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Oligonucleotides (ONs) are an emerging class of drugs being developed for the treatment of a wide variety of
diseases including the treatment of respiratory diseases by the inhalation route. As a class, their toxicity on
human lungs has not been fully characterized, and predictive toxicity biomarkers have not been identified. To
that end, identification of sensitive methods and biomarkers that can detect toxicity in humans before any long
term and/or irreversible side effects occur would be helpful. In light of the public’s greater interests, the
Inhalation Subcommittee of the Oligonucleotide Safety Working Group (OSWG) held expert panel discussions
focusing on the potential toxicity of inhaled ONs and assessing the strengths and weaknesses of different
monitoring techniques for use during the clinical evaluation of inhaled ON candidates. This white paper
summarizes the key discussions and captures the panelists’ perspectives and recommendations which, we
propose, could be used as a framework to guide both industry and regulatory scientists in future clinical
research to characterize and monitor the short and long term lung response to inhaled ONs.

Introduction

As with any inhaled drug, and especially for a novel
drug class such as oligonucleotides (ONs), pre-clinical

and clinical safety assessment is challenging. With this in
mind, a panel of internationally recognized lung experts from
academic clinical laboratories, as well as industry-employed
clinicians, with experience in drug development and pulmo-
nary toxicology was convened by the Oligonucleotide Safety

Working Group’s (OSWG) Inhalation Subcommittee.
The panel was asked whether the toxicities observed in pre-
clinical animal studies would be anticipated in humans, to
identify the strengths and weaknesses of current methods
for detecting such effects in clinical trials and to make rec-
ommendations for human safety risk management of
inhaled ONs.

There is a diversity of structures, chemistries, and mecha-
nisms of action for ON therapeutics, but most of the members

1Imperial College, London, United Kingdom.
2University of California, San Francisco, California.
3Sterna Biologicals, Marburg, Germany.
4University of Calgary, Calgary, Alberta, Canada.
5Altair Therapeutics, San Diego, California.
6National Jewish Health, Denver, Colorado.
7Respiratory Discovery, GlaxoSmithKline R&D, Ware, United Kingdom.
8Phillips University, Marburg, Germany.
9AVI BioPharma Inc., Bothell, Washington.
10Topigen Pharmaceuticals Inc., part of the Pharmaxis Ltd. Group, Montréal, Quebec, Canada.
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of this drug class can be categorized on the basis of whether or
not they target mRNA or proteins. Antisense oligonucleo-
tides (ASO), short-interfering RNA (siRNA), antagomirs,
microRNA mimetics, and DNAzymes are part of the RNA-
targeting group, while immunostimulatory sequences (ISS),
aptamers, and decoys are members of the protein-targeting
group. The toxicology and pharmacokinetics of ONs follow-
ing systemic administration (e.g., intravenous and sub-
cutaneous routes of administration) used in a variety of
indications have been well characterized, and a large body of
information is available through the regulatory databases and
the broad scientific literature (Levin et al., 1998; Levin, 1999;
Levin et al., 2001; Sazani et al., 2010). For example, the
mechanisms of toxicity for RNA-targeting ONs can be sub-
divided into hybridization-independent and hybridization-
dependent effects. Hybridization-independent toxicities are
due to interactions between the ON drug and proteins, which
are unrelated to Watson and Crick base pairing to RNA.
Hybridization-dependent toxicities arise because the ON hy-
bridizes to cellular RNA using the normal base-pairing prin-
ciples which can lead to side effects associated with inhibition
of the intended target (referred to as exaggerated pharmacol-
ogy) or inhibition of unintended RNA targets (referred to as
off-target effects). The majority of toxicities observed for ASOs
and siRNAs tested to date fall into the hybridization-inde-
pendent category and are believed to mainly result from the
ON’s chemistry or the composition of the delivery system
(Levin et al., 2001). For example, the most common modifi-
cation used in ON compounds, phosphorothioate (PS) link-
ages (and other related backbone alterations) typically
strengthen the polyanionic character of the molecule and
render it more reactive. This, in addition to the greater tissue
persistence, translates into more pronounced non-specific ef-
fects, such that systemic administration of PS ASOs result in
various forms of toxicity largely unrelated to the mechanism of
action (i.e., hybridization-independent). The most frequent
and well studied hybridization-independent effects associated
with PS ON administration are immune related, and the ten-
dency to stimulate pro-inflammatory reactions, principally
occurring in tissues containing the highest concentration of
ONs (Krieg, 2000; Levin et al., 2001).

