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I.  Abstract English
Background: Chronic rhinosinusitis (CRS) is one of the most common chronic diseases in the
developed world, with a significant proportion of patients remaining refractory to the standard of
care treatment. This difficult-to-treat population is often left with few therapeutic options that
provide low-morbidity, low-cost, and long-term meaningful symptomatologic improvement.
Objectives: Evaluate the efficacy of a low-dose, long-term macrolide in a high-risk and carefully
selected CRS population, refractory to appropriate medical (budesonide irrigations [BNI]) and
surgical therapy (endoscopic sinus surgery [ESS]). Evaluate factors associated with treatment
response following low-dose, long-term macrolide. Evaluate the effect of low-dose, long-term
macrolide in modulating the sinonasal microbiome.
Methodology: Patients at high-risk of disease recurrence following ESS+BNI were enrolled in a
prospective clinical trial (Phase 1) at a tertiary care center. Serologic samples, microbial swabs,
and patient-reported outcomes measures (PROM) were completed on the day of surgery (Visit-1)
and four months postoperatively (Visit-2). Outcomes were evaluated using the Lund-Kennedy
endoscopic score. If disease persisted on Visit-2, they were randomized (Phase 2) to receive 250gm
azithromycin or a placebo three times per week for 16 weeks (Visit-3).
Results: A total of 128 patients were enrolled in the Phase 1 prospective trial. At the first four-
month follow-up, 48 patients showed disease persistence and were randomized to azithromycin or
placebo. Overall, azithromycin did not show a statistically significant difference in disease
clearance at Visit-3 compared to placebo (54% vs. 33%, respectively; p=0.146). When patients
with aspirin-exacerbated respiratory disease (AERD) were excluded from the analysis,
azithromycin showed a significant improvement in disease clearance compared to placebo (71%

vs. 35%, respectively; p=0.031), with a number needed to treat of 3 (2.8). In a subgroup analysis
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looking at all patients with disease clearance, those on azithromycin reported significantly better
PROM improvements than patients on placebo (p=0.046). Twenty patients received azithromycin
in an open-label setting, either at Visit-2 or following failure of placebo, with 14 of 20 (70%)
showing disease clearance. When analyzing the sinonasal microbiome, patients on azithromycin
demonstrated a significant log-fold decrease in 29 different operational taxonomic units (OTUSs)
of Staphylococcus aureus compared to patients on placebo, while also showing a significant
difference in beta diversity (p<0.001). There were no patient-reported side effects associated with
the use of azithromycin.

Conclusion: Oral 250mg azithromycin given three times a week is a low-cost, low-morbidity, easy
to administer treatment regimen which shows both clinical and statistically significantly better
disease clearance rates for non-AERD patients with CRS failing standard medical and surgical
therapy. Furthermore, we demonstrate that the use of azithromycin offers avenues to modulate the
sinonasal microbiome, demonstrating the lasting positive effect it may have on re-establishing

sinonasal microbial equilibrium.

Clinicaltrials.gov: NCT02307825

Key Words: chronic rhinosinusitis; endoscopic sinus surgery; azithromycin; Staphylococcus

aureus; aspirin-exacerbated respiratory disease; double-blind, randomized, placebo-controlled

trial; sinonasal microbiome; alpha and beta diversity



Abstract French
Contexte: La rhinosinusite chronique (RSC) est une des plus communes maladies chroniques du
monde développé, avec une proportion significative de patients qui demeurent réfractaires au
traitement conventionnel. Cette population difficile a soigner reste souvent avec peu d’options
thérapeutiques qui offrent peu de morbidité, un colt abordable, et avec une amélioration
symptomatologique importante et durable.
Objectifs : Evaluer I’efficacité d’un macrolide & petite dose et pour une période prolongée dans
une population avec RSC a haut-risque d’étre réfractaire au traitement approprié médical
(irrigations nasales avec budesonide - INB) et au traitement chirurgical (chirurgie endoscopique
des sinus-CES). Evaluer les facteurs associés avec une réponse au traitement de macrolide & basse
dose, long-terme. Evaluer 1’effet du macrolide a basse dose, long-terme, sur la modulation du
microbiome sinonasal.
Meéthodes : L’étude a été séparée en deux parties principales. Phase 1 : étude clinique prospective
dans un centre tertiaire dans lequel des patients a haut risque d’échec au traitement post CES+INB
ont été recrutés. Des bilans sanguins, des cultures microbiologiques, des questionnaires cliniques
ont été complétés le jour de la chirurgie (Visite-1) et quatre mois postopeératoire (Visite-2). L’issue
clinique a été mesurée avec le score endoscopique Lund-Kennedy. Phase 2 : s’il y avait persistance
de maladie a la Visite-3, les patients étaient randomisés a recevoir soit 250mg d’azithromycine ou
un placébo trois fois par semaine pour 16 semaines (Visite-3).
Résultats: Un total de 128 patients ont été recrutés dans la Phase 1. A la Visite-2, 48 patients ont
démontrés une persistance de maladie et ont été randomisés a 1’azithromycine ou le placebo.
Globalement, 1’azithromycine n’a pas démontré une différence statistiquement significative au

niveau de la clairance de la maladie a la Visite-3, comparé au placébo (54% vs. 33%,
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respectivement; p=0.146). Lorsque les patients avec la maladie respiratoire exacerbée par aspirine
(MREA) étaient exclus de 1’analyse, 1’azithromycine démontrait un bénéfice statistiquement
significatif comparé au placébo au niveau de la clairance de la maladie (71% vs. 35%,
respectivement; p=0.031), avec un nombre a traiter de 3 (2.8). Dans une analyse de sous-groupe
évaluant tous les patients ayant démontrés une clairance de maladie, les patients ayant recu
I’azithromycine ont reporté une amélioration de symptdmes significativement plus importante que
ceux sur placébo (p=0.046). Vingt patients ont re¢u 1’azithromycine hors randomisation, soit a la
Visite-2, ou bien aprés un échec au placébo, avec 14/20 (70%) ayant une clairance de maladie.
Lors des analyses du microbiome sinonasal, les patients sur azithromycine ont démontrés une
diminution logarithmique significative dans 29 unités taxonomiques opérationnelles différentes de
Staphylococcus aureus comparés aux patients sur placébo, tout en démontrant aussi une différence
significative dans la diversité beta (p<0.001). Il n’y a eu aucun rapport d’effet secondaire associé
a la prise d’azithromycine.

Conclusions : L’azithromycine prise oralement & 250mg, trois fois par semaine, pour 16 semaines
est un traitement peu codteux, avec peu de morbidité, et facile a administrer qui démontre un taux
de clairance de maladie cliniqguement et statistiquement plus important que le placébo chez les
patients non-MREA qui ont un échec au traitement standard médical et chirurgical. De plus, nous
avons démontrer que 1’azithromycine peut offrir des avenues importantes a la modulation du
microbiome sinonasal, démontrant I’effet positif durable qu’il pourrait avoir sur le rétablissement

de I’équilibre microbiologique sinonasal.

Clinicaltrials.gov: NCT02307825
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IV.  List of commonly used abbreviations

CRS
CRSwWNP
CRSsNP
ESS

BID
BUD

BNI

AZI
AERD
hsCRP
CBC

IgE
MCID
PROM
SNSS
SNOT-22
kiU

NNT

Chronic rhinosinusitis

Chronic rhinosinusitis with nasal polyposis
Chronic rhinosinusitis without nasal polyposis
Endoscopic sinus surgery

Twice daily

Budesonide

Budesonide nasal irrigations

Azithromycin

Aspirin-exacerbated respiratory disease
High sensitivity C-Reactive Protein
Complete blood count

Immunoglobulin E

Minimal clinically important difference
Patient reported outcome measures
Sino-nasal symptom score

Sino-nasal outcome test — 22 questions
Kilo international units

Number needed to treat
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V.

Contribution to original knowledge

This thesis follows the manuscript-based thesis outline. This work has contributed
significant findings in the effort to better understand the pathophysiology of refractory chronic
rhinosinusitis. We provide the scientific community with findings from a project scaffolded on a
robust methodology that involves extensive and multifaceted data collection points, including
serum biomarkers, sinonasal microbiome, patient reported outcome measures, and endoscopic
clinical findings at every key stage of the trial. As such, readers can appreciate detailed findings
according to the stage of the disease, beginning from a pre-operative state (active disease) to a
post-operative state (persistent disease), followed by a post-experimental drug state (disease
clearance vs. disease persistence).

Through our work, we have identified a specific CRS phenotype which shows a clear
response to a low-cost, low-morbidity, and easy to use regimen for this difficult-to-treat disease.
Furthermore, we demonstrate the potential effect of the experimental drug on the sinonasal
microbiome and its ability to modulate it. All work conducted and findings presented are entirely
original, while the methodology developed is reproducible and can be used as a template for future

work in the field of therapeutics development and microbiome analyses for CRS.

Contribution to the literature

Throughout the completion of the Phase 1 prospective trial, followed by the Phase 2
randomized control trial, we have been fortunate to collect a breadth of knowledge and data on
refractory CRS and the experimental drug in question (azithromycin). A principal manuscript was
published on the clinical outcomes of the randomized control trial which reports the clinical

outcomes of patients on the experimental drug versus a placebo:
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1.

Azithromycin in refractory CRS following ESS and corticosteroid irrigations: double-blind, randomized,
placebo-controlled trial International Forum of Allergy & Rhinology. [Epub September 2020]

Additional manuscripts reporting the findings from our subgroup analyses or associated research

questions can be found below:

2.

Increased Staphylococcus aureus prevalence characterizes the elderly CRS population. International Forum of
Allergy & Rhinology. [Under review]

The Effect of Radiation and Chemoradiation Therapy on the Head and Neck Mucosal Microbiome: A Review.
Frontiers Oncology. [Epub December 2021]

Azithromycin downregulates gene expression of pro-inflammatory cytokine IL-1p and serine protease
activation pathway required by SARS-CoV-2 cell infection. American Journal of Respiratory Cell and
Molecular Biology. 63(5):707-709. November 2020 [Epub August 2020]

Low-dose and long-term azithromycin significantly decreases Staphylococcus aureus in the microbiome of
refractory CRS patients. International Forum of Allergy & Rhinology. 11(2):93-105. February 2021 [Epub July
2020]

Can a panel of serum inflammatory biomarkers predict endoscopic sinus surgery outcomes for chronic
rhinosinusitis? International Forum of Allergy & Rhinology. [In process of submission]

Eustachian tube symptoms are frequent in chronic rhinosinusitis and respond well to endoscopic sinus surgery.
Rhinology. 56(2):118-121. June 2018.

Staphylococcus aureus on sinus culture is associated with recurrence of CRS after ESS. Frontiers in Cellular
and Infection Microbiology-Clinical Microbiology. 15(8):150. May 2018

Work from this PhD thesis has been extensively presented at the regional, national, and
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with various prizes, in addition to the aforementioned funding agencies, starting with the Daniel
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Society of Inflammation and Allergy of the Nose (2021).
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VII.

Introduction

Chronic rhinosinusitis (CRS) is characterized as an inflammatory disease of the paranasal
sinuses affecting one in ten adults in the western countriest. Almost one in three patients will not
respond to standard medical and surgical therapy?, classifying them as refractory CRS patients that
will require additional treatment which often involves high-dose corticosteroids, multiple
antibiotic regimens, and repeat surgeries. Unfortunately, these efforts often fail, causing long-term
morbidity, absenteeism, and depression, all at a significant socio-economic cost.

In the past decade, there has been a push towards the development and trialing of novel
therapeutics for CRS, primarily in the field of biologics. Although certain studies remain favorable,
the general consensus is that it is not clear which biologic should be favored, and it is still very
difficult to adequately predict which patient will respond to biologics, as response rates vary
between 50% and 70%, as reported in the most recent Cochrane review®. Therefore, considering
the exuberantly elevated cost of biologics compared to conventional treatment, such treatment
options cannot be used or maintained in a general healthcare setting.

Identifying novel therapeutics can also occur in the setting of drug repurposing, also known
as drug repositioning, reprofiling, or re-tasking. This involves the use of de-risked compounds
previously approved by healthcare government bodies such as Health Canada to be used for other
diseases that may or may not be clinically or physiopathologically associated with the new targeted
disease. In the current setting, we identified the potential of a macrolide, azithromycin, commonly
used in both acute lower respiratory diseases and in chronic respiratory diseases, such as Cystic
Fibrosis. Based on its molecular profiling and mechanism of action, as well as favorable findings
from a practice audit we conducted and demonstrated a good response in refractory CRS patients®,

we hypothesized that azithromycin may be a promising low-cost, low-morbidity drug that can
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potentially control refractory CRS. Macrolides have been previously trialed and reported for
rhinosinusitis patients>° with significantly varied outcomes, rendering any conclusion on the true
effect of macrolides unclear. This is mostly due to the high heterogeneity of the study populations,
as well as the methodology of most of these studies which involved administering the drug to all
patients with CRS. Therefore, there is uncertainty in the literature regarding the characterization
and identification of the appropriate CRS patient population that may potentially respond to
macrolides, the associated risk factors, clinical and serologic biomarkers, as well as the underlying
effect of azithromycin on the sinonasal microbiome.

This thesis aims to fill this gap in the literature by presenting a robust randomized control
trial on a prospectively followed population deemed at high-risk of disease recurrence/persistence

following appropriate medical and surgical treatment for CRS.
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VIII.

Literature review
In this section, 1 will present key information that will help the reader understand the
basic anatomy, hypotheses around the development of CRS and treatment options, and the socio-
economic burden of the disease. I will then present my approach to developing a birth cohort in
CRS, followed by presenting the various characteristics of interest of macrolides, focusing

specifically on azithromycin.

1. The surgical anatomy of the paranasal sinuses!?

The paranasal sinuses are anatomically divided into the maxillary, sphenoid, frontal, and
ethmoidal sinuses, the latter being further subdivided into anterior and posterior cells. The
maxillary sinuses are found within the maxillary bone, beneath the eye and above the superior
teeth, and are the largest of them all. The sphenoid sinuses are the deepest in the skull and are
closely associated with important neurovascular structures, such as the internal carotid artery, the
optic nerve, and the sella turcica. The frontal sinuses vary in size and pneumatisation and are found
above the eyes in the most anterior portion of the skull. The ethmoid sinuses are the central
structures of the nose and are closely associated to the medial wall of the orbit, the base of skull,
and the olfactory system. Surgery to address diseases of the paranasal sinuses can be performed in
a minimally invasive endoscopic approach or using an open approach which is associated to
significantly higher morbidity and complications. Patients presenting with benign sinus disease
are typically managed using a direct endoscopic transnasal approach, also known as endoscopic
sinus surgery (ESS). Surgery for benign sinus disease is usually managed under general anesthesia
and requires the adequate knowledge of the anatomy and experience of using the minimally

invasive tools and avoiding severe complications.

18



The paranasal sinuses are confined within the skull and vary in size and shape. Their
borders are bony and can also vary in thickness, making the surgical approach quite variable from
one patient to the next. To better appreciate the individual variances of the paranasal sinuses, a
computed tomography of the sinuses is regularly performed prior to ESS to help guide the surgeon
and further characterize the severity and extent of the disease at hand. This can be seen by
characteristic signs such as thickening or sclerosing of the bony sinus walls, or the presence of
high-density opacifications within the sinuses themselves.

When performing ESS for inflammatory sinus diseases such as chronic rhinosinusitis, the
altered mucosa can render the surgery challenging. This challenge is further increased when
patients have undergone previous surgeries, increasing complications such as intra-orbital damage,
cerebrospinal fluid leak with damage of the skull base, amongst others. As such, the more revision

surgeries performed, the higher the likelihood of intra and postoperative complications.

2. Chronic rhinosinusitis physiopathology

Chronic rhinosinusitis (CRS) is characterized as a chronic inflammation of the paranasal
sinuses. Although significant advances have been made in the recent years to further characterize
this disease, it remains a complex disease with a highly heterogeneous population. For simplicity,
the scientific community had initially established two main sub-groups or general phenotypes:
patients with nasal polyposis (CRSWNP), and patients without nasal polyposis (CRSsNP). In the
most recent European Position Paper on Rhinosinusitis and Nasal Polyps (EP0S2020)!? an
additional classification was introduced, that of the endotype of dominance: “type 2” and “non-
type 2”. The majority of CRSWNP patients are considered to be type 2, and conversely the majority

of CRSsNP patients are non-type 2. However, these phenotypes and endotypes are not perfectly
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aligned; 15% of CRSWNP patients are considered non-type 2 in western populations®®. Patients
harboring CRSsNP may often have idiopathic or odontogenic causes (as maxillary/upper teeth
often protrude into the maxillary sinus and can cause chronic irritation), or more rarely can be due
to immunodeficiencies, vasculitis, or other immune disorders. Patients presenting with CRSWNP
often have a more ‘inflammatory’ aspect to their disease and comorbid conditions; the main cause
remains idiopathic, although there is a much higher association with genetic, metabolic, or
immunologic diseases. Other than systemic diseases, such as cystic fibrosis or ciliary dyskinesia,
associated with CRS, factors such as high eosinophilia, chronic allergies, recurrent bacterial
infections, family history, and asthma, amongst others have been associated with CRS. With regard
to family history, there is an increased prevalence of CRSWNP in patients having a first-degree
relative with nasal polyps, compared to controls'®. Phenotyping and genotyping studies have
become one of the main topics of research in the field, as the race to identify therapeutics that offer
adequate disease control and/or clearance is being overpopulated by expensive biologics.
Cardinal symptomatology associated with CRS include the presence of chronic purulent
discharge, facial pain, nasal obstruction, nasal congestion, and loss of sense of smell. These
symptoms can be quite debilitating not only on a clinical level, but on a functional or social level,
with patients complaining of chronic fatigue, absenteeism, loss of concentration, isolation, and
depression, amongst others. In patients with mild disease, a short course of intranasal
corticosteroids with saline irrigation offers disease control and/or clearance, as long as the patient
remains diligent and adherent to therapy. In patients with more severe symptoms, a short course
of oral (systemic) corticosteroids will be given to rapidly control the inflammatory state, with or
without the necessity for an oral antibiotic as there is often an associated episode of acute

rhinosinusitis which may exacerbate symptoms. When maximal standard medical therapy is
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attained and/or the patient begins to show intolerance to medical treatments, ESS is recommended
in an effort to remove the polyposis and obstruction, aerate the sinuses, and provide the paranasal

cavities with adequate drainage options.

3. Refractory chronic rhinosinusitis: epidemiology and socioeconomic costs

Chronic rhinosinusitis is considered to be one of the most frequent chronic inflammatory
diseases with approximately 10% of the population currently affected!®. Surgical therapy is
common with more than 400,000 sinus surgeries performed per year in the United States alone'’.
Unfortunately, up to one in three? patients with CRS will fail ESS and post-operative medical
therapy, rendering them refractory to maximal medico-surgical treatment. Patients with refractory
disease present with reduced quality of life, poor sleep, fatigue, and acute exacerbations of their
CRS, resulting in significant increases in the economic burden of the disease'®, presently estimated
at $10,000 annually per refractory patient®, significantly surpassing other chronic disease such as
severe asthma ($7,300), chronic migraine ($5,800), and diabetes ($3,900). Furthermore, the overall
direct and indirect costs related to CRS-related losses in work productivity are 13 billion and >20

billion per year in the USA alone, respectively?°.

4. Refractory chronic rhinosinusitis: risk factors

Refractory CRS not only poses an important economic burden, but its pathogenesis remains
elusive, which ultimately stalls the development of novel therapeutic strategies. Authors have
reported various factors associated with ESS failure, whether it is specific anatomical anomalies
or associated medical comorbidities, amongst several other reported etiologies?*. Our group has

described certain parameters which may render a patient at a higher risk of ESS with maximal
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medical therapy failure, such as having had prior ESS for CRS, elevated serum IgE (>150 kIU/L)
and/or eosinophil levels (=500 cells/mm), a young age (<38), Gram-negative bacteria in the
sinonasal flora, or intraoperative findings of eosinophilic mucin?. Findings from our group have
demonstrated that prior ESS was actually one of the highest risk factors for treatment failure, with
more than 80% of patients who failed ESS+BNI had had at least one ESS prior to enrollment*®.
The burden of revision ESS is also depicted in the frequency of procedures one patient may
undergo in an attempt to control the disease, with our group reporting that out of 80 patients having
had prior ESS, close to 45% had undergone more than 1 and as many as 5 procedures*!. By having
patients undergo revision surgery, they are placed at an increased risk of developing intra and
postoperative complications, such as cerebrospinal fluid fistulas, major intra and post-operative
hemorrhage, among others, which are far from negligible and are known to significantly increase
in frequency in previously operated sinonasal cavities. Furthermore, it has been reported that less
than 2/3 of patients undergoing ESS found that their post-operative improvement in symptoms
matched their expectations??. Therefore, identifying therapeutic options that offer long-term
disease control and/or clearance are paramount to avoid additional surgeries that not only increase
complication rates, but also poorly influence patient quality of life.

In addition to the strong correlation between a history of prior ESS and treatment failure,
virulent microbial pathogens such as Staphylococcus aureus have also been established as major
factors in determining if a patient is at risk of being refractory to standard treatment for CRS. Work
from our group has demonstrated that nearly half of all patients failing standard medical and
surgical treatment are actively colonized with S. aureus at their first follow-up visit, compared to
1 in 8 patients that do well*'. What is even more compelling is that in patients that harbored S.

aureus in the pre-operative setting, the rate of pathogen clearance was directly correlated with
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disease clearance at their first follow-up following ESS and BNI; i.e. even though pre-operative S.
aureus is a negative predictive factor for disease clearance, if cleared followed appropriate
ESS+BNI, disease clearance was highly significantly more probable. The latter effect is likely
multifactorial, with one reason being the ability for this pathogen to form biofilms? in the
sinonasal cavity, as well its ability to penetrate the mucosal epithelium?* and form intracellular
small-colony variants and evade immunity?®, rendering local and/or systemic therapies futile.
Overall, the role for S. aureus in disease development and/or persistence is no longer suspected,
but rather is an evident entity. More in depth microbiome studies are however lacking in the

literature and as such have become a major focus of this thesis.

5. Identifying a ‘birth cohort’ in chronic rhinosinusitis

One of the principal issues the scientific community has faced with this disease is that little
is known about the early events leading to the development of CRS. In other respiratory diseases,
such as asthma and allergic disorders, birth cohorts can track a population from an early age and
have helped identify causal relationships between specific risk factors and disease development?.
Unfortunately, there is no such cohort for CRS. Therefore, identifying a CRS birth cohort was the
first challenge to overcome in order to ensure that we carefully selected and defined a study
population that is as homogeneous as possible and phenotypically similar as possible, while
remaining in a real-world trial setting. Using the day of ESS as the starting point for patient
monitoring does offer such an opportunity, as all patients included in the proposed prospective
trial will have undergone the same ESS, followed by administration of the same intranasal
corticosteroid with nasal saline irrigations. Unlike asthma and other atopic disorders, CRS disease

can be cleared with surgery, albeit often temporary. Thus, monitoring patients after ESS can allow
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us to profile changes in molecular mechanisms and the microbiome as the healing cavity
regenerates epithelium and repopulates its microbial flora. These early post-ESS changes appear
important to disease recurrence, as outcome appears relatively stable following the six month post-
ESS time point®®. This setting therefore offers a privileged environment to identify factors

associated with disease clearance or persistence.

6. Macrolides: antimicrobial pharmacokinetics

Macrolides are macrocyclical lactones consisting of 14, 15, and 16-member-ringed
compounds. They represent a distinct group of antimicrobials characterized by similar chemical
structures, mechanisms of action and resistance, but vary in the different pharmacokinetic
parameters, and spectrum of activity?’. They represent a very large class (>2000 compounds) of
both natural substances isolated from various organisms such as fungi, as well as synthetic
molecules. Erythromycin is the prototype of this class of antimicrobials. Azithromycin, the drug
of interest in this thesis, is a 15-membered compound derived directly from erythromycin A
through ‘ring expansion’. This renders azithromycin more stable, while allowing for improved
activity against gram-negative bacteria?’. Generally, macrolides are inhibitors of RNA-dependent
protein synthesis, reversibly binding to the 23S ribosomal RNA in the 50S-subunit of prokaryotic
ribosomes. It is postulated that macrolides inhibit protein elongation, by inhibiting the peptidyl
transfer reactions causing detachment of incomplete peptide chains, overall leading to increased
concentration of immature proteins?®. Azithromycin is considered to be bacteriostatic, i.e.
inhibiting bacterial proliferation, exhibiting a broad spectrum of antimicrobial activity against
many gram-positive and gram-negative bacteria. Furthermore, it presents an increased activity

against gram-negative bacteria, compared to erythromycin and clarithromycin. Several of these
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gram-negative pathogens include Haemophilus influenzae, Moraxella catarrhalis, Haemophilus
parainfluenzae, amongst others, which are also associated with higher disease recurrence in
CRS*.

Azithromycin is rapidly absorbed with a bioavailability estimated at 37%, producing a
peak of 0.62mg/L within 2.3 hours of oral administration?’. The drug is 50% protein bound at
clinically achievable serum concentrations, although protein binding rates rapidly decrease as
concentrations increase. Absorbed azithromycin is primarily found in the bile in an unchanged
state, while fecal and urinary excretion account for only a minimal route of elimination?’. The
terminal half-life of azithromycin after a standard dose of 500mg once daily is 35-40 hours,
making it more than suitable for once-daily dosing?®. Additionally, azithromycin, unlike
erythromycin and clarithromycin, displays extensive tissue distribution and persistence, with its
half-life estimated to be at 3.2 days in nasal and pharyngeal tissue such as the tonsils?®. Lastly,
azithromycin has also been shown to have high intracellular penetration, allowing for eradication
of difficult-to-treat intracellular organisms?’.

In addition to the direct effect on bacteria, antibacterial agents may also demonstrate a
prolonged effect on bacterial growth, also known as Post Antibiotic Effect (PAE). PAE
specifically refers to the time delay in bacterial regrowth after the antimicrobial agent is no
longer present in the tissue or serum?’. Azithromycin, in contrast to other macrolides, has a
strong PAE®°, making it an excellent candidate when trying to identify novel therapeutics for a
disease such as CRS; having a strong PAE allows for reduced dosage and cost, lower toxicity,

and a better compliance among patients®.
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7. Macrolides: anti-inflammatory properties

There has been a growing interest in the anti-inflammatory and immune-modulating
properties of macrolides, with low-dose, long-term regimens being prescribed to trigger an
immune response, and not necessarily for their antibiotic effect. Macrolides have been studied in
other chronic respiratory diseases, such as cystic fibrosis, with low-dose administration having
shown to be beneficial in the long-term32-34,

Azithromycin specifically has been shown to contain anti-inflammatory and
immunomodulatory properties primarily based on the inhibition of cytokine secretion, mucus
synthesis and secretion, and neutrophil migration and adhesion®®. These effects in turn alter
bacterial biofilm formation, promote inflammatory cell apoptosis, while inhibiting key
inflammatory transcription factors such as nuclear factor-xB (NF-kB). Collectively, there is
decreased local tissue damage by inflammatory cells such as neutrophils, which is paramount in
the wound healing equilibrium required in a post-operative and highly inflammatory CRS setting.
Interestingly, these immunomodulatory effects are not seen by 16-member ringed macrolides, but
mainly shared by 14- and 15-member ringed agents such as clarithromycin and azithromycin,
respectively®. Lastly, and most importantly, the immunomodulatory effects seen with these
macrolides are attainable following low-dose administration, significantly decreasing the risk of

toxicity or major adverse effects associated with their use.

8. Macrolides: adverse effects
Macrolides are generally well-tolerated antimicrobial agents. Most commonly, mild
gastrointestinal tract complaints may be reported, such as stomach pain, nausea, diarrhea, and/or

vomiting. However, these side effects are principally noted with erythromycin, while compounds
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such as azithromycin tend to have such effects to a lesser extent. Long-term use of azithromycin
has been associated with temporary hearing loss, although this remains reversible®’.

Of more important concern is the association between macrolides and their potential
exacerbation of cardiac disease. Certain macrolides are known to be proarrhythmic and may be
associated with an increased risk in sudden cardiac death®. Specifically, erythromycin and
clarithromycin can increase the risk of serious ventricular arrhythmias®>%°. Although,
azithromycin was previously reported to be relatively free of cardiotoxic effects, it has been
associated with a small absolute increase in sudden cardiovascular deaths, principally in patients
with a high baseline risk of cardiovascular disease*'. Furthermore, these events occurred in a
patient population receiving significantly higher doses than those used in low-dose, long-term
regimens. Overall, careful selection of candidates and a thorough review of medical histories,
primarily cardiovascular disease, are warranted when considering the administration of

azithromycin.

27



IX.

Research question, hypothesis, and objectives

Chronic rhinosinusitis has a major impact on quality of life, and, although most patients
respond to standard medical and surgical therapy, there is an ever-increasing proportion of
patients that remain refractory to treatment. Treatment options for this refractory population
currently offer inadequate outcomes and may be associated with significant complications and
costs. Identifying solutions with low-morbidity, low-risk, and low-cost is key to controlling this
disease which affects one in ten adults. The use of macrolides for CRS has proven controversial
in terms of its applicability and intended population. Administering macrolides such as
azithromycin in a “one-size fits all”” approach is evidