conventional intermittent positive pressure breathing respirator (Mark-7, Carefusion, USA) in 

fixed flow mode, delivering 48 L/min. Gas flow was verified with a calibrated mass flow meter 
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(TSI, USA). An NO (INOmax, Ikaria, USA) concentration of 800 ppm at 12 L/min was titrated 

into the distal delivery port of the mouthpiece connected to the respirator during the inspiratory 

phase only. The Mark 7 respirator was supplied by an air/oxygen blender (Bird Sentry, 

Carefusion, USA) set to deliver 26% oxygen.  

The target gas mixture was 160 ppm gNO with a NO2 concentration of less than 5 ppm and an 

O2 level between 21 and 25%. Inspiratory NO, NO2 and O2 levels were continuously monitored 

by sampling from the mouthpiece sample port (located about 6 mm from the subject’s mouth) 

with an AeroNOx (Pulmonox, AB, Canada) NO, NO2 and O2 electrochemical analyzer. Delivery 

safety was determined by the number of occasions that NO2 exceeded 5 ppm, NO exceeded 10% 

variation or O2 dropped below 20% during gNO treatments. 

5.2.2 Measurement of Changes in Pulmonary Function  

 

At time of screening, and on days two, eight, 12 and 26, subjects were administered full 

pulmonary function tests (PFT), including lung diffusing capacity (DLCO), by a trained 

technician using a calibrated pulmonary function system (Jaeger MasterScreen, VIASYS 

Healthcare, USA). Bedside spirometry (Microloop by Micro Medical, England) was performed 

on days one, three and four. The effect of gNO on lung function and DLCO was determined by 

changes between baseline, treatment days and follow up days. 

 

5.2.3 Oxygenation and Vital Sign Measurements 

 

Full physicals were performed by a pulmonary physician on initial screening, and on days eight, 

12 and 26. Abbreviated physical examinations were performed by a registered nurse prior to 

each daily initiation of treatment on days 1-5. Oxygenation was measured with a pulse oximeter 
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(Rad 57, Masimo Corporation, USA) according to manufacturer’s guidelines to measure 

functional oxygen saturation of arterial hemoglobin (SpO2) and heart rate. These parameters 

were measured continuously during every gNO treatment and for 3.5 hours after the first 

treatment of each day. 

Cardiovascular status was determined by monitoring heart rate, blood pressure, respiratory rate 

and temperature. Values were recorded prior to the start of each treatment, following a five 

minute rest. Vital signs (except temperature) were recorded 15 minutes after the start of the 

treatment and at the end of gNO treatment. After the first treatment of the day was completed, 

vital signs were recorded every 30 minutes until the start of the second treatment of the day. 

5.2.4 Blood Chemistry and Hematology Measurements 

 

Hematological assessment included a complete blood count and differential (hemoglobin, 

hematocrit, red blood cell count, white blood cell count, white blood cell differential, and platelet 

count). The blood chemistry profile included serum creatinine, and liver function tests: aspartate 

aminotransferase (AST) serum glutamic oxaloacetic transaminase (SGOT), alkaline phosphatase, 

and gamma-glutamyl transferase (GGT). The effect of gNO on coagulation was determined by 

assessing prothrombin time (PT) and its derived measures of prothrombin ratio (PR) and 

international normalized ratio (INR).  

5.2.5 Analysis of Nitric Oxide Metabolism 

 

A commercially available noninvasive pulse oximeter (Rad 57, Masimo Corporation, USA) was 

used to measure methemoglobin saturation (SpMet). These parameters were measured 

continuously during every gNO treatment and for 3.5 hours after the first treatment of the day. 
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Daily serum samples were collected and frozen at -80°C. The serum nitrite/nitrite levels were 

measured using the Griess reagent method (Green 1982).
 

5.2.6 Systemic Inflammation and Endothelial Activation Assays 

 

Heparinized plasma was collected and frozen at -80°C, at baseline, and on days one, two, four 

and five of gNO treatment, and on follow-up days three, seven and 21. Plasma cytokine levels 

were assessed using the human inflammation cytokine bead array kit (BD Bioscience, Canada). 

Plasma levels of angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2) were determined by ELISA 

(R&D Systems, USA). 

5.3 Statistical Analysis 

Descriptive characteristics of the subjects prior to, during, and at the end of the study were 

tabulated and expressed as mean ± standard deviation. Differences in continuous variables 

(methemoglobin, serum nitrate and SpO2 levels) over the course of the study were analyzed 

utilizing repeated measures analysis of variance. Categorical events (number of subjects with a 

particular adverse event) were determined by constructing 95% confidence limits for the 

incidence rate. Differences between important continuous variables at two specific times were 

evaluated with the paired t-test. Important categorical events such as changes in clinical 

pulmonary function and lung diffusion changes, changes in serum inflammatory markers, 

hematology, clinical chemistry and incidence of adverse events were analyzed by constructing 

95% confidence limits for the incidence rates. The data was analyzed using the unpaired Mann-

Whitney test for comparison between any two groups and ANOVA for repeated measures of 

variance. Baseline comparisons were analyzed by repeated measures ANOVA with Bonferroni 

post-test for parametric data or Friedman test with Dunn’s post-test for non-parametric data. 
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Data was analyzed and presented graphically using a commercial statistics package (GraphPad-

Prism V 3.0, GraphPad Software Inc., USA). Unless otherwise specified, p < 0.05 indicated 

statistical significance. Results were represented by mean ± standard deviation from at least three 

independent measurements. 

5.4 Results 

5.4.1 Safe Delivery of 160 ppm Nitric Oxide Gas: Inhaled Nitric Oxide, Nitrogen Dioxide 

and Oxygen Measurements.  

 

A total of 250, thirty minute gNO treatments at a target concentration of 160 ppm were 

administered to ten subjects (five male, five female) during the study period. The age of the 

subjects ranged from 20 to 62 years old. As defined by the study parameters, the treatments were 

well tolerated and no significant adverse events were observed. There were three minor adverse 

events reported. One subject reported bruising of the arm from multiple attempts to draw blood. 

(Bleeding that could be caused by a decrease in platelet cGMP levels was not observed or 

reported by the subjects or coagulation assays.) Two separate subjects reported a numbing 

sensation of the tongue during gNO treatment. We speculated that the subjects were pressing the 

mouthpiece too tightly between the tongue and roof of their mouths. This was resolved by 

instructing the subjects to relax and reposition the mouthpiece. 

Inspired NO levels were monitored continuously and recorded at the start, at 15 minutes and at 

the end of gNO treatment. A total of 750 measurements of NO were recorded during the study. 

The average inspired NO was 163.3ppm (SD=4.0). The highest NO concentration recorded was 

177 ppm. 
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NO2 levels were also monitored continuously and recorded at the start, at 15 minutes and at the 

end of gNO treatment. No subject experienced NO2 > 5 ppm. The highest NO2 recorded (n=750) 

during the treatments was 2.8 ppm with a mean of 2.32 and a 95% confidence level of 2.17-2.47 

ppm. This was consistent with the performance specifications provided by the analyzer 

manufacturer of 1.56 ppm (SD=0.3). 

The fractional inspired oxygen percentage was analyzed continuously during gNO treatments. 

The goal was to adjust the blender to ensure greater than 20.8% or ambient levels of oxygen 

without resulting in adverse NO2 levels (greater than 5 ppm). Of the 300 recorded values, the 

average oxygen percentage was 22.0% (SD=0.22). 

5.4.2 Vital Signs and Clinical Safety During and After gNO Delivery: Blood Pressure, 

Oxygenation, Methemoglobin and Nitrite/Nitrate Levels. 

  

During and after gNO exposure, all vital signs remained within normal limits for age and with 

respect to baseline values. Specifically, there was no drop in blood pressure (potentially due to 

the vasodilator effect of gNO) during or after gNO treatments. There were 300 valid SpO2 values 

at 15 and 30 minutes during the administration of gNO. There were no sudden incidences of 

hypoxemia (< 85% SpO2) during gNO administration, or after gNO termination. The lowest 

observed SpO2 was 93%. SpO2 (%) levels decreased slightly over time, between the pre-

treatment and post-treatment but were not statistically or clinically significant. ANOVA analysis 

determined that this decrease was not associated with the five repeated exposures to gNO over 

the course of the same day. 

Inhaled NO is reduced in the systemic blood stream by hemoglobin, which results in an increase 

in methemoglobin levels. To ensure that inhaling gNO did not compromise oxygen carrying 
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capacity, methemoglobin percent levels (SpMet) were kept below 5%. SpMet was monitored 

continuously and recorded every 15 minutes during gNO delivery and at every 30 minutes after 

the first treatment of the day. During subsequent daily treatments of gNO the SpMet was 

recorded prior to and immediately after treatment. Follow up measurements were recorded three, 

seven and 21 days after the final gNO exposure on day five. Of the 930 recorded SpMet 

measurements all remained below 5%. The initial baseline SpMet was 0.16% (SD=0.10). The 

highest SpMet was observed at the end of the 30-minute treatment and was 2.5% with an average 

increase of 0.9% (SD=0.08). SpMet increased slightly between pre-treatment and post treatment 

(p<0.001). ANOVA analysis determined that this increase was not associated with repeated 

treatments on the same day. Results comparing pre- and post-treatment SpMet for all ten subjects 

for every gNO treatment were plotted and are presented in Figure 5.1.  
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Figure 5.1 Summary of all Treatments of Methemoglobin Kinetics, Over One, Four-hour 

cycle. Each subject breathed 160 ppm gNO for 30 minutes followed by 210 minutes recovery, 

breathing room air. The graph of methemoglobin is the composite of all (n=250) gNO 

treatments. Results were reported as the means ± standard error of the mean from at least three 

independent measurements. 
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As predicted, methemoglobin concentration rose by approximately 1% and returned to baseline 

after 3.5 hours prior to next gNO treatment. As can be seen, the maximum (SpMet) occurred at 

thirty minutes and returned rapidly to baseline between treatments. There was no cumulative 

effect on SpMet after five daily treatments for five consecutive days (Figure 5.2). Follow-up 

SpMet measurements on three, seven and 21 days after the final gNO exposure on day five did 

not demonstrate any residual increase in SpMet. 
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Figure 5.2 Cumulative Summary of Methemoglobin Kinetics. The methemoglobin kinetics of 

all (250) treatments cumulated over the entire duration of the study. Each treatment (30 min) for 

each subject for the entire duration of the study is shown, as well as all the methemoglobin 

measurements from day 0 to 26. Results were reported as the mean ± standard error of the mean 

from at least three independent measurements. 

 

Methemoglobin is reduced by an enzymatic reductase resulting in an increase in blood 

nitrite/nitrate levels. There was no significant difference in serum nitrite/nitrate levels from 

baseline through the trial. It should be noted that one subject had significantly higher peak nitrite 

and nitrate values (p<0.001) as well as a slightly different baseline value (p=0.038) compared to 

the other subjects.  
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There were no statistically or clinically significant changes in blood coagulation parameters, 

clinical chemistry or hematological parameters from baseline to completion of day five. 

Although there was a decrease in eosinophils from baseline (0.15 giga/L; SD=0.12;p=0.104) to 

0.19 giga/L (SD=0.19), it was not significant (p=0.104). There was a 1% increase in neutrophils 

from a baseline of 0 to 0.01 giga/L (0.03). At the completion of treatment, these were not 

statistically or clinically significant (p=0.169). 

 

5.4.3 Normal Lung Function and Anti-Inflammatory Response During and After gNO 

Delivery 

  

Results of the pulmonary function tests revealed no abnormalities for any subject during gNO 

treatments or three weeks after exposure. Specifically, airflow, as measured by Forced 

Expiratory Volume in one second (FEV1) and maximum mid-expiratory flow (MMEF), was not 

different from baseline during the course of the study. Other lung function measurements like 

DLCO, Forced Vital Capacity (FVC), Total Lung Capacity (TLC) and Residual Volume (RV) 

did not change from baseline measurement through day 28. 

5.4.4 Inflammatory Cytokines and Endothelial Activation Factors 

  

To assess whether gNO treatment resulted in inflammation or endothelial activation we 

quantified cytokine and Ang-1 and Ang-2 levels in peripheral plasma at baseline, on days one, 

two, four, and five of gNO treatment, and on post treatment days three, seven and 21. 

Preliminary results showed cytokine levels of TNF, IL-6, IL-8, IL-10, IL-1b and IL-12p70 were 

unaffected by inhalation of gNO compared to baseline. Comparisons between baseline cytokine 

levels and levels at each of the sampling time points for all 10 participants resulted in no 
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significant differences (compared by repeated measures ANOVA with Bonferroni post-test for 

parametric data, or Friedman test with Dunn’s post-test for non-parametric data). Additionally, 

preliminary results also showed that the vascular endothelium activation factors Ang-1, Ang-2 

and the Ang-2/Ang-1 ratio were not affected in this study. 

 

5.5 Summary 

The results presented show the promise that a high dose of inhaled gNO delivered intermittently 

can be safely administered within clinical guidelines for NO. NO2 levels were kept within an 

acceptable range without compromising the subjects’ vital signs. The treatments were well 

tolerated by all subjects and no severe adverse events were noted during the study. We also 

found that intermittent (every four hours) inhalation of 160 ppm gNO could be delivered five 

times a day for five consecutive days without an adverse increase in methemoglobin. We have 

provided evidence that the resulting metabolic burden was within normal parameters for serum 

nitrite/nitrate concentrations. Furthermore, we have shown that this treatment regimen does not 

appear to be pro-inflammatory or alter pulmonary function in healthy adults. These results 

suggest that gNO could be explored further to evaluate efficacy in otherwise stable subjects with 

mild pulmonary infections. Should these studies prove to be safe and effective, we speculate that 

high antimicrobial doses of intermittent gNO administration may be useful as a first line inhaled 

antimicrobial treatment to augment the innate defence system or, possibly, as an adjunct to 

antibiotics. 
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Chapter 6: Discussion, Summary, Future Directions and Conclusion 

6.1 Discussion 

6.1.1 gNO Can Act as an Antiviral Against Influenza 

 

The results presented here demonstrate that gNO profoundly affects the ability of Influenza A 

and B virions to infect and replicate in MDCK cells. To our knowledge, this is the first study to 

report this. Interestingly, it was shown that virions suspended in normal saline and exposed to 

gNO lose their ability to infect MDCK cells. Conversely, when MDCK cells were first infected 

with Influenza A, then exposed to gNO, the virucidal effect of gNO was modest. 

The antiviral effect of gNO on Influenza A during infection was consistent with the effect shown 

by Rimmelzwaan using the organic donor SNAP on Influenza A viruses (Rimmelzwaan 1999). 

Rimmelzwaan demonstrated that NO released from SNAP inhibited Influenza A and B virus at 

an early stage of viral replication by inhibiting viral RNA synthesis. Other studies using different 

viruses have shown that NO donor compounds have antiviral effects within infected host cells. 

Studies using Coxsackie virus demonstrated that NO interrupted the viral life cycle via NO-

mediated S-nitrosylation of the cysteine residue inhibiting protease activity in the 3C protease 

(Saura 1999, Zell 2004). Harris et al. demonstrated that several processes in the late stages of 

viral replication, including viral DNA replication, viral protein synthesis and virion maturation, 

were greatly inhibited by IFN--induced NO in Vaccinia Virus (Harris 1995). Other in-vitro 

studies utilizing chemical donors of NO have shown inhibition of viral replication in DNA and 

RNA viruses. Reports have suggested that NO inhibits viral proteins, RNA synthesis and viral 

replication by modifying molecules such as reductases and proteases required for replication 

(Tosh 2010, Croen 1993, Zell 2004, Zaragoza 1997). Direct virucidal activity on cell-free 
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virions, as we observed, has not previously been reported. There are multiple targets on the 

virion surface to which NO could bind and disrupt the infection process. However, little is 

known about the antiviral mechanism by which NO acts on virions before they bind to cellular 

receptors and begin replication. In addition to its direct antimicrobial activity, NO also functions 

as a reactive nitrogen intermediate and can react with oxygen intermediates, such as hydrogen 

peroxide (H2O2) and superoxide (O2−) to form a variety of antimicrobial molecular species (Radi 

1991). Colasanti et al. theorized that NO may be able to affect hemagglutinin (HA), a surface 

protein, by nitrosylation of the cysteine moieties within its structure (Colasanti 1999). This 

structural change could alter HA stoichiometry during its interaction with the sialic acid receptor 

or could prevent fusion of the virion with the epithelial cell membrane (Fischer 1998). Results 

from our studies support the theory that NO inactivates the virion, thereby preventing infection 

of the host cell. Influenza A virions, regardless of strain, were slightly more susceptible than 

Influenza B in this study. Since we only tested one strain of Influenza B, future work is required 

to identify why there are susceptibility differences between Influenza A and B. Broadening the 

testing to multiple strains will help determine whether the difference in susceptibility is 

maintained throughout all Influenza B viruses or if it is restricted to specific strains. We are 

currently screening a wide variety of viruses against gNO to assess which are more or less 

susceptible. This may shed some light on the mechanism of action causing the antiviral activity 

of NO and identify future avenues of investigation. 

We discovered a correlation between the lengths of time saline is exposed to gNO and antiviral 

effectiveness. Regardless of the concentration of gNO (80 or 160 ppm), the antiviral effect 

coincided with a specific range of nitrite concentration and acidic pH. We theorize that gNO 

diffuses into the saline and reacts with water to produce nitrous acid (HNO2), resulting in a drop 
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in pH and accumulation of nitrite (NO2
-
) ions. The resulting pH, along with the nitrite 

concentration, was within the same range found to be antifungal and antibacterial in other studies 

using a combination of acid and nitrites (acidified nitrites) (Weller 2001, Anyim 2005 and 

Hardwick 2001). As far as we know, there have been no reports on the antiviral effects of 

acidified nitrites. Interestingly, we found that neither acid nor nitrite on their own are antiviral, 

however, when combined they are an effective antiviral combination. This combination of acid 

and nitrites has been previously shown to produce NO (Weller 2001). In our study, the low pH 

alone produced some antiviral effect (40% inhibition) but a much greater effect (100% 

inhibition) was found in combination with nitrites. This suggests that NO had a direct antiviral 

effect that was not wholly attributable to the low pH or nitrite level. To support this idea, we 

showed that virions dried on a glass slide, then exposed to dry gNO at 10 L/min had reduced 

infectivity. Since the virus was not suspended in liquid, we eliminated the effect of the low pH 

environment on the virions. The gas treatment, in this case, reduced infectivity (by 85%), thus, 

we speculate that there are targets on the virion that may bind to NO and prevent infection of 

cells.  

6.1.2 gNO Acts as an Antiviral Through Nitrosylation  

 

To elucidate a mechanism of action, we first chose to use the hemagglutination inhibition assay. 

We demonstrated that gNO inhibits the ability of influenza hemagglutinin to agglutinate guinea 

pig red blood cells. The results were not as dramatic as we had anticipated unless the pH was 

reduced. Perhaps a reduced pH is beneficial because, in a low pH environment, the nitrites in 

solution will react with the acid to produce more NO. We reduced the pH via one of two 

methods: by adding hydrochloride acid or by increasing the concentration of gNO, which 

converts to nitrous acid. We noted that the inhibition was dose and pH dependent. Of note, pH 
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alone had a modest effect on hemagglutination, similar to the effect outlined in Chapter 2. 

However, when a reduced pH was combined with gNO the effect was more profound. This 

indicated that the inhibition of influenza infectivity was due at least in part to gNO reacting with 

the influenza surface protein, hemagglutinin.  

Hemagglutinin (HA) is a membrane glycoprotein from the influenza virus that comprises over 

80% of the envelope proteins present in the virus particle. In natural infection, inactive HAο 

matures into HA1 and HA2 outside the cell via the action of one or more trypsin-like, arginine-

specific endoproteases secreted by the bronchial epithelial cells. Binding of HA to sialic acid-

containing receptors on the surface of its target cell attaches the virus particle to the cell and 

forms an endosome. The low pH encountered in endosomes induces an irreversible 

conformational change in HA2, releasing the hydrophobic “fusion peptide”. The virus then 

penetrates the cell and releases its contents, including the RNA genome, into the cytoplasm, 

mediated by fusion of the endocytosed virus particle’s own membrane and the endosomal 

membrane. Hemagglutinin plays a major role in the determination of host range restriction and 

virulence (Günther-Ausborn 2000, Hoffman 1997, Marjuki 2006, Sinobiological.com).The 

potential of NO to inhibit hemagglutinin was first postulated by Colasanti, based on the findings 

of Fischer, in a review paper on the S-nitrosylation of viral proteins. Colasanti states: “Although 

further studies are needed to clarify the effect of NO on the Influenza A virus life cycle, viral-

encoded hemagglutinin may represent a target for this diatomic mediator. In fact, mutation of 

Cys551, Cys559, and Cys562 residues close to the C terminus of the hemagglutinin-2 subunit 

does not allow palmitylation and reduces the ability to induce syncytia.” (Colasanti 1999, Fischer 

1998) Akerstrom reported that NO inhibited the fusion step by reducing palmitoylation of the 
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SARS-CoV S protein (Akerstrom 2009). To date we have been unable to locate any published 

report to either confirm or refute the ability of NO to nitrosylate hemagglutinin. 

The results from the hemagglutination assays were sufficient to give us the confidence to 

proceed to determine if NO nitrosylated the influenza hemagglutinin. For this study, rather than 

using the traditional biotin switch method (Jaffrey 2001), we used a newly available, one-step S-

nitrosylation binding (SNOB) reagent. SNOB reagents detect cysteine residues that have been S-

nitrosylated by NO. SNOB can be used as part of a single-step assay to label S-nitrosylated 

proteins with biotin for detection by Western Blot or proteomic analysis. When the whole 

influenza virion was exposed to 160 ppm gNO, as described in Chapter 2, nitrosylation was 

detected using the SNOB reagent and visualized via Western Blot. Conversely, we demonstrated 

that no nitrosylation was found on either of the commercially provided HAs. These HAs are 

secreted as recombinant hemagglutinin of Influenza A virus (A/Brisbane/10/2007 (H3N2)) 

which comprises 526 amino acids and Influenza A virus H1N1 (A/California/07/2009 ) which 

comprises 521 amino acids. Both HAs have a predicted molecular mass of 59 kDa 

(SinoBiological.com). These two HAs are expressed with a C-terminal polyhistidine (H3N2), or 

fused to a polyhistidine at the C-terminus (H1N1), thereby lacking the cysteines that would be 

the target of nitrosylation. Several reports have shown that the cysteines located in the 

cytoplasmic tail are essential for pore formation and, thereby, infectivity (Wagner 2005, Fischer 

1998, Naeve 1990). Of note, in order to further assess the two commercial HAs, we exposed 

them to a reduced pH and to trypsin to see if inducing a conformational change would open sites 

on the HA susceptible to nitrosylation, but no effect was identified. We demonstrated that gNO 

inhibits the infectivity of influenza through nitrosylation of the virions. This reaction is probably 

mediated by nitrosylation of the cysteines in the cytoplasmic tail of hemagglutinin. While we are 
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confident that nitrosylation of hemagglutinin occurs, there is the potential of other targets, in 

particular the M2 ion channel (Gaston, 1999). 

We demonstrated, for the first time, that gNO could inhibit the infectivity of the influenza virus 

through nitrosylation of the virion. This suggests a mechanism whereby gNO, a novel antiviral, 

may have the potential for limiting infectivity. Before the potential of gNO as an antiviral can be 

achieved, several challenges regarding its safety must be overcome. As described previously, the 

highest dose of NO approved for inhalation is 80 ppm. While we had some success with this 

dose against influenza we demonstrated that a dose of 160 ppm gNO is more efficacious. 

However, a dose of 160 ppm gNO cannot be inhaled continuously, because it will bind with 

hemoglobin to form methemoglobin. As methemoglobin accumulates, it will reduce the 

availability of oxygen to the host. Also the inhaled levels of NO2 need to be kept below accepted 

levels. Therefore, an alternate strategy needs to be developed. 

6.1.3 Intermittent Delivery of 160 ppm gNO can be a Viable Treatment Regime 

 

We reported in Chapter 4 that the bactericidal effect of 160 ppm gNO was preserved during 

intermittent delivery, compared to continuous delivery of the same concentration. In the 

influenza model, greater than 75% reduction in the number of pfu was achieved after three 

treatments of 30 minutes. While this result did not match the 100% reduction in pfu observed 

during continuous exposure, it should be noted that the intermittent total gNO delivered was 240 

ppm-hour compared to 320-480 ppm-hour for continuous exposure. If we continued the 

intermittent treatment for one more cycle, we could predict a further reduction to match the 

continuous result. Unfortunately, our testing methodology for influenza limited our exposures to 

a maxiumum time of nine hours. Beyond this time, the stability of the virions became 
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unpredictable. We are currently revising our methodology to allow us to expand our exposure 

times and extend our results. Overall, these are highly relevant findings if gNO is to be 

considered for inhalational use as an antimicrobial agent to treat pulmonary infections such as 

bacterial pneumonia or influenza.  

NO has a high affinity for metal ions and reacts readily with hemoglobin to produce 

methemoglobin. At high levels, methemoglobin can interfere with oxygen transport. Due to the 

large gas to blood surface area in the lungs, rapid conversion of hemoglobin to methemoglobin 

by continuous exposure to gNO causes hypoxemia. This may be especially pertinent as the target 

populations for gNO antimicrobial therapy are likely already to have pulmonary complications. 

Rather than using continuous delivery of gNO, with its higher potential for inducing 

methemoglobinemia, an alternative high-dose (160 ppm), short duration (30 min) strategy was 

hypothesized for a pulmonary application model of gNO. This study was designed to evaluate 

whether an intermittent high-dose gNO delivery regimen could preserve the antimicrobial effect 

of continuous gNO delivery while avoiding elevated methemoglobin levels. We showed that 

when gNO was administered to three bacterial strains and Influenza A, all of which were 

associated with pulmonary disease, at 160 ppm for 30 minutes, repeated every four hours, the 

same potent antimicrobial activity was observed as when 160 ppm gNO was delivered 

continuously. Despite taking about 10 hours longer to achieve the same antimicrobial effect as 

continuous delivery of gNO, this intermittent regimen may allow for a safer approach with 

reduced side effects. However, this gNO delivery regimen may not be as effective in an in-vivo 

setting where bacteria might replicate to unacceptable levels between gNO exposures. We 

speculate that continuous exposure to gNO is not needed to kill pathogens and an intermittent 

exposure is effective because of the affinity of NO to bind target bacteria and viruses.  
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NO, in gaseous form, passes unhindered through cell membranes, targeting a wide range of 

macromolecules. In mycobacteria, after thiol detoxification sites are overwhelmed, free NO in 

the cytosol binds with iron complexes such as aconitase, interrupting cellular respiration (Miller 

2004). NO can further react with reactive oxygen species, resulting in the production of 

peroxynitrite, which is known to destroy DNA (Fang 2004). It appears that this regimen places a 

significant burden on bacteria, not allowing the bacteria time to sufficiently replenish or increase 

thiol production. However, future work in an in-vivo biological model is required to verify 

whether this effect is retained.  

The rationale for the 30 minutes of 160 ppm gNO therapy was based on published 

methemoglobin kinetic studies (Young 1994 and 1996, Borgese 1987). The predicted half-life of 

methemoglobin in humans is approximately one hour. The anticipated rise in methemoglobin 

during the 30 minute, 160 ppm gNO treatment was calculated to be approximately 1%. The 3.5 

hour interim period would allow the methemoglobin concentration to return to baseline, at which 

time another 30 minutes gNO treatment of 160 ppm could be given. The total 24 hour NO 

metabolic burden for this six-cycle regimen was calculated to be 480 ppm-hour. In reality, in 

more than 10 years of successfully treating term infants with inhaled NO, methemoglobinemia 

levels have not been shown to be a reported risk factor, even in rare cases where methemoglobin 

reductase was impaired. 80 ppm NO for 24 continuous hours, as used in early neonatal and adult 

clinical trials, resulted in 1920 ppm-hour (FDA 1999). However, in clinical practice, the usual 

accepted dose is 20 ppm, for a total exposure to the lung, over 24 hours, of 480 ppm-hour. Thus, 

the metabolic burden for the intermittent antimicrobial regimen of six cycles of 160 ppm gNO 

for 30 min, is the same (480 ppm-hour) as that currently being used in neonatal practice. We 

hypothesized that this treatment combination could be a safe therapeutic regimen from the 
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standpoint of methemoglobinemia and NO metabolic burden, but this needed to be confirmed in 

an animal model.  

A series of in-vitro mechanistic studies demonstrated the effectiveness of gNO as a bactericide. 

This antimicrobial activity was dependent on 160 ppm gNO overwhelming bacterial thiol-based 

detoxification mechanisms and maintaining pressure on the thiol pathways so that bacteria could 

not replenish this defence reservoir (Miller 2004, Meister 1988). Eukaryotic cells (human) have 

much higher thiol levels and can cope with high levels of NO better than prokaryotes (Meister 

1988). Thus, host cells should tolerate NO stress more effectively than bacteria. The data 

reported here provides evidence that for up to 72 hours, proliferation of the sensitive A549 

pulmonary epithelial carcinoma cell line exposed to 160 ppm gNO was equivalent or better than 

exposure to medical air. A549 cells exposed to gNO also exhibited normal function and survival 

as demonstrated in a healing process model. In this study, A549 cells were used as a surrogate 

for primary (normal) lung epithelial cells. Previous studies have also used these cell lines to 

predict the behaviour of primary cells, since cell lines are already established by others and much 

easier to grow in culture (Rasouli-Nia 2004). A549 cells, along with gNO-treated THP-1 

monocytes (undifferentiated) and macrophages, were shown to survive as well as, or better than 

control cells exposed to medical air. This data supports our hypothesis that the host will tolerate 

a high-dose, short duration gNO treatment strategy. 

In earlier work exploring the mechanisms of the antimicrobial action of NO, it was found that 40 

ppm and 80 ppm gNO was not an effective dose for killing bacteria. Other in-vitro and in-vivo 

work reported in the literature concluded that doses below 90 ppm would not be clinically 

efficacious (Jean 2002, Webert 2000). This was also confirmed clinically by Long et al., who 

showed that inhaled 80 ppm gNO was ineffective at reducing the bacterial load in patients with 
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TB (Long 2005). We speculate that had they used a higher dose, their results may have shown a 

significant reduction in bacterial load. Administration of NO donors, such as polyethyleneimine 

cellulose NONOate polymer, SNAP, sodium nitroprusside (SNP), and molsidomine (N-

ethoxycarbomyl- 3-morpholinyl-sidnonimine), to deliver NO may be effective as antimicrobial 

agents (DeGroote 1999, Loskove1995, Slivka 1994, Maragos 1991). Acidified nitrite derivatives 

have been shown to kill mucoid P. aeruginosa and decrease bacterial load in cystic fibrosis 

patients (Yoon 2006). The challenge with donors and nitrite derivatives is achieving a consistent 

and effective antimicrobial delivery. Nitrites require a specific pH level to release NO, and 

donors also require acidification or another catalyst to release NO. This further exacerbates the 

potential toxicity of these NO carrier compounds (Nauer 1998). gNO is not compounded like 

other drugs, it is carried within inert nitrogen as a 0.0160% active ingredient. As such, toxicity is 

derived directly from the molecule.  

Aerosol delivery of a compound to the lung may be problematic with regard to particle size and 

deposition to target sites. An advantage of gNO delivery to the lung is readily achievable, 

uniform diffusion and dispersion within the lungs. 

NO2 formation during gNO therapy is a concern, and may be exacerbated at high levels of NO 

delivery. Occupational safety and health standards limit the NO2 exposure of workers to 5 ppm 

or less (CDC 1998). Adverse effects of high NO2 have been reported throughout the literature 

and are potentially hazardous when NO is inhaled (Hurford 2005). NO is an approved drug for 

term infants, is inhaled continuously and may be inhaled for weeks (FDA 1999). The acceptable 

NO2 levels for inhaled NO delivery have been established at 2 ppm (Guidance for Industry 

2000). Previous in-vitro work has shown that high levels of NO2 are not bactericidal and, further, 

high levels of NO2 (18 ppm) did not have deleterious toxic effects on a wide range of host cells 
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(Ghaffari 2006 and 2007). Nevertheless, 18 ppm NO2 is unacceptable from a clinical perspective 

and the attitude adopted should be to keep the inhaled NO2 level as low as possible during gNO 

therapy. NO is a free radical and formation of NO2 is concentration and time dependent. NO2 

formation is further accelerated as the fractional inspired oxygen concentration increases, such as 

in the case of the compromised pulmonary patient. This is a significant challenge should gNO 

therapy be considered for further study as an inhaled antimicrobial agent. To date, there are no 

approved delivery devices capable of delivering 160 ppm gNO, let alone having the ability to 

keep the inhaled NO2 below 2 ppm. However, we were able to construct an unapproved 

prototype system that, in preliminary studies, proved effective. We hypothesized that increasing 

the total flow of gas from the 2 L/min used in the exposure chamber to that required for 

ventilation will reduce the dwell time and result in a significant reduction to 2–3 ppm NO2 

formation. Prior to this regimen being extrapolated to human testing, it would be prudent to 

ensure that inhaled NO2 levels are kept below 2 ppm. These results suggest the use of high-dose, 

intermittent gNO as an inhaled antimicrobial agent has promise. We have calculated that the 

resulting metabolic burden would be within normal safety levels for methemoglobin. Further, we 

have shown this treatment regimen to be non-toxic to representative cells residing in the host 

airway. These results suggest that gNO should be explored for use against pathogens associated 

with pulmonary infections. However, clinical devices need to be engineered to deliver high-dose 

gNO to animal models while keeping the concomitant NO2 levels below 2 ppm. If this challenge 

can be overcome, animal models could be examined to evaluate and support these findings to 

further examine histopathological and toxicological sequelae.  

In this study we demonstrated that the intermittent dosing strategy of 160 ppm gNO for 30 

minutes followed by a 3.5 hour recovery time is effective at reducing the pathogen load and is 
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generally well tolerated by host cells. We speculated that high-dose (160 ppm), intermittent 

dosing of gNO may be useful as a first line inhaled antimicrobial treatment to augment the innate 

defense system. The next step was to assess whether this dosing strategy could be safely 

delivered to the respiratory tract in a way that could be tolerated by the host. 

6.1.4 The Safe Treatment of Normal Healthy Adult Humans 

The results provided in our treatment of 10 healthy adults show that 160 ppm gNO can be safely 

administered. The concentration of 160 ppm gNO was previously identified as an effective 

antimicrobial dose against a variety of microorganisms as described previously in in-vitro and in-

vivo animal models (McMullin 2005; Ghaffari 2007; Miller 2009). We successfully 

demonstrated that 160 ppm gNO can be safely delivered five times a day for five consecutive 

days. This strategy of intermittent dosing maintained the delivered NO and O2 levels, and the 

resulting NO2, methemoglobin concentration, nitrite/nitrate measurements and vital signs were 

well within acceptable clinical parameters for the duration of the study. To the best of our 

knowledge, this is the first time that an antimicrobial dose of NO delivered to healthy volunteers 

has been reported, compared to the delivery of up to 80 ppm which is the approved dose for 

inhalational use in full term infants. The 100% increase in dose, albeit intermittent, might have 

caused problems. However, our findings were surprisingly similar and even slightly better than 

using continuous delivery of inhaled 80 ppm, with regard to concomitant NO2 and 

methemoglobin concentration. Methemoglobin levels reported in the supporting documentation 

for prescribing gNO show that methemoglobin levels rose to at least 5% with 35% of the 

subjects exceeding 7% during delivery of 80 ppm (INOmax package insert). They reported the 

mean peak concentration of NO2 for delivery of 80 ppm was 2.6 ppm. The ability to deliver 160 
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ppm gNO without increasing risk, compared to continuous 80 ppm gNO, is likely due to the 

intermittent dosing strategy utilized in this study.  

Our main concern prior to the study was the potential increase in methemoglobin levels. Several 

studies have evaluated the formation of methemoglobin during inhalation of gNO (Borgese 

1987, Young 1994). Healthy volunteers have previously breathed gNO continuously at 32, 64, or 

128 ppm for three hours, and 512 ppm for 55 min before methemoglobin reached 5% (Young 

1996). The rise in methemoglobin, as well as the decay following cessation of inhaling the gNO 

in that study, followed a first order pharmacokinetics model. The clearance time-constants were 

between 39 and 91 minutes. The predicted half-life of methemoglobin in humans is 

approximately one hour.  

We hypothesized that administering high dose gNO for 30 minutes followed by a 3.5 hour break 

from treatment would allow methemoglobin levels to return to baseline between treatments 

(Miller 2009). The anticipated rise in methemoglobin during the 30 minutes, 160 ppm gNO 

treatment was calculated to be 1%. The actual average rise in methemoglobin percent for the 10 

individuals for a single 30 minute gNO treatment was consistent with these kinetic estimates at 

0.9% (SD=0.08), considering the ±1% absolute accuracy of the pulse oximeter. This study also 

confirmed that the predicted 3.5 hour interim period allowed the methemoglobin concentration to 

return to baseline, at which time another 30 minute gNO treatment of 160 ppm could be 

administered. This regimen was repeated for four more cycles; then repeated for five days 

without a significant clinical increase in baseline methemoglobin concentration. Thus, we have 

shown that the intermittent dosing strategy administering 160 ppm gNO appears to be safe from 

the standpoint of methemoglobin production and metabolic burden. Furthermore, the methods 

and results of this study seem to address the concerns about methemoglobinemia, asphyxia and 
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death associated with high concentrations of inhaled NO, using this intermittent dosing strategy 

(Hurford 2005). 

The limitations of this and other studies with regard to gNO delivery are that the NO and NO2 

levels are only known at the entry point into the subjects’ respiratory tract and the actual 

resulting levels of oxides of nitrogen in the lung are unknown. To date, studies indicate that acute 

pulmonary injury, pulmonary edema, hemorrhage, changes in surface tension of surfactant, 

reduced alveolar numbers and airway responsiveness may be caused by high airway levels of 

NO, NO2 and other oxides of nitrogen (Hurford 2005). It has been reported that human cells have 

significantly elevated thiol levels and can cope with high concentrations of NO better than 

prokaryotes (Meister 1988). We have reported that the same concentration level of gNO that is 

cidal to microbes may be tolerated by the host cells (Miller 2007). This is not surprising since the 

body’s innate defence mechanism relies on NO released from macrophage and neutrophils to act 

as one of its key non-specific antimicrobial agents (Fang 2004; MacMicking 1997). Despite this 

resilience to nitrosative stress, it may well be prudent in future studies to screen subjects for thiol 

and methemoglobin reductase deficiencies. 

Based on the available literature, it was predicted that high nitrogen oxide derivatives or acidic 

changes in lung fluid might manifest effects on pulmonary function tests performed on 

individuals with healthy lungs. This study demonstrates that 160 ppm gNO delivered as outlined, 

appears to have minimal impact on lung function. Specifically, acute inflammation in the 

airways as measured by flow rates was not detected. It is possible that potential deleterious 

airway reactivity could be masked by the ameliorative smooth muscle relaxation that can be 

exerted by NO (Dupuy 1992). However, this seems unlikely as flow rates were maintained in the 

measurement periods well past the point when NO would still have been present. Perhaps in 
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unhealthy lungs, such as during a pulmonary infection, there may be more airway reactivity. 

Conversely, any potential bronchodilatory activity of gNO may prove to be an additional benefit 

of utilizing gNO as an antimicrobial agent to treat pulmonary infections associated with asthma 

and cystic fibrosis.  

The results of lung parenchymal injury as measured by lung volumes and DLCO after gNO 

treatments did not reveal any changes. Additional indicators such as plasma inflammatory 

cytokines, eosinphils and neutrophils showed no change. The earliest host responses to viral 

infection and lung injury involve cytokine release. Specifically, tumor necrosis factor and 

interferon gamma have been shown to be active in many cells lines and to lead to the generation 

and release of inflammatory mediators (O’shea 1997, Levy 1997, Staeheli 1990). Studies in 

adults suggest that prevention of lung injury decreases the amount of circulating cytokines. 

Ranieri (1999), showed that a “lung-protective strategy” of respiratory support reduced cytokine 

levels in both serum and bronchoalveolar lavage fluid of adult patients with adult respiratory 

distress syndrome (ARDS). Pulmonary cytokine levels also appear to be elevated in some infants 

on assisted ventilation (Kotecha 1996; Jobe 1998; Bagchi 1994). Pro-inflammatory mediators 

may be elevated because of fetal exposure to maternal inflammatory mediators, postnatal 

infection, or due to ventilator-induced injury of preterm lungs (Zimmermann 1995). In addition, 

the vascular endothelial activation factors Ang-1, -2 and the Ang-2/Ang-1 ratio were unaffected 

by gNO treatments in our study. Elevated levels of plasma Ang-2 and an Ang-2/Ang-1 ratio 

favouring Ang-2 have been reported in patients with vascular endothelium activation and may 

have a prognostic role for mortality and clinical morbidity over the duration of critical illness 

(Conroy 2010; Conroy 2009; Lovegrove 2009; Yeo 2008).  Recently it has been shown that 

plasma levels of Ang-1 and –2 correlated with severity of illness, morbidity (multiple organ 
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dysfunction), cardiovascular status, and 28-day mortality in patients with severe sepsis. (Ricciuto 

2011).
 

Three days and 28 days post-treatment were deemed sufficient time intervals to detect changes in 

lung diffusion, pulmonary function mechanics and inflammatory markers. These measurements 

were all unchanged compared to baseline values. We cannot exclude the possibility that some 

longer term change may occur in lung function, but the absence of any sign of an inflammatory 

reaction in the post treatment period makes this unlikely. Serum inflammatory markers may not 

have been sensitive enough to measure acute or even chronic changes in the lungs. Ideally, 

inflammatory markers from bronchoalveolar lavage would have been sampled, but in this study 

design it was not deemed ethical to perform this measurement on the healthy volunteers enrolled.  

It is important to deliver higher doses of gNO than the currently approved dose of 80 ppm since 

this dose is not likely to be an effective antimicrobial dose. In earlier in-vitro work exploring the 

mechanisms of the antimicrobial action of NO, it was found that 40 and 80 ppm gNO were not 

effective bactericidal doses. Other in-vitro and in-vivo work reported in the literature has 

concluded that doses below 90 ppm would not be clinically efficacious (Weibert 2000; Jean 

2002). This has also been confirmed clinically by Long, who showed that continuous inhaled 80 

ppm gNO for 72 hours was ineffective at decontaminating the airway in patients with 

Mycobacterium tuberculosis (Long 2005).
 
 We speculate, based on subsequent in-vitro results, 

that had they used a higher dose, their results may have shown a significant reduction in bacterial 

load. This study was not designed to address whether this gNO delivery regimen and dose would 

have an antimicrobial effect. It is possible that concentrations greater than 160 ppm gNO may be 

needed to achieve sufficiently high concentrations of NO in atelectatic or consolidated areas of 

the lung. Conversely, NO is a potent nitrosylating agent and could act as a mucolytic by 
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oxidizing disulfide bonds. This may improve both bronchial toilet and ventilation perfusion 

matching. 

6.2 Summary  

We undertook an examination of the direct application of gNO to inhibit the influenza virus and 

the possibility of safely delivering gNO, in antimicrobial concentrations, to healthy humans. To 

accomplish this we undertook four specific objectives: 

1. Determine the effect of the direct application of gNO on the influenza virus with an in-vitro 

testing methodology. 

2. Determine a mechanism of action by which gNO inhibits the influenza virus. 

3. Identify a viable treatment regime that would allow antimicrobial concentrations of gNO to be 

safely administered to humans. 

4. Validate the safety of the potential treatment regime in normal healthy adult humans. 

We have successfully accomplished all of our stated objectives and we have demonstrated the 

antimicrobial potential of gNO. 

6.3 Future Directions    

We feel that we have now pioneered a whole new field of the research into virology, the direct 

application of exogenous gNO.  

In Chapter 2 we demonstrated that gNO was capable of inhibiting influenza in an in-vitro testing 

methodology. We established and validated a testing methodology that would allow us to screen 

a variety of viruses. As described in Chapter 1, at least one virus from each of the Baltimore 

classes was shown to be inhibited by NO. Future research should focus on screening a wide 
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variety of viruses to determine which types are susceptible to gNO and determine at which point 

of their viral life cycle gNO is able to act. In this context, it would be of interest to see which 

viruses are susceptible to gNO as free virions before they infect the cells. This will allow us to 

further direct research towards viruses that may be susceptible to gNO. Additionally, it would be 

of interest to compare enveloped viruses and non-enveloped viruses to assess if treating with 

gNO before infection affects one more than  the other. 

In Chapter 3 it was demonstrated that gNO nitrosylates the influenza virus (most likely the 

surface protein hemagglutinin), and we were able to detect the nitrosylation with SNOB. The use 

of SNOB broadens the prospects of identifying viral targets of nitrosylation. While we have 

identified that gNO most likely nitrosylates hemagglutinin, further studies should be done to 

understand how nitrosylation inhibits the influenza life cycle. While it has been shown that 

altering the cysteines in the cytoplasmic tail prevents pore formation, thereby disrupting the 

insertion of genetic material from the virus into the host (Naeve 1990, Fischer 1998), future 

studies should specifically outline how the nitrosylation of hemagglutinin inhibits the infectivity 

of influenza. Identification of targets can be accomplished by isolating the specific nitrosylated 

proteins using gel-electrophoresis and sequencing the specific protein band, followed by mass 

spectrophotometry to positively identify the protein. Another method that may also elicit the 

mechanism would be to use antibodies specific to the HA in order to positively identify the HA 

as a target of nitrosylation. Additionally, we would like to explore the potential of gNO to 

modify the ion channel proteins Influenza A/M2 and Influenza B/BM2. The M2 proteins form a 

proton-selective ion channel which is essential for virus uncoating (Gaston 1999, Mould 2003). 

The Influenza A/M2 protein  is the target for the amantadine class of antiviral drugs. The 

amanatidines have no effect on  Influenza B/BM2. 
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Perhaps the difference in susceptibility to gNO seen in Chapter 2 between Influenza A and 

Influenza B may be due to in the difference in strains of Influenza B. We only used one sub-type 

of Influenza B virus, specifically Influenza B/Hong Kong/5/72. Other sub-types of Influenza B 

should be tested to determine if the differences between Influenza A and B are consistent 

throughout or if they are limited to Influnenza B/Hong Kong/5/72. Expanding the number and 

variety of strains of influenza tested will help elucidate the mechanisms by which gNO inhibits 

infectivity. In Chapters 4 and 5, we provided evidence of a safe, intermittent dosing strategy for 

delivering effective antimicrobial doses (160 ppm) gNO to a variety of bacteria and influenza 

viruses. Then we demonstrated that this antimicrobial gNO delivery regimen was tolerated 

without adverse side effects when delivered to healthy adults. This data provides a strong 

rationale to justify further in-vivo studies. These studies could include animal models of 

respiratory infection as well as studies on stable non-healthy human subjects with mild 

respiratory infections. Of particular interest is the potential for gNO within the context of a 

pandemic caused by a respiratory pathogen. With the broad spectrum nature of gNO it may 

prove beneficial. For example, gNO has been shown to have antimicrobial properties against not 

only viruses, but also bacteria, fungi, and parasites, hence it is referred to as broad spectrum. In 

this context, gNO can be administered at any time during the infection cycle, even before the 

invading organism has been identified. 

Another condition that may benefit from gNO is cystic fibrosis, where bacteria grow out of 

control, forming a biofilm, because of impaired mucociliary clearance in the lung. This can lead 

to pneumonia, and also predispose the subject to viral infections or vice versa with a viral 

infection allowing a secondary bacterial infection. gNO can be useful as an antimicrobial in 

controlling the pathogens  causing both primary and secondary infections. gNO may also have 
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mucolytic properties, due to its ability to disrupt sulphur bonds, thus warranting further 

investigation. 

Since the turn of the 21
st
century, the world has experienced two pandemics of viral origin; the 

2004 SARS and 2009 H1N1. As we have shown, gNO is very effective at eradicating influenza 

before it infects a cell and retains effectiveness at reducing the number of infectious particles 

after the cell has been infected. With its broad, non-specific antimicrobial properties, gNO (160 

ppm) may prove effective as a prophylactic treatment during a pandemic. Prophylactic treatment 

may prove to be useful for several reasons: first, gNO is very effective at preventing infectivity 

of host cells and, second, gNO is a non-specific broad spectrum antimicrobial, which allows 

therapy to be initiated before the infecting organism has been identified. Initiating therapy at the 

earliest possible time, even before the organism has been identified, may help prevent infection. 

Preventing infection can halt the spread of the organism, thereby limiting the progression of the 

infection and transmission to others. With continuous exposure of gNO, we were limited to only 

three hours continuously. High-dose gNO can be delivered intermittently over many days, which 

may prove to have therapeutic effects, which may also prove beneficial in a pandemic.  

Our results show the promise of gNO against influenza, and, when combined with Akerstrom’s 

(2009) results showing NO working against SARS, highlight the potential of gNO to disrupt a 

pandemic. 

Pandemics are not only a concern to humans, but also to animals. In 2004, an outbreak of highly 

pathogenic influenza (HPAI) H7N3 infected approximately 1.3 million domestic poultry in 

British Columbia. In an attempt to control the spread, depopulation of the infected birds was 

undertaken, and heightened surveillance of the workers involved. This intensive screening 
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identified two workers who became infected with the H7N3 virus. Fortunately, the virulence of 

this virus in humans was low and both workers recovered (Tweed 2004). We were provided 

access to the clinical isolates of the HPAI- H7N3, thanks to Dr. Martin Petric, clinical virologist 

at the BCCDC (recently retired). I exposed the clinical isolates to gNO, in the Level-3 biosafety 

lab at the BCCDC, using a modified methodology similar to that described in Chapter 2. I was 

able to demonstrate the complete inhibition of the infectivity of HPAI- H7N3 (results are not 

included in this work). This result is consistent with the result reported above and highlights that 

gNO may also prove beneficial not only for human infection but also for other species, such as 

domesticated poultry. Future work in this area is of great interest to our group. 

6.4 Conclusion 

For the first time, gNO, delivered exogenously, was shown to inhibit the infectivity of the 

influenza virus. This may be achieved through nitrosylation of hemagglutinin by gNO. We 

developed and validated an intermittent dosing strategy that allowed for the delivery of an 

antimicrobial dose of 160 ppm gNO that eradicated bacteria and inhibited influenza. The dosing 

strategy showed that gNO could be safely delivered to healthy adults five times a day for five 

days. The treatment was well tolerated, no adverse events were noted and, thus far, results of all 

the safety tests have returned favourable results. 

These reports highlight the future potential of gNO in both a wide range of in-vitro and in-vivo 

testing. 



84 

 

 

 

 

 

Works cited  

Adler, H, Beland JL, Del-Pan NC, Kobzik L, Brewer JP, Martin TR, and Rimm I: Suppression 

of herpes simplex virus type 1 (HSV-1)- induced pneumonia in mice by inhibition of inducible 

nitric oxide synthase (iNOS, NOS-2). J. Exp. Med. 1997. 185:1533–1540. 

 

Akaike T, Maeda H: Nitric oxide and virus infection. Immunology 2000. 101:300-308. 

Akarid K, Sinet M, Desforges B, and Gougerot-Pocidalo  MA: Inhibitory effect of nitric oxide 

on the replication of a murine retrovirus in-vitro and in-vivo. J. Virol. 1995. 69:7001–7005. 

 

Akerström S, Mousavi-Jazi M, Klingström J, Leijon M, Lundkvist A, Mirazimi A: Nitric oxide 

inhibits the replication cycle of severe acute respiratory syndrome coronavirus. J Virol 2005. 

79(3):1966-1969. 

Akerström S, Gunalan V, Tat C. Effect of nitric oxide on SARS-CoV replication: Viral RNA 

production and palmitoylation of the S protein are affected. Virology 2009. 395: 1-9 

 

Anstay NM, Weinberg JB, and Granger DL:Nitric Oxide and Malaria. In: F.C. Fang, Editor, 

Nitric Oxide and Infection, Kluwer Academic Press/Plenum Publishers, New York 1999. 

Anyim M, Benjamin N, Wilks M: Acidified nitrite as a potential antifungal agent. Inter J 

Antimicrob Agents 2005. 26:85-87. 

Bagchi A, Viscardi RM, Taciak V: Increased activity of interleukin-6 but not tumor necrosis 

factor-alpha in lung lavage of premature infants is associated with the development of 

bronchopulmonary dysplasia.  Pediatr.Res. 1994. 36:244-252. 

Baltimore D: Expression of animal virus genomes. Bacteriol Rev 35.1971. 3: 235–41 

Bi Z, Reiss CS: Inhibition of vesicular stomatitis virus infection by nitric oxide. J Virol. 1995. 

69:2208–2213 

Borgese N, Pietrini G and Gaetani S: Concentration of NADH-cytochrome b5 reductase in 

erythrocytes of normal and methemoglobinemic individuals measured with quantitative 

radioimmunoBlotting assay.  J. Clin. Invest. 1987.  80: 1296–1302.  

Bowler PG: The 10
5
 bacterial growth guidelines: reassessing its clinical relevance in wound 

healing. Ostomy Wound Manage. 2003. 49: 44–53.  

Cao W, Baniecki ML, McGrath WJ, Bao C, Deming CB, Rade JJ, Lowenstein CJ, Mangel WF: 

Nitric oxide inhibits the adenovirus proteinase in-vitro and viral infectivity in vivo. FASEB J 

2003. 17: 2345–2346. 

http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/link/0/eLvHCXMwY2BQSDMxBnYyDNOSDI0TgfkpJQ1YCyUZJxsmmgBlgBkddV0OfN8JxhourJGgP2SiGb5QHLT7xDEoGDKyCrl6D3QWRFFaahFoOQywJQksibSBNQkoVAvStY1ABzw5g44UhA-2wvZFgy-sgc9OZOYlluSgzCD5gsbR88BHLIDTB2I4tBSSAuAXdoE2L6SArzJCbCQLSkxKzUssRdkZ4ZKfWgTW6RGOMg5hDB5YNUCMQ6DdpQMdrYTvLYAXt8ZmRkjpytLYwhSp_DSHHLsJrYrhPORTstFqL_iaQlBr1cLUwNjEAnzIDrBWNjQ2BZVzwS5uSB3A0Z3IdNqJDI54rM05cIslRJCBH9rnUnCE5B4hBqbUPGEGDl_oqhI-maCT_I9KfbYuXC6UdCyP_R0AaW4_RQ
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/link/0/eLvHCXMwY2BQSDMxBnYyDNOSDI0TgfkpJQ1YCyUZJxsmmgBlgBkddV0OfN8JxhourJGgP2SiGb5QHLT7xDEoGDKyCrl6D3QWRFFaahFoOQywJQksibSBNQkoVAvStY1ABzw5g44UhA-2wvZFgy-sgc9OZOYlluSgzCD5gsbR88BHLIDTB2I4tBSSAuAXdoE2L6SArzJCbCQLSkxKzUssRdkZ4ZKfWgTW6RGOMg5hDB5YNUCMQ6DdpQMdrYTvLYAXt8ZmRkjpytLYwhSp_DSHHLsJrYrhPORTstFqL_iaQlBr1cLUwNjEAnzIDrBWNjQ2BZVzwS5uSB3A0Z3IdNqJDI54rM05cIslRJCBH9rnUnCE5B4hBqbUPGEGDl_oqhI-maCT_I9KfbYuXC6UdCyP_R0AaW4_RQ
http://mmbr.asm.org/cgi/pmidlookup?view=long&pmid=4329869


85 

 

 

CDC. Update: Influenza Activity --- United States and Worldwide, MMWR. May 22-September 

3, 2011. 60(36): 1239-1242.  

Centers for Disease Control: Recommendations for occupational safety and health standard. 

MMWR. 1988. 37(Suppl.): S7–S21.  

Charnsilpa W, Takhampunya R, Endy TP, Mammen MP Jr, Libraty DH, Ubol S: Nitric oxide 

radical suppresses replication of wild-type dengue 2 viruses in-vitro. J Med Virol 2005. 

77(1):89-95.  

 

Cinatl J, Michaelis M, Hoever WP, Doerr HW: Development of antiviral therapy for severe 

acute respiratory syndrome. Antiviral Research 2005. 66: 81–97  

 

Colasanti M, Persichini T, Venturini G, Ascenzi P: S-Nitrosylation of Viral Proteins: Molecular 

Bases for Antiviral Effect of Nitric Oxide. IUBMB Life 1999. 48:1, 25–31. 

Conroy AL, Lafferty EI, Lovegrove FE, Krudsood S, Tangpukdee N, Liles WC, Kain KC: 

Whole blood angiopoietin-1 and -2 levels discriminate cerebral and severe (non-cerebral) 

malaria from uncomplicated malaria. Malar J. 2009. 8:295. 

Conroy AL, Phiri H, Hawkes M, Glover S, Mallewa M, Seydel KB, Taylor TE, Molyneux ME, 

Kain KC. Endothelium-based biomarkers are associated with cerebral malaria in Malwian 

children: a retrospective case-control study. PLoS One. 2010. 5(12):e15291. 

Croen KD: Evidence of nitric oxide. Inhibition of herpes simplex virus type 1 replication. J Clin 

Invest 1993. 91(6):2446-2452. 

De Groote MA, Fang FC: NO inhibitions: antimicrobial properties of nitric oxide. Clinical 

Infectious Diseases. 1995. 21(suppl 2):S162-165. 

DeGroote M.A. and Fang FC: Antimicrobial Properties of Nitric Oxide. In: F.C. Fang, Editor, 

Nitric Oxide and Infection. Kluwer Academic/Plenum Publishers. New York 1999. 

Dharan NJ, Gubareva LV, Meyer JJ: Infections With Oseltamivir-Resistant Influenza A(H1N1) 

Virus in the United States. JAMA 2009. 301(10):1034-1041. 

Djeraba A, Bernardet N, Dambrine G, Quéré P: Nitric Oxide Inhibits Marek's Disease Virus 

Replication but Is Not the Single Decisive Factor in Interferon-g-Mediated Viral Inhibition 

Virology 2000. 277 (1): 58-65 

 

Dupuy PM, Shore SA, Drazen JM, Frostell C, Hill WA, Zapol WM: Bronchodilator action of 

inhaled nitric oxide in guinea pigs. J Clin Invest 1992. 90(2): 421-8. 

http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/search?s.dym=false&s.q=Author%3A%22Cinatl%2C+J%22
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/search?s.dym=false&s.q=Author%3A%22Doerr%2C+HW%22
http://www.sciencedirect.com/science/journal/00426822


86 

 

 

Fang FC: Antimicrobial reactive oxygen and nitrogen species: concepts and controversies. 

Nature Reviews Microbiology 2. 2004:820-832. 

Fischer C, Schroth-Diez B, Herrmann A: Acylation of the influenza hemagglutinin modulates 

fusion activity. Virology 1998. 248:284-294. 

Food and Drug Administration Approval of NDA 20-846 INOmax nitric oxide gas 1999.  

Gaston B: Nitric oxide and thiol groups. Biochim Biophys Acta. 1999. 1411(2-3): 323-33. 

Ghaffari A, Jalili RB, Li Y, Ghaffari M, Miller CC, Ghahary A: Antimicriboal Safety and 

Efficacy of Gaseous Nitric Oxide on Bacterial and Human Skin Cells. Wound Rep Reg. 

2007.15(3): 368i. 

Ghaffari A, Miller CC, McMullin B, Ghahary A: Potential application of gaseous nitric oxide as 

a topical antimicrobial agent. Nitric Oxide 2006.14:21-29. 

Ghaffari A, Neil DH, Ardakani A, Road J, Ghahary A, Miller CC. A direct nitric oxide gas 

delivery system for bacterial and mammalian cell cultures. Nitric Oxide 2005. 12(3):129-140. 

Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tannenbaum SR: Analysis of 

nitrate, nitrite, and [15N]nitrate in biological fluids. Anal Biochem 1982. 126:131-138.  

Guidance for Industry and for FDA Reviewers - Guidance Document for Premarket Notification 

Submissions for Nitric Oxide Delivery Apparatus, Nitric Oxide Analyzer and Nitrogen Dioxide 

Analyzer. January 24, 2000. 

Guidotti LG, McClary H, Loudis JM, Chisari FV: Nitric oxide inhibits hepatitis B virus 

replication in the livers of transgenic mice J. Exp. Med. 2000. 191: 1247-1252 

Hardwick BJ, Tucker AT, Wilks M, Johnston A, Benjamin N: A novel method for the delivery 

of nitric oxide therapy to the skin of human subjects using a semi-permeable membrane. Clinical 

Science. 2001. 100: 395-400.  

Harris N, Buller RM, Karupiah G: Gamma interferon-induced, nitric oxide-mediated inhibition 

of vaccinia virus replication.  J Virol. 1995. 69(2): 910-915. 

Hayden FG, Cote KM, Douglas RG: Plaque Inhibition Assay for Drug Susceptibility Testing of 

Influenza Viruses. Antimicob Agents Chemother. 1980. 17(5): 865-870. 

Hergott CA, Rohan M, Farley K, Law C, McCormack DG, Mehta S: Effects of Continuous vs 

Pulsed Inhaled Nitric Oxide in a Rat Model of Pseudomonas aeruginosa Pneumonia," poster 

presented to the American Thoracic Society International Conference 2006. 

http://www.ncbi.nlm.nih.gov/pubmed/10320666


87 

 

 

Hibbs JB, Westenfelder  C, Taintor R: Evidence for cytokine inducible nitric oxide synthase 

from l-arginine in patients receiving interleukin-2 therapy. J. Clin. Invest.1992 89: 867–877.   

 

Higgins JPT, Green S, editors. Cochrane Handbook for Systematic Reviews of Interventions. 

The Cochrane Collaboration. 2009. 

 

Hobson L,  Everard ML: Persistent of respiratory syncytial virus in human dendritic cells and 

influence of nitric oxide. Clinical and Experimental Immunology. 151: 359–366 

Hurford WE: Nitric oxide as a bacterial agent: is the cure worse than the disease? (editorial). 

Resp. care. 2005. 11: 1428–1429.  

 

Imanishi N, Andoh T, Sakai S, Satoh M: Induction of inducible nitric oxide (NO) synthase 

mRNA and NO production in macrophages infected with influenza A/PR/8 virus and stimulated 

with its ether-split product. Microbiology and Immunology. 2005. 49(1): 41-8 

 

INOmax (nitric oxide) for inhalation. Prescribing information. 

http://inomax.com/assets/pdf/INOmax-PI-web-0909.pdf 

Jaffrey SR and Snyder SH: The Biotin Switch Method for the Detection of S-Nitrosylated 

Proteins. Science Signalling 2001. 86: pl1. 

 

Jean D, Maitre B, Tankovic J: Beneficial effects of nitric oxide inhalation on pulmonary bacterial 

clearance, Crit. Care Med. 2000. 30 (2): 442–447.  

Jobe AH, Ikegami M: Mechanisms initiating lung injury in the preterm.  Early Hum.Dev. 1998. 

53: 81-94. 

Jones ML, Ganopolsky  JG, Labbé A, Wahl C, Prakash S: Antimicrobial properties of nitric 

oxide and its application in antimicrobial formulations and medical devices Appl Microbiol 

Biotechnol. 2010. 88: 401–407  

 

Karupiah G, Xie QW, Buller RML, Nathan C, Duarte C, and MacMicking JD: Inhibition of viral 

replication by interferon-g-induced nitric oxide synthase. Science. 1993. 261: 1445–1448. 

 

Keynes RG, Griffiths C, and Garthwaite J: Superoxide-dependent consumption of nitric oxide in 

biological media may confound in-vitro experiments. Biochem. J. 2003. 369 (Pt. 2): 399–406.   

Klingstrom J, Akerstrom S, Hardestam J, Stoltz M, Simon M, Falk KI, Mirazimi A, Rottenberg 

M, Lundkvist A: Nitric oxide and peroxynitrite have different antiviral effects against hantavirus 

replication and free mature virions. Eur. J. Immunol. 2006. 36: 2649–2657. 

 

http://ukpmc.ac.uk/search/;jsessionid=DCC3764888E5C81808CCB2C700181D37?page=1&query=AUTH:%22Imanishi+N%22+SORT_DATE:y
http://ukpmc.ac.uk/search/;jsessionid=DCC3764888E5C81808CCB2C700181D37?page=1&query=AUTH:%22Andoh+T%22+SORT_DATE:y
http://ukpmc.ac.uk/search/;jsessionid=DCC3764888E5C81808CCB2C700181D37?page=1&query=AUTH:%22Sakai+S%22+SORT_DATE:y
http://ukpmc.ac.uk/search/;jsessionid=DCC3764888E5C81808CCB2C700181D37?page=1&query=AUTH:%22Satoh+M%22+SORT_DATE:y
http://ukpmc.ac.uk/search/;jsessionid=DCC3764888E5C81808CCB2C700181D37?page=1&query=JOURNAL:%22Microbiol+Immunol%22+SORT_DATE:y
http://inomax.com/assets/pdf/INOmax-PI-web-0909.pdf


88 

 

Koetzler R, Zaheer RS, Newton R, Proud D:  Nitric oxide inhibits IFN regulatory factor 1 and 

nuclear factor kB pathways in rhinovirus-infected epithelial cells. J Allergy Clin Immunol. 2009. 

124:551-557. 

Koka P, He K, Zack JA, Kitchen S, Peacock W, Fried I, Tran T, Yashar SS, Merrill JE: Human 

immunodeficiency virus 1 envelope protein induces interleukin 1, tumor necrosis factor a, and 

nitric oxide in glial cultures derived from fetal, neonatal, and adult human brain. J. Exp.Med. 

1995. 182: 941–952. 

 

Komatsu T, Bi Z, and Reiss CS: Interferon-g induced type 1 nitric oxide synthase activity 

inhibits viral replication in neurons. J. Neuroimmunol. 1996. 68:101–108. 

 

Kong LY, Wilson BC, McMillan MK, Bing G, Hudson PM, and Hong JS: The effects of the 

HIV-1 envelope protein gp120 on the production of nitric oxide and proinflammatory cytokines 

in mixed glial cell cultures. Cell. Immunol. 1996. 172: 77–83. 

 

Kotecha S, Wilson L, Wangoo A, Silverman M, Shaw RJ: Increase in interleukin (IL)-1 beta and 

IL-8 in bronchoalveolar lavage fluid obtained from infants with chronic lung disease of 

prematurity.  Pediatr.Res. 1996. 0: 250-256. 

Lane TE Paoletti AD, and Buchmeier MJ: Disassociation between the in-vitro and in vivo effects 

of nitric oxide on a neurotropic murine coronavirus. J. Virol.1997. 71: 2202–2210. 

 

Levy DE: The house that Jak/STAT built. Cytokine. Growth Factor Rev. 1997. 8:81-90. 

Li W,  Yang F, Liu Y: Negative feedback regulation of IL-32 production by iNOS activation in 

response to dsRNA or influenza virus infection European journal of immunology.2009. 39(4): 

1019 - 1024 

Liew FY, Cox FE: Nonspecific defence mechanism: the role of nitric oxide. Immunol Today. 

1991. 12(3): A17-A21. 

Lin YL, Huang SH, Ma CT, Yeh SY, Chiou LK, Chen, and Liao CL: Inhibition of Japanese 

encephalitis virus infection by nitric oxide: antiviral effect of NO on RNA virus replication. J. 

Virol. 1997. 71: 5227–5235. 

 

Long R, Talbot J, Mayers RL, Jones RL:Treatment of sputum-smear positive pulmonary 

tuberculosis with inhaled nitric oxide. Antimicrob Agents Chemother. 2005. 49(3): 1209-12. 

Lopez-Guerrero JA and Carrasco L: Effect of nitric oxide on poliovirus infection of two human 

cell lines. J. Virol. 1998. 72(3): 2538–2540. 
 

Loskove JA and Frishman WH: Nitric oxide donors in the treatment of cardiovascular and 

pulmonary diseases. Am. Heart J. 1995. 129(3): 604–613.  

http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/search?s.dym=false&s.q=Author%3A%22Li%2C+Wei%22
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/search?s.dym=false&s.q=Author%3A%22Yang%2C+Fang%22
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/link/0/eLvHCXMwY2BQSDMxBnYyDNOSDI0TgfkpJQ1YCyUZJxsmmgBlgBkddV0OszSuNVxYI0F_qESzX2o69OhuYDWUlJicrV0EuV0e2hD09NE1NgKtwkqBHBMLam5m-vkHgw_RgAzHQra0gJfKgu_RSCkO8nOErFMHX2BSlahdlllUili4lYd1OB-paesJ2nSCMl7vA140EJ6aCS9loOPUbonQqhOsqBRcIyASrDt0wXBQaSaaIh-4ADACwGoi8xEmeZRCWsdwg4JL89Ac4JEIHiQORMoe3lA3-SBUhYMN8soEjermIwbZIe6E1fqwQRNLpLU20IrA0ETXyBJyiRSsIoCcqgRN8CZIpTqw2LJEaiEA22QmWGsfyGm2qVmZ4DW6xhYWkNuIUE_5Rqt94WsiIedHG8UDtcfDtQPbFobGpqDS2tQoGGU20xj5GDhQr9gc-Vg8c6Be1G64AVKzE7y4DemYOtBd8JZIs92g_cWGoHIcdni1mSmkGwkNNOhZtUCD9VE8i9K2w9egAzfeQgQZ-KFJU8ERkn-EGJhS84QZ2CH3sFYKM3D4QleY8KXEZwT-EvBYvKl1r-amXp8gAJoUXsM
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/link/0/eLvHCXMwY2BQSDMxBnYyDNOSDI0TgfkpJQ1YCyUZJxsmmgBlgBkddV0OszSuNVxYI0F_qESzX2o69OhuYDWUlJicrV0EuV0e2hD09NE1NgKtwkqBHBMLam5m-vkHgw_RgAzHQra0gJfKgu_RSCkO8nOErFMHX2BSlahdlllUili4lYd1OB-paesJ2nSCMl7vA140EJ6aCS9loOPUbonQqhOsqBRcIyASrDt0wXBQaSaaIh-4ADACwGoi8xEmeZRCWsdwg4JL89Ac4JEIHiQORMoe3lA3-SBUhYMN8soEjermIwbZIe6E1fqwQRNLpLU20IrA0ETXyBJyiRSsIoCcqgRN8CZIpTqw2LJEaiEA22QmWGsfyGm2qVmZ4DW6xhYWkNuIUE_5Rqt94WsiIedHG8UDtcfDtQPbFobGpqDS2tQoGGU20xj5GDhQr9gc-Vg8c6Be1G64AVKzE7y4DemYOtBd8JZIs92g_cWGoHIcdni1mSmkGwkNNOhZtUCD9VE8i9K2w9egAzfeQgQZ-KFJU8ERkn-EGJhS84QZ2CH3sFYKM3D4QleY8KXEZwT-EvBYvKl1r-amXp8gAJoUXsM


89 

 

Lovegrove FE, Tangpukdee N, Opoka RO: Serum angiopoietin-1 and -2 levels discriminate 

cerebral malaria from uncomplicated malaria and predict clinical outcome in African children. 

PLoS One. 2009. 4(3): e4912. 

Maclean A, Wei XQ, Huang FP: Mice lacking inducible nitric-oxide synthase are more 

susceptible to herpes simplex virus infection despite enhanced Th1 cell responses. J. Gen. Virol. 

1998. 79(4): 825–830.  

Macmicking JD, North RJ, LaCourse R: Identification of nitric oxide synthase as a protective 

locus against tuberculosis. Proc. Natl. Acad. Sci. 1997. 94(10): 5243–5248.  

MacMicking J, Xie QW and Nathan C: Nitric oxide and macrophage function. Annul. Rev. 

Immunol. 1997. 15: 323–350.  

Mannick JB, Asano K, Izumi K, Kieff E and Stamler JS: Nitric oxide produced by human B 

lymphocytes inhibits apoptosis and Epstein-Barr virus replication. Cell. 1994. 79:1137–1146. 

 

Maragos CM, Morley D, Wink DA: Complexes of NO with nucleophiles as agents for the 

controlled biological release of nitric oxide. Vasorelaxant effects. J. Med. Chem. 1991. 34(11): 

3242–3247.  

McMullin B, Chittock D, Roscoe D, Garcha H, Wang L, Miller C: The antimicrobial effect of 

nitric oxide on the bacteria that cause nosocomial pneumonia in mechanically ventilated patients 

in the ICU. Resp Care. 2005. 50(11): 1451-1456. 

Meister A: Glutathione metabolism and its selective modification. J. Biol. Chem. 1988. 

263:17205-17208. 

Melkova Z and Esteban M: Inhibition of vaccinia virus DNA replication by inducible expression 

of nitric oxide synthase. J. Immunol. 1995. 155: 5711–5718. 

 

Miller C, Rawat M, Johnson T, Av-Gay Y: Innate protection of mycobacteria against the 

antimicrobial activity of nitric oxide is provided by mycothiol. Antimicrobial Agents And 

Chemotherapy 2007. 51(9): 3364-3366. 

Miller C: The antibacterial role of exogenous nitric oxide gas. Vancouver, Canada, University of 

British Columbia. 2004. Ref Type: Ph.D Dissertation. 

Miller C, McMullin B, Ghaffari A: nitric oxide bactericidal activity retained during intermittent 

high-dose short duration exposure. Nitric Oxide. 2009. 20:16-23. 

Miller C, Rawat M, Johnson T. and Av-Gay Y: Innate protection of mycobacteria against the 

antimicrobial activity of nitric oxide is provided by mycothiol.  Antimicrob. Agents Chemother. 

2007. 51(9): 3364–3366.  



90 

 

Miller CC, Miller MK, Ghaffari A, Kunimoto B: The treatment of chronic non-healing leg 

ulceration with gaseous nitric oxide – a case study. J Cutan Med Surg. 2004. 8(4): 233-8. 

Moilanen E, Vapaatalo H: Nitric oxide in inflammation and immune response. Annals of 

Medicine. 1995. 27: 359-367.  

Moncada S, Higgs EA: Nitric oxide: physiology, pathophysiology, and pharmacology. 

Pharmacol Rev. 1991. 43(2): 109-42. 

Moscona A: Neuraminidase inhibitors for influenza. N Engl J Med. 2005. 353: 1363-1373. 

Mould JA, Paterson RG, Takeda M, Ohigashi Y, Venkataraman P, Lamb RA, Pinto LH. 

Influenza B virus BM2 protein has ion channel activity that conducts protons across membranes. 

Dev Cell. 2003. 5(1): 175-84. 

Nauer J, Rao W and Smith DJ: Evaluation of linear polyethyleneimine/nitric oxide adduct on 

wound repair, Wound Rep. Reg. 1998. 6: 569–577. 

Nicholson S. Bonecini-Almeida MDG: Lapa J.R Inducible nitric oxide synthase in pulmonary 

alveolar macrophages from patients with tuberculosis. J. Exp. Med. 1996. 183: 2293–2302. 

O’shea JJ: Jaks STATs, cytokine signal transduction, and immunoregulation: are we there yet? 

Immunity. 1997.7:1-11 

Ochoa JB, Udeku AO, Billiar TR: Nitrogen oxide levels in patients after trauma and during 

sepsis, Ann. Surg. 1991. 214: 621–626.  

Oleszak EL, Katsetos CD, Kuzmak J, and Varadhachary A: Inducible nitric oxide synthase in 

Theiler’s murine encephalitis virus infection. J. Virol. 1997. 71: 3228–3235. 

Palese P, Shaw ML: Orthomyxoviridae: the viruses and their replication. In Knipe DM, Howley 

PM (ed): Fields Virology, Philadelphia: Lippincott Williams &Wilkins. 2007. 1647–1689.  

Palmer RM, Ferrige AG, and Moncada S: Nitric oxide release accounts for the biological activity 

of endothelium-derived relaxing factor. Nature. 1987. 327: 524–526. 

 

Pamer EG: Tipping the balance in favor of protective immunity during influenza virus infection.  

Proceedings of the National Academy of Sciences of the United States of America. 2009. 

106(13): 4961 – 4962. 

 

Pertile TL, Karaca K, Sharma JM, Walser MM: An antiviral effect of nitric oxide: inhibition of 

reovirus replication. Avian Dis. 1996. 40:3 42–348. 

Pick N, Cameron S, Arad D and Av-Gay Y: Screening of compounds toxicity against human 

monocytic cell line-THP-1 by flow cytometry. Biol. Proced. Online. 2004. 6: 220–225.  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moncada%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Higgs%20EA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/1852778
http://www.ncbi.nlm.nih.gov/pubmed?term=Mould%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed?term=Paterson%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed?term=Takeda%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohigashi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed?term=Venkataraman%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed?term=Lamb%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed?term=Pinto%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=12852861
http://www.ncbi.nlm.nih.gov/pubmed/12852861
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/search?s.dym=false&s.q=Author%3A%22Pamer%2C+Eric+G%22
http://ubc.summon.serialssolutions.com.ezproxy.library.ubc.ca/link/0/eLvHCXMwbZ1BTsMwEEUjDgAChNhWQkKwoNieccYRIMQGzpHSViBBWwErFhyEO3ADVnAhjsCM09LviOU0bVI5jf2mYz9X1WDKpEmGn448tfo8jac6Co3o1resR_RB783LWU0ZsxmVxbzE4ez-Ls-tXDbiU95cbTi1JNFeGl_o6MKO0uHLfP5wsXjMn5u8HnZvzNahdmT_GNy-WCetdNJP512tvTOMh1l-g2W8vJctxkKEshqn_IQ8VZvjDct8jDrzXBhFmQ75wndmLvmEPEZEhdyFNEHB81GKgt-PTfgO12cdzgt-C1To71lHb8YyYEwey4KKAx4X7hr_JC5iQp6rSVJd8k5EPb8o0YVejNe3fNRjmTBIQBmQ8o3D9hdpBPx2eaEw8pLxJJYRvfImo--Orc0xDjX67ryIoK9OeQjL0Ppd9Xbj-c2fhwuR9YZDmdbnzcHgeKRYE_Vi4C1TH5U8G1HWk3kW_Xna3A7L5qy0KBiL4gjm2_YTwfxagbWIxRST6w5egScA_zMJR8zHxZZWQ4dv_4SDzzGXIOD3FxWHHfrjomlO4XjDyUE-bLurYf7dxevz5wnbIH_K0wyA_20_SgfX7-J1e2vrNAmeN8Xr1Nj9_bN4p25NW1C048ArV5jQ6WLWPg-d0bUyuss7o2lqpHAeCuL9w9z_pmD3sDcj7vV2tbXMTQdXXT-4U21MZrvVznL0fx4cLRX1x5tnl597J283Px_X-18H7-ffv4btUtQ


91 

 

Poonia B. and Charan S: Early and transient induction of nitric oxide (NO) in infectious bursal 

disease virus infection is T-cell dependent: a study in cyclosporin-A treated chicken-model. 

Indian J Exp Biol. 2005. 43: 192-6. 

Radi R, Beckman JS, Bush KM, Freeman BA: Peroxynitrite Oxidation of Sulfhydryls: the 

cytotoxic potential of superoxide and nitric oxide. J Bio Chem. 1991. 266(7): 4244- 4250. 

Ranieri VM, Suter PM, Tortorella C:  Effect of mechanical ventilation on inflammatory 

mediators in patients with acute respiratory distress syndrome: a randomized controlled trial.  

JAMA  1999; 282:54-61. 

Rasouli-Nia A, Karimi-Busheri F and Weinfeld M: Stable down-regulation of human 

polynucleotide kinase enhances spontaneous mutation frequency and sensitizes cells to genotoxic 

agents. Proc. Natl. Acad. Sci. USA 2004. 101(18): 6905–6910.  

Regev-Shoshani G, Ko M, Miller C, Av-Gay Y: Slow release of nitric oxide from charged 

catheters and its effect on biofilm formation by Escherichia coli. Antimicrob Agents Chemother. 

2010. 54(1): 273–279. 

Reiss CS, Komatsu T: Does nitric oxide play a critical role in viral infections? J Virol. 1998. 

72(6): 4547-4551. 

Rezakhanloua, A, Miller C, McMullin B, Ghaffari A, Ghahary A: Gaseous Nitric Oxide Exhibits 

Does Not Effect Skin Fibroblast Extra Cellular Matrix Gene Expression and Immune Cell 

Viability. Cell Biol Int. 2011. 35: 407-415. 

Ricciuto DR, Dos Santos CC, Hawkes M:  Angiopoietin-1 and angiopoietin-2 as clinically 

informative prognostic biomarkers of morbidity and mortality in severe sepsis. Crit Care Med. 

2011. 39(4): 702-710 

Rimmelzwaan GF, Baars MMJW, De Lister P, Fouchier RAM, Osterhaus ADME: Inhibition of 

influenza virus replication by nitric oxide.  J Virol. 1999. 73:8880-8883. 

Rizk M, Witte MB, Barbul A: Nitric oxide and wound healing. World J Surg. 2004. 28: 301–

306. 

Roehm NW, Rodgers GH, Hatfield SM and. Glasebrook AL: An improved colorimetric assay for 

cell proliferation and viability utilizing the tetrazolium salt XTT. J. Immunol. Methods. 1991. 

142: 257–265.  

Sanders SP, Siekierski ES, Porter JD, Richards SM, Proud D: Nitric oxide inhibits rhinovirus-

induced cytokine production and viral replication in a human respiratory epithelial cell line. J 

Virol. 1998. 72: 934–942 



92 

 

Saura M, Zaragoza C, McMillan A, Quick RA, Hohenadi C, Lowenstein JM: An antiviral 

mechanism of nitric oxide: inhibition of viral protease. Immunity. 1999. 10(1): 21-28. 

Saxena SK, Singh A, Mathur A: Antiviral effect of nitric oxide during Japanese encephalitis 

virus infection. Int J Exp Pathol. 2000. 81: 165–172. 

Schaefer AL, Perry BJ, Cook NJ, Miller C, Church J, Tong AKW, Stenzler A: Infrared detection 

and nitric oxide treatment of bovine respiratory disease (BRD). Online Journal of Veterinary 

Research. 2006. 10(1):7-16. 

 

Simon M, Falk KI, Lundkvist A, Mirazimi A: Exogenous nitric oxide inhibits Crimean Congo 

hemorrhagic fever virus. Virus Res. 2006. 120(1-2): 184-90. 

 

Sino Biological Inc. Product information. Accessed at www.sionbiological.com , May 2011 

Slivka A, Chuttani R, Carr-Locke DL: Inhibition of sphincter of Oddi function by the nitric 

oxide carrier S-nitroso-N-acetylcysteine in rabbits and humans, J. Clin. Invest.1994 94(5): 1792–

1798. 

Staeheli P: Interferon-inducible proteins and the anti-viral state. Adv. Virus Res. 1990. 38: 147-

200. 

Stamler JS, Singel DJ, Loscalzo J: Biochemistry of Nitric Oxide and Its Redox-Activated Forms 

Science, New Series. 1992. 258(5090): 1898-1902 

Stark JM, Khan AM, Chiappetta CL, Xue H, Alcorn JL, and Colasurdo GN: Immune and 

Functional Role of Nitric Oxide in a Mouse Model of Respiratory Syncytial Virus Infection. 

Journal of Infectious Diseases. 2005. 191: 387–95 

 

Stengler S, Donhauser N, Thurling H: Reactivation of Intent leishmaniasis by inhibition of 

inducible nitric oxide synthase. J. Exp. Med. 1996. 183: 1501–1514. 

Stenzler A, Miller C: Device and Method for Treatment of wounds with Nitric Oxide. 2004.  

Patent Application Number 11/021, 109:1-21.  

Takhampunya R, Padmanabhan R, & Ubol S: Antiviral action of nitric oxide on dengue virus 

typE 2 replication. J Gen Virol. 2006. 87: 3003–3011. 

Thompson WW, Shay DK, Weintraub E, et al: Mortality associated with influenza and 

respiratory syncytial virus in the United States. JAMA. 2003. 289(2): 179-186.  

Torre D, Pugliese A, Speranza F: Role of nitric oxide in HIV-1 infection: friend or 

foe? Lancet Infect Dis 2002. 2: 273–80 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simon%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Falk%20KI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lundkvist%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mirazimi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/16632039
http://www.sionbiological.com/


93 

 

Tosh PK, Jacobson RM, Poland GA: Influenza vaccines: from surveillance through production to 

protection. Mayo Clin Proc. 2010. 85(3): 257-273.  

Tucker PC, Griffin DE, Choi S, Bul N, and Wesselingh S: Inhibition of nitric oxide synthase 

increases the mortality in Sindbis virus encephalitis. J. Virol. 1996. 70: 3972–3977. 

 

Tweed SA, Skowronski DM, David ST, et al: Human Illness from Avian Influenza H7N3, 

British Columbia. Emerging Infectious Diseases.2004, 10(12): 2196-2199. 

 

Webert KE, Vanderzwan J, Duggan M, Scott J, McCormack DG, Lewis JF, Mehta S: Effects of 

inhaled nitric oxide in a rat model of Pseudomonas aerugiosa  pneumonia. Crit Care Med 2000. 

28(7): 2397-2405. 

Wei, ZY et al Nitric oxide inhibits the replication cycle of porcine parvovirus in-vitro. Arch 

Virol. 2009. 154(6):999-1003 

 

Weller R, Price RJ, Ormerod AD, Benjamin N, Leifert C: Antimicrobial effect of acidified nitrite 

on dermatophyte fungi, Candida and bacterial skin pathogens. J Appl Microbiol.  2001. 90: 648-

652. 

WHO, http://www.who.int/csr/don/2009_07_27/en/index.htmL.  

Witte MB and Barubul A: Role of nitric oxide in wound repair. Am. J. Surg. 2002.  183: 406–

412.  

Yeo TW, Lampah DA, Gitawati R, et al: Angiopoietin-2 is associated with decreased endothelial 

nitric oxide and poor clinical outcome in severe falciparum malaria. Proc Natl Acad Sci U S A.  

2008. 105(44): 17097-102. 

Yoon SS, Coakley R, Lau GW, Lymar SV, et al: Anaerobic killing of mucoid Pseudomonas 

aeruginosa by acidified nitrite derivatives under cystic fibrosis airway conditions, J. Clin. Invest. 

2006. 116: 436–446. 

Young JD, Dyar O, Xiong L, Hoell S: Methaemoglobin production in normal adults inhaling low 

concentrations of nitric oxide.  Intensive Care Med. 1994. 20: 581-584. 

Young JD, et al: Kinetics of methaemoglobin and serum nitrogen oxide production during 

inhalation of nitric oxide in volunteers.  Brit J Anaesthesia. 1996. 76: 652-656. 

Zaki H, Okamoto T, Sawa T, Fujii S and Akaike T: Nitrative stress in respiratory inflammation 

caused by influenza virus infection. Clinical and Experimental Allergy Reviews. 2007. 7: 19–26. 

Zaragoza C, Ocampo CJ, Saura M, McMillan A, Lowenstein CJ: Nitric oxide inhibition of 

coxsackievirus replication in-vitro. J Clin Invest. 1997. 100(7): 1760-1767. 

http://www.ncbi.nlm.nih.gov/pubmed/19437101
http://www.ncbi.nlm.nih.gov/pubmed/19437101
http://www.who.int/csr/don/2009_07_27/en/index.html


94 

 

Zell R, Markgraf  R, Schmidtke M: Nitric oxide donors inhibit the coxsackievirus B3 proteinases 

2A and 3C in-vitro, virus production in cells, and signs of myocarditis in virus-infected mice. 

Med Microbiol Immunol. 2004. 193: 91-100. 

Zimmerman JJ: Bronchoalveolar inflammatory pathophysiology of bronchopulmonary dysplasia. 

Clin.Perinatol. 1995. 22: 429-456. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

Appendices 

Appendix 1: Supporting Graphs for Chapter 4 

 

A  

 

B 

 

Figure A1.1 Comparison of Bacterial Survival Curves Between Intermittent Short 

Duration and Continuous Exposure to gNO. Panel AB:  represent the results of S. Aureus 

cultures; CD: P. aeruginosa  cultures (cystic fibrosis isolate); EF: E. Coli cultures. Bacteria were 

either exposed to repeated cycles of 160 ppm gNO for 30 minutes followed by medical air for 

3.5 hours (Panel A, C, E  dashed line with triangles) or continuous 160 ppm gNO (Panel B,D, F 

dashed line with triangles). Treatment regimens were compared to medical air continuously as a 

control (squares), for up to 24 hours. Solid line at graph bottom represents gNO dose regimen. 

Results were reported as the means ± standard error of the mean from at least three independent 

measurements. 
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Figure A1.1 Comparison of Bacterial Survival Curves Between Intermittent Short 

Duration and Continuous Exposure to gNO. Panel AB:  represent the results of S. Aureus 

cultures; CD: P. aeruginosa  cultures (cystic fibrosis isolate); EF: E. Coli cultures. Bacteria were 

either exposed to repeated cycles of 160 ppm gNO for 30 minutes followed by medical air for 

3.5 hours (Panel A, C, E  dashed line with triangles) or continuous 160 ppm gNO (Panel B,D, F 

dashed line with triangles). Treatment regimens were compared to medical air continuously as a 

control (squares), for up to 24 hours. Solid line at graph bottom represents gNO dose regimen. 

Results were reported as the means ± standard error of the mean from at least three independent 

measurements. 
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Figure A1.1 Comparison of Bacterial Survival Curves Between Intermittent Short 

Duration and Continuous Exposure to gNO. Panel AB:  represent the results of S. Aureus 

cultures; CD: P. aeruginosa  cultures (cystic fibrosis isolate); EF: E. Coli cultures. Bacteria were 

either exposed to repeated cycles of 160 ppm gNO for 30 minutes followed by medical air for 

3.5 hours (Panel A, C, E  dashed line with triangles) or continuous 160 ppm gNO (Panel B,D, F 

dashed line with triangles). Treatment regimens were compared to medical air continuously as a 

control (squares), for up to 24 hours. Solid line at graph bottom represents gNO dose regimen. 

Results were reported as the means ± standard error of the mean from at least three independent 

measurements.  
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Figure A1.2 Effect of gNO on Proliferation of Epithelial Cells. Following intermittent 

exposure to 160 ppm gNO for up to 72 hours, an MTT proliferation assay was carried out to 

determine the number of viable cells in culture. Data represents the amount of formazan 

production by metabolically active cells at OD540. The asterisk (* p < 0.01) denotes a significant 

difference in proliferation between gNO and control group at 72 hours.  
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Figure A1.3 Effect of 160ppm gNO on A549 Cells Migration. (A) Microscopic photographs 

illustrating epithelial cell migration behavior under exposure of gNO or medical air. (B) 

Quantitative comparison of percent migration relative to baseline (day 0) in both groups. The 

asterisk (*p < 0.01) denotes significant difference between migration rate of gNO and control 

group in day 1. Scale bar represents 100 µm. 
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Figure A1.4 Lung Epithelial Cell Clonogenic Survival Assay. A549 cells were exposed to air 

or to 160 ppm gNO for 24 hours. Cells were exposed to 0, 2, 4, or 8 gray of gamma radiation, 

Cell colonies were counted on day 10 post-treatment. Each bar represents the mean values from a 

minimum of three independent determinations ± standard deviation. The asterisk denotes a 

significant difference (p < 0.01) between gNO and gamma radiated group colony counts. 
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Figure A1.5 Cytotoxic Effects of Nitric Oxide. A. In-vitro studies of the effect of 200 ppm 

gNO (24 hours) on human macrophage survival. B. In-vitro studies of the effect of 200 ppm 

gNO (24 hours) on human monocytes survival. C. FACS histograms of monocytes survival. 

Toxicity was measured as death rate by flow cytometry with PI (Propidium Iodide). Black 

outline represents THP-1 monocytes exposed to intermittent 160/20 ppm gNO. Solid represents 

THP-1 monocytes exposed to continuous (24 hours) 20 ppm gNO.  

 

Air gNO

S
u
rv

iv
a
l 
(%

)

0

25

75

50

100
A

 

Air gNO
S

u
rv

iv
a
l 
(%

)

0

75

25

50

B



102 

 

Appendix 2: The Safety Trial  

 

 

 

Table A2.1 Synopsis of the Safety Trial Protocol 

TITLE A Phase I Open label Safety Study of Inhaled Gaseous Nitric Oxide 

(gNO) for Administration to  Healthy Adults  for Potential Use as a 

Frontline Treatment During a Pandemics 

  FUNDING   Lotte & John Hecht Memorial Foundation 

INVESTIGATORS Dr. Yossef Av-Gay Ph.D, Dr. Chris Miller, Ph.D, RT, Dr. Jeremy Road 

MD. 

  INDICATION Respiratory Tract Infection 

POPULATION  Healthy adult volunteers without pulmonary disease  

  PRIMARY 

OBJECTIVES 
 Determine the safety of inhaled gNO for healthy subjects  

 Determine the safety of a gNO delivery device in healthy subjects 

 Determine the effect of inhaled gNO  on Pulmonary Function 

Test (PFT) including Lung Diffusion (DL) % of  predicted 

 Determine the effect of inhaled gNO  on FEV1 % 

 Determine the Met-Hemoglobin percentage (MetHb) associated 

with inhaled gNO 

 Determine the effect of inhaled gNO on lung inflammatory serum 

markers 

 Determine adverse events  associated with inhaled gNO  

  SECONDARY 

OBJECTIVES 
 Number of subjects with MetHb level  >5% at any time point 

 Number of subjects with study drug related bleeding at any time 

point 

 Number of subjects experiencing sudden hypoxemia (SaO2%< 

90%) 

 MetHb levels increasing to > 5% over time  

 Incidence of adverse events 

  STUDY DESIGN  Prospective, open label controlled single-Center study.  
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NUMBER OF SITES Vancouver Coastal Health Region, Vancouver, Canada 

ENROLLMENT 

GOALS 

Up to 20 subjects will be recruited. Ten healthy subjects enrolled. 

  DURATION OF 

SUBJECT 

PARTICIPATION 

 

Total time on study/visits:    5 weeks; 9 visits 

Screening:          Day -7 Hx, PFT/DL, MetHb% & Bloodwork 

Assessment:           Day 1 (Baseline): FEV1% ,MetHb %  

Treatment:           Day 1-5: 160 ppm gNO Tx, Q4h x 5  

Assessment:           Day 1-5: FEV1% & MetHb & Bloodwork 

          Day 2,5: PFT/DL 

Follow-up:        Day 8, 12, 26: PFT/DL,MetHb% & Bloodwork 

 

 

TRIAL DRUG 

 

Phramaceutical Grade Gaseous NO (delivered with air and oxygen as a 

carrier) administered by inhalation  

  ADMINISTRATION ViaNOx-H Pharmaceutical Grade Gaseous NO (gNO) will be 

administered using a ViaSys II system 

  DOSE  Subjects will inhale 160 ppm on gNO 

 Estimate of maximum total exposure to gNO (2,000 ppm hours) 

E   DOSING SCHEDULE  Inhalations are administered for 30 minutes for a maximum of 

five times for five days.  Inhalations are performed every four 

hours (± 30 minutes) with a minimum of three hours between the 

end of one treatment and the beginning of the next treatment. 

   Concomitant 

medications 
 Allowed:  Except as noted below all usual medications are 

allowed. 

 Prohibited:   

 All adjunctive therapies and medications are allowed 

Primary endpoint  No unanticipated adverse events 

 Mean change in FEV1 , PFT/DL, inflammatory cytokines and 

MetHb % predicted (absolute) from baseline 
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  Secondary endpoints  Number of subjects with MetHb level  >5% at any time point 

 Number of subjects with study drug related bleeding at any time 

point 

 Number of subjects experiencing sudden hypoxemia (SaO2%< 

90%) 

 MetHb levels increasing to > 5% over time  

 Incidence of adverse events 

SAFETY 

MONITORING 
 Oversight for this trial will be by an independent respirologist 

experienced in treating pulmonary disease and working with nitric 

oxide.  The respirologist can recommend early termination of the 

trial for reasons of subject safety.  Safety data will be monitored 

on a continual basis throughout the study. 

  SUBJECT 

SELECTION 

CRITERIA 

 

 

 

 Inclusion Criteria: 

1. Written informed consent and HIPAA authorization 

2. Male or female ≥19 years of age. 

3. Female not pregnant at time of study 

i. FEV1 ≥ 75 % of predicted 

ii. Oxygen saturation on room air >90% at screening 

iii. Non-smoker for at least 6 months prior to screening and agrees 

not to smoke during the study 

iv.  

 Exclusion Criteria: 

v. Use of an investigational drug within 30 days of screening 

vi. Has symptoms or diagnosis of a pulmonary disease 

vii. History of frequent epistaxis (>1 episode/month) 

viii. Significant hemoptysis within 30 days (≥ 5 mL of blood in one 

coughing episode or > 30 mL of blood in a 24 hour period) 

ix. Methemoglobin >3% at screening 

x. Changes to antibiotics (e.g. azithromycin) from 7 days prior to 

screening through last treatment day . (Subjects may be taking 

antibiotics during this time period, but they cannot start, stop or 

change doses during this time period) 

4. Organ transplant recipient. 

5. For female subjects: pregnant or unwilling to practice birth control 

during participation in the study. 

6. Presence of a condition or abnormality that in the opinion of the 

Investigator would compromise the safety of the patient or the 

quality of the data 
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STATISTICS This pilot clinical evaluation is intended to demonstrate safety and proof 

of principle, and the sample size is not necessarily powered or nor 

intended to establish statistically significant differences. 

Treatment outcomes on a sample size of 10 subjects will be sufficient to 

confirm safety and determine initiation of a submission for a follow-on 

study.  

The safety of the treatment based on indicators will be helpful in 

establishing safety requirements for future efficacy trials.  Nevertheless, 

descriptive characteristics of the subjects prior to, during, and at the end 

of the study will be tabulated.  Differences between important 

continuous variables at two specific times will be evaluated with the 

paired t-test.  Important categorical events such as reduction in 

viral/bacterial load, clinical FEV1% and PFT/DL improvement, changes 

in serum inflammatory markers and incidence of adverse events will be 

evaluated by constructing 95% confidence limits in their incidence. 

 

 

                                                                              

 