Some pharmaceutical companies and investigators have
explored alternative dosing routes. Currently the only 2
approved ON products are for local administration to the
eye (Crooke, 1998; Ng and Adamis, 2005). As for local
delivery to the lungs, there is a relatively small amount of
information on efficacy, deposition, and tolerability by this
route. Furthermore, the Division of Pulmonary, Allergy,
and Rheumatology Products at the US Food and Drug
Administration (FDA) has reviewed only six ON drug
candidates with representatives of the ASO, siRNA, and ISS
types through investigational new drug (IND) applications
or pre-IND meetings (DIA Conference, 2010), thus limiting
the regulatory database of information available to this
division.

Based on published information (Templin et al., 2000; Ali
et al., 2001; Guimond et al., 2008) in rodent and primate
species and the personal experiences of the Inhalation Sub-
committee members, a list has been assembled of key findings
that have been observed in non-clinical animal toxicity studies
of inhaled ONs, which are generally limited to the respiratory
tract and lung, the tissue of major accumulation.

With the understanding that the type and/or severity of
findings may differ among ON subclasses (e.g. different
backbone chemistries, duration of administration, and target
species, certain types of changes in the lungs have been
commonly observed). A summary of these key findings,
which are typically dose related and reversible upon termi-
nation of treatment and which primarily occur at high toxi-
cological doses is listed below.

� Alveolar macrophage ‘‘accumulation’’ (i.e., reflecting in-
creased numbers and prominence upon light microscopy);
� Interstitial macrophages and mononuclear cell infiltra-
tion and accumulation in the lung parenchyma, more than
the upper airway tissues and trans-bronchial lymph
nodes;
� Occasional observations of hemorrhage, possibly sec-
ondary to tissue inflammation; and
� Fibroplasia and metaplasia in the lung or associated
tissues (e.g., trachea, lymph nodes), usually with relatively
pronounced inflammation.

One of the primary challenges in advancing these mole-
cules into clinical trials is the observation of such findings and
whether the findings represent safety concerns for humans. In
addition, although toxicity has not been reported in normal
subjects to date, there may be increased susceptibility in pa-
tients with diseased lungs, for example, due to impaired ep-
ithelial barrier function. However, there have been no reports
of increased lung inflammation in patients following inhalation
of ONs (Ball et al., 2003; Gauvreau et al., 2006; DeVincenzo
et al., 2008; Gauvreau et al., 2008; DeVincenzo et al., 2010).
However, the inhaled doses have been low and the clinical
trials have been of relatively short duration (i.e., less than 1
month); thus, the effects of prolonged exposure to ONs to
human lungs remain undetermined. However, an important
concern is that the techniques for monitoring lung toxicity may
be insensitive to detect early clinical changes similar to those
seen in animals. Although similar histopathological changes
have been observed in other target organs (e.g., liver and kid-
ney) when ONs are delivered via other routes of administra-
tion (e.g., parenteral), these other tissues can be monitored with
increasingly sensitive biomarkers able to detect even earlier
functional perturbation, whereas the technologies to monitor
subtle pathologic changes in the lungs are less advanced.

This position paper addresses these issues and summarizes
the panel discussion and outlines the consensus points and
recommendations from the experts and the members of the
Inhalation Subcommittee.

The Inhalation Oligonucleotide Subcommittee

Following the April 2007 Drug Information Association
(DIA) meeting on oligonucleotide therapeutics in Bethesda,
Maryland, the Oligonucleotide Safety Working Group
(OSWG) was set up with representatives from both indus-
try and regulatory authorities. Several subcommittees have
been formed to deal with genotoxicity, off-target effects,
immunostimulation, exaggerated pharmacology, safety
pharmacology, reproductive toxicity, and carcinogenicity.
The Inhalation Oligonucleotide Subcommittee, formed in
2009, has been discussing the main toxicology issues/
challenges relating to the non-clinical development of in-
haled oligonucleotides.
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Panel Discussion Highlights

The panel first addressed whether inhaled ON-induced
lung findings observed in animals were likely to be ob-
served in humans. The panel concluded that it should be
expected that ON drugs are similar in this respect to tradi-
tional inhaled small molecule drugs with respect to potential
toxicity resulting from the intended and unintended phar-
macological action of the drug and chemistry class ef-
fects. In this respect, as with toxicities observed with other
therapeutics during pre-clinical animal safety assessment,
these toxicities could manifest in normal and especially in
diseased patients. It is accepted that the intrinsic DNA/
RNA-like property of ONs might trigger an inherent innate
response. The pro-inflammatory properties of ONs are
arguably one of the primary concerns of safety assessment
of this drug class. Thus, specific ON chemistries and indi-
cations may warrant specific risk assessment monitoring
techniques and/or readouts in humans as with different
small molecule drug classes.

One common toxicological pre-clinical finding of inhaled
ONs is the accumulation of alveolar and interstitial macro-
phages within the lungs of animals. This is particularly
observable histologically because their intra-cytoplasmic
vacuoles contain large amounts of basophilic granular ma-
terial, which is believed to reflect ON uptake by the mac-
rophage. This is consistent with the fact that oligonucleotides
stain blue with hematoxylin and eosin (Levin et al., 1998).
This macrophage staining, with no or little evidence of ac-
tivation, nor other inflammatory cell accumulation, would
typically be considered a non-adverse adaptive mechanism
in an otherwise healthy animal lung (Lewis et al., 2002;
Mosser and Edwards, 2008; Brasey et al., 2011). Whether this
finding might be considered adverse—particularly in pa-
tients with established lung disease—is not known, because
this response also shows reversibility upon termination
lends credence to the response being non adverse, whereas
fibrosis and metaplasia, described at high inhaled ON doses
in animals, showed only partial reversibility in the recovery
time allotted (Guimond et al., 2008; FDA personal commu-
nication, 2011). Reversibility, even if incomplete for some
findings, could be observed in as little as 2 to 4 weeks. As
there are no reports of chronic toxicology studies, the com-
plete reversibility of findings or the potential for delayed
toxicity is unclear.

The lung histological changes observed in pre-clinical ani-
mal studies of inhaled drugs are not directly monitorable and
indirect techniques may not be sensitive enough to detect such
effects in humans. Thus, a more specific or targeted approach
for measuring the potential inflammatory response is re-
commended to monitor patients; however, there are currently
no established/validated biomarkers for early pulmonary
toxicity that precede clinically important pulmonary lesions
such as airway disease, alveolitis, interstitial fibrosis, or ma-
lignancy. With these potential limitations, our clinical expert
panel summarized several useful clinical monitoring tech-
niques in humans (Table 1), which have previously been
employed to monitor the progression of lung diseases and the
potential toxicity of non-ON drugs. The panelists initially
commented on these standard tests and then discussed ad-
ditional or less proven tests for monitoring potential lung
toxicity.

Standard Testing

Pulmonary function testing

Spirometry is a routine, non-invasive procedure that is
employed in the clinic to assess pulmonary function. Spiro-
metry is a relatively inexpensive, reproducible, readily
available test in most clinics and hospitals. The test measures
lung volumes [e.g., forced expiratory volume (FEV1), FEV6,
forced vital capacity (FVC), FEV1/FVC] and flows [e.g.,
forced expiratory flow (FEF25–75), peak expiratory flow (PEF),
maximum inspiratory pressure (MIP) and maximum ex-
piratory pressure (MEP)] during forced expiration from total
lung capacity. Deviation from established reference data can
indicate airway or parenchymal disease. In addition, more
specialized pulmonary function laboratories can also collect
measurements indicating lung parenchymal and vascular
abnormalities [e.g., static lung volumes of various sub com-
partments, lung diffusion capacity (DLCO)], the adequacy of
ventilation (tidal volume and frequency of breathing, 6-min-
ute walk test, maximal oxygen consumption), disturbed lung
mechanics (resistance and compliance) and the non-unifor-
mity of gas distribution (gas washout). Moreover, blood gases
can be measured that ultimately indicate the adequacy of
ventilation.

The procedures and equipment to perform these tests and
training of personnel have been standardized, but multi-
center variability during clinical trials may still pose a chal-
lenge for some of the measurements (e.g. DLCO). Pulmonary
function testing can be performed in adults and children
(usually of 5 years and older) at most stages of disease. Some
of these measures such as the diffusion of a gas across the
pulmonary epithelium may be disease or tissue specific, while
others (e.g., FEV1) can be used in a broader range of indica-
tions. For example, gas diffusion (DLCO) has proven valuable
in establishing disease severity and in defining prognosis in
idiopathic pulmonary fibrosis where a decline in DLCO over
time suggests progression of the disease (Martinez and
Flaherty, 2006). DLCO measurements have been shown to
reveal vascular changes or diffusion impairments caused by
fibrosis or damaged pulmonary epithelium in the absence of
significant airway function change (Hsia, 2002).

Although many of these tests are routinely employed to
assess the severity of lung disease and disease progression,
their sensitivity for the assessment of early development of
toxicity to inhaled medication needs to be established and
remains under investigation. Preliminary information has
been gathered by employing these tests to monitor pulmo-
nary effects of inhaled drugs (e.g., Pulmozyme�, Exubera�)
and have permitted the recognition of early evidence of small
but significant changes. For example, FEF25–75 appears to be a
sensitive measure of small airway function but is less repro-
ducible and more variable than measures such as FVC and
FEV1. It may be affected before FEV1, so serial measurements
may act as an early warning sign of small airway disease
(Drewek et al., 2009). It has been postulated that without
changes in any of the physiologic measurements, the pro-
inflammatory toxicity of an inhaled medication may be min-
imal and irrelevant (Veen et al., 2000). The nitrogen washout
test can detect early small-airways disease and may be con-
sidered to be more sensitive than conventional lung function
testing (King, 2011). One way to improve the sensitivity of
inhaled medication testing is to examine its effects on the
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pulmonary response to challenge, by methacholine, hyper- or
hypo-tonic saline, allergen, exercise, or eucapnic hyperpnea of
cool, dry air. These commonly employed tests for assessing
allergic airway diseases may be applicable to other indica-
tions, especially if airway hyperreactivity were to become
suspected as a potential toxicity of ON and can be particularly
helpful longitudinally.

Blood biomarkers

The measurement of hematological and biochemical mark-
ers in blood can be reliably performed with minimally invasive
procedures and equipment that is cost effective and readily
available in almost all clinical settings. Repeated sampling is
feasible from patients of all ages and at all stages of disease. In
addition to the standard blood gas, electrolyte, and clinical
pathology measures, measurement of certain biochemical
markers such as C-reactive protein, interleukin (IL)-6, IL-8, and
MCP-1 may reflect the systemic inflammatory manifestations
or the downstream sequelae of pulmonary inflammation.
However, the relationship between the levels of such bio-

markers in the blood and lung inflammation or lung toxicity
caused by medications has not been clearly established.

Additional Tests

Exhaled gases

Fractional exhaled nitric oxide (FeNO) is a simple non-in-
vasive procedure for monitoring pulmonary and systemic NO
production. FeNO is elevated in atopic asthma and is thought
to reflect eosinophilic inflammation of the airways. However,
its role in diseases other than asthma remains questionable. In
particular in cystic fibrosis, the levels of FeNO may even be
reduced, despite the underlying inflammation, compared to
normal subjects. Some reports have shown that FeNO is in-
creased in chronic obstructive pulmonary disease (COPD)
patients suggesting a correlation with neutrophilic inflam-
mation (Hillas et al., 2009).

Techniques have been standardized using relatively inex-
pensive, commercially available equipment that can be de-
ployed rapidly and require minimal staff training. These
measurements can be frequently repeated, are not

Table 1. List of Clinical Monitoring techniques

Procedure Advantages Potential limitations

STANDARD TESTING
Pulmonary functional testing � Non-invasive � Sensitivity

� Cost � Indirect measurements
of inflammation� Standardized procedure

� Availability
� Longitudinal assessment possible

Blood biomarkers � Non-invasive � Correlation with lung
inflammation unknown� Cost

� Availability
� Longitudinal assessment possible
� Cellular/biochemical readouts of

inflammation

ADDITIONAL TESTS1

Exhaled gases and breath condensates � Non-invasive � Correlation with inflammation
not clear� Cost

� Predicted value references not
available

� Availability

� High variability
� Standardized procedure
� Longitudinal assessment possible

Sputum induction � Non-invasive � Sample yield
� Cost � Reproducibility
� Longitudinal assessment possible � Correlation with tissue unknown
� Cellular/biochemical readouts of

inflammation

Imaging modalities � Correlation with tissue changes � Availability
� Cost
� Sensitivity
� Safety/ethical concerns

Bronchoalveolar lavage � Standardized procedure � Moderately invasive
� Cost � Correlation with tissue unknown
� Reproducible � Nature of cell infiltrate may vary

between diseases� Longitudinal assessment possible
� Cellular/biochemical readouts of

inflammation

Endo- and trans-bronchial biopsies � Standardized procedure � Invasive
� Tissue/cellular/biochemical

readouts of inflammation
� Focal analysis/sampling error

1The tests in this category are reviewed from less invasive methods to more invasive procedures.
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burdensome to patients, and may be applied to children and
patients at all stages of disease. Exhaled gas shows promise in
the differential diagnosis of airway diseases as well as in the
longitudinal monitoring of therapy. Despite the complexity of
NO exchange dynamics, the partitioning of exhaled NO from
proximal airways, as opposed to distal airspaces, is possible
using measurements obtained at different flow rates and has
been successfully used in distinguishing inflammation due to
alveolitis from that of the bronchial compartment (Lehtimaki
et al., 2001). Numerous factors that influence FeNO values
(e.g., medication, age, diet) may be difficult to define, and
correlation of changes with airway histological changes has
not been firmly established.

Other exhaled gases such as carbon monoxide, hydrocar-
bons or 8-isoprostanes might be potentially useful non-
invasive biomarkers of airway inflammation and oxidative
stress (Zhang et al., 2010), but further research is needed to
validate the use of these measures as sensitive indicators of
lung injury.

Exhaled breath condensates

Analysis of condensates of exhaled air, such as for hydro-
gen peroxide, is a possible approach to monitoring volatile
and non-volatile compounds as biomarkers of lung disease.
The collection procedure differs from that for exhaled gases.
Now standardized, there is growing evidence that abnor-
malities in exhaled breath condensate composition may re-
flect biochemical changes of airway lining fluid. The
procedure is safer and more convenient than bronchoalveolar
lavage (BAL) discussed below. However, interpretation of
condensate data are complicated by uncertainty regarding the
source of condensate solutes (and potential contamination
from the gastrointestinal tract), the dilution effect, and by the
high variability of the values obtained. Further standardiza-
tion is therefore needed, for example, with regard to a defined
flow rate during exhalation.

Sputum induction

Sputum induction is a well-tolerated, relatively non-
invasive method (especially for spontaneous sputum) that can
be repeated multiple times (more frequently than BAL) over
the course of a study allowing for serial assessments (Vlachos-
Mayer et al., 2000). Although induced sputum is generally
considered to monitor airway inflammation, in healthy peo-
ple, normal sputum consist of approximately 60% alveolar
macrophages and therefore can be regarded as sampling more
distal lung sites (Belda et al., 2000). Accordingly, it can be used
to assess lung parenchymal disease such as cancer and in-
fections (Kelly et al., 2000b). Sputum allows collection of
biosamples (cells and solutes) from the subglottic airways and
is used in pulmonary clinics as a diagnostic procedure in
asthma, COPD, and infectious diseases (e.g., tuberculosis).
The same markers of inflammation as those described for BAL
samples can be measured from sputum samples, but the
correlation between the values measured in sputum and those
measured in BAL or in the lung tissue is not straightforward
and does not appear to be the same for different cellular and
protein markers (Kelly et al., 2000a; Kelly et al., 2002; Saha
et al., 2009; Doe et al., 2010).

Induced sputum also permits assessment of the pharma-
cologic activity (inflammatory cell influx and protein markers

of inflammation similar to BAL) of drugs in development for
respiratory diseases, particularly for the evaluation of anti-
inflammatory drugs such as inhaled corticosteroids (Kelly
et al., 2006).

The main drawbacks to sputum analysis are its admixture
with secretions from the upper airway, the relatively low
yield of sputum from some subjects or in patients with certain
diseases such as cystic fibrosis, the uncertainty over the con-
sistency/reproducibility of induced sputum findings for a
particular patient, and the need for standardization of a
technically demanding procedure among centers. Standar-
dized protocols for effective collection and analysis and
growing experience with the procedure has led to it becoming
more popular and widely practiced (Kelly et al., 2003). Al-
though a cheaper procedure than BAL, proper training of
clinical and laboratory staff and close monitoring required for
quality/reproducibility data reduce the cost savings.

Imaging modalities

Computed tomography (CT) of the lung and other imaging
techniques [e.g., fluorodeoxyglucose-positron emission to-
mography (FDG-PET) and CT/PET, X-rays] have been used
to evaluate the effects of drugs in various lung diseases in-
cluding asthma, COPD, pulmonary fibrosis, hypersensitivity
pneumonitis, and cystic fibrosis. There are generally high
costs associated with these procedures unless a limited
number of imaging slices are captured. In addition, the safety
and/or ethical concerns of the effects of radiation exposure
have limited its use in pulmonary drug development. High
resolution CT is very sensitive to small scale changes and can
be used to quantitatively assess changes in the alveolar, in-
terstitial and airway compartments as well as in the medias-
tinum and even to quantitatively assess airway remodeling.
Detection of lung parenchymal changes by CT correlates with
histological signs of lung pathology (Attili et al., 2008;
Verschakelen, 2010) but is dependent on the type of tissue
response. For example, the detection of lung inflammation is
less sensitive than detection of fibrosis (Nagatani et al., 2011).
The relationships between imaging analysis and biomarkers
of inflammation and repair in blood, BAL, sputum, and ex-
haled breath condensate need to be established.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) is generally a well tolerated
but moderately invasive technique that allows collection of
biosamples (cells and solutes) from the lower airways and
alveolar space. The application of BAL is widespread and has
been used as a standard clinical research tool in a wide range
of indications (e.g., asthma, COPD, pulmonary hypertension,
idiopathic pulmonary fibrosis, cystic fibrosis, respiratory tract
infections, and adult respiratory distress syndrome) (Task
Force, 1990). Drug developers have used the procedure for
monitoring potential adverse (e.g., inhaled insulin) (Liu et al.,
2008) and beneficial effects (e.g., inhaled corticosteroids)
(Berry et al., 2007) on pulmonary inflammation following
chronic inhaled drugs administration.

While generally safe with minor side effects, the procedure
requires administration of various additional pharmacological
agents (anti-anxiety, anti-secretory, analgesics, or even general
anesthesia), depending on age and disease severity. BAL pro-
vides an opportunity for longitudinal data acquisition on the
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cellular response (inflammatory cell influx) and protein
markers of inflammation or activation status. Many biological
markers of inflammation can therefore be simultaneously an-
alyzed from BAL samples, including differential white blood
cell counts, reactive nitrogen species (e.g., peroxynitrite), reac-
tive oxygen species (e.g., superoxide) (Verhoeven et al., 2000),
pro-inflammatory cytokines (e.g. TNF-a, IL-1, IL-2, IL-6, and
IL-23), markers of macrophage activation (e.g., metallopro-
teases), markers of pulmonary capillary permeability (e.g., al-
bumin), markers of tissue remodeling (e.g., fibrinogen,
collagen, elastin) and markers of excess mucus (mucin, MU-
C5AC, Gob5). Careful consideration may be needed when in-
terpreting BAL differential cell counts, as in certain pulmonary
disease states, clear differences in the inflammatory cell
infiltrate and tissue biopsy samples have been observed. For
example, in cystic fibrosis, neutrophils predominantly accu-
mulate in the lumen (and are thus observed in BAL), while
lymphocytes generally remain in the interstitium and are ab-
sent from the BAL. Because of potential qualitative differences
in cellularity within the interstitial and airway compartments,
and of course the influence of a background disease state, cy-
tokine profiles may also differ, making it important to obtain
baseline values (Blanc et al., 1991).

Endo- and trans-bronchial biopsies

Bronchoscopically obtained biopsies require an invasive
procedures under local or even general anesthesia. It can be
performed in children and adults and allows the collection of
specimens using brush, needle, or forceps from the airway
wall or pulmonary interstitium to evaluate for inflammation,
infection, fibrosis, or neoplasia. Although an established
procedure, trans-bronchial biopsies may have higher mor-
bidity compared to endo-bronchial biopsies. In addition to the
assessment of cellular and structural changes, levels of pro-
inflammatory mediators or markers of remodeling can be
measured from tissue sample homogenates or aspirated fluid.
However, because of the difficulty in sampling from the same
location within the tissue, they mainly represent snap-shots
and the opportunity for serial assessments may be limited.
Due to the potential for sampling error (false negative), sev-
eral biopsy samples (4–6) are required, which may still be
unrepresentative of the general situation in the airways or
lungs (Kelly et al., 2010). Similarly, bronchoscopic biopsies
may have limited utility in instances where focal pathology is
present. In patients with severe disease, it may not be possible
to collect samples by bronchoscopy, as there is an increased
risk of complications. Finally, there is limited experience using
results obtained from biopsies for regulatory submission.

Despite these challenges, this is the only method that allows
the identification of histological changes within the lung tis-
sue similar to those observed in pre-clinical studies in animals.
Therefore, when used concomitantly with other investigative
procedures such as BAL or sputum, it may provide useful
additional information to supplement less invasive methods
for monitoring lung toxicity of ONs without missing subtle
tissue changes.

Consensus points and recommendations

The clinical expert panel was reassured that most of the
findings observed in animals following inhaled ON exposure

share some commonalities with other inhaled drugs. First,
similar histopathological findings reflecting pro-inflamma-
tory effects have been seen with other inhaled drug classes.
For example, mild to moderate alveolitis was observed in rats
after one month dosing of recombinant human deoxy-
ribonuclease (rhDNase) via the inhalation route. This lesion
was characterized principally by inflammatory cell accumu-
lation in alveolar spaces, a perivascular/interstitial inflam-
matory cell infiltrate, and proliferation of type-2 alveolar
lining cells. Following 26 weeks of inhalation treatment in
cynomolgus monkeys, a similar immune response of in-
creased perivascular lymphocytic cuffing, peribronchial
lymphoid hyperplasia, terminal airway-related bronchiolitis/
alveolitis with eosinophilic infiltrates, and increased side-
rophages was observed in the lungs of treated animals. The
findings partially resolved following a treatment free period.
It has been suggested that an immune response to the
rhDNase protein may have contributed to the changes ob-
served in monkey (Green, 1994).

Second, most of the ON findings observed at relevant
doses have been reversible upon termination of exposure;
thus, if such changes occurred in humans, termination of
exposure might allow regression of lung inflammation. An
example where conventional physiological tests have been
able to sensitively detect abnormalities and reversibility of
pulmonary effects is with inhaled insulin. Insulin is one of
many proteins that have been delivered systemically via
inhalation (Brain, 2007). For the first approved insulin for-
mulation (Exubera�), fully reversible changes in FEV1 and
DLCO appeared within 1–3 weeks of initiation of therapy
and returned to normal within 12 weeks of cessation of
therapy (Liu et al., 2008). Interestingly, no significant effects
were found on lung BAL fluid cellular composition or pro-
tein concentration.

On addressing the issue of the potential toxicity of inhaled
ONs, the expert panel concurred with the Inhalation Sub-
committee that current understanding of the pre-clinical ef-
fects of inhaled ONs in the lung is not well understood. The
panel recommended that the risk assessment for inhaled ONs
be improved by understanding the generalizability of find-
ings between different subtypes of ONs and by evaluating the
consequences of these inhaled drugs with chronic exposures
to determine if tolerance, or lesion progression, occurs. Ob-
taining a better understanding of the mechanism of particu-
late uptake by phagocytic cells and the resultant activation
state engendered by ingestion of ONs was also endorsed.

Regarding monitoring pulmonary inflammation or the
consequence of the inflammatory response, the methods that
were discussed included the majority of the generally known
techniques used for the clinical assessment of lung toxicity.
The panel noted that despite different systemic toxicological
and tolerability profiles of various ONs, the spectrum of
potential toxic effects observed in pre-clinical toxicology
studies was relatively similar to that observed with other in-
haled drugs and therefore no additional precaution was
warranted. Available methods, such as those discussed above,
should be considered for monitoring for specific pulmonary
toxicity, safety, and tolerability. Selection of one or more of these
methods for the characterization of pulmonary safety and their
incorporation during development needs to be performed on a
case-by-case basis. This recommendation challenges the pre-
sumption that lung toxicity cannot be monitored. Indeed, the
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panel believes that monitoring techniques are available, have
adequate levels of sensitivity, and, therefore, could be used to
detect lung inflammation or its consequence. As with any di-
agnostic test, there is the possibility that something may be
missed or even that the most appropriate test may not be per-
formed. However, the panel believes that if appropriate tests of
lung function, inflammation, and structure (as described above)
are examined and the results are normal, then the absence of
pulmonary toxicities would support human safety.

Verification of this conclusion is however needed. It was
suggested that some of the clinical tests that are done in hu-
mans (e.g., BAL, pulmonary function, and possibly imaging)
be done in animals to correlate with histopathology to help
assess the sensitivity of these tests for subsequent clinical
application (Fig. 1). Structure-function relationships of lung
disease have been amply demonstrated, in particular using
various rodent models (Costa et al., 1986). Similarly, the use of
human lung biopsy tissue to help validate some of the more
promising, less invasive clinical techniques, such as sputum
induction, exhaled gases or breath condensates collection, and
measurement of pulmonary function, was also encouraged.
However, it was pointed out that BAL, induced sputum, and
biopsies sample different compartments (complementary) of
the lung, and therefore, correlation between the results of
these methods may be difficult.

Conclusion

In summary, pharmacokinetic and pharmacodynamic
properties of inhaled ONs in animals support the lung as the
likely target organ in humans. At present, the data do not
suggest that inhaling ONs presents any more, or less, risk of
toxicity than has been demonstrated with other novel classes
of drugs. Thus, the panel concluded that pre-clinical testing
for inhaled ONs should follow current best practice as applied
to the assessment of other inhaled drug classes. A plan to
adequately test their pre-clinical and then clinical safety, in
discussion with the respective regulatory authorities, needs to
be developed. As various inhaled ON drug candidates ad-
vance through development, unexpected toxicity may be
encountered, which will help guide future evaluations. Al-
though the reversible nature of the lung lesions is reassuring,
it will be important to understand the evolution and resolu-
tion of these lesion over different patterns and durations of
administration. The tests reviewed above appear to be ap-
propriately sensitive to assess the safety of this class of drugs

under these various condition in patients. The choice of these
tests will depend on the disease of concern, the results from
toxicology studies, and input from regulatory scientists.
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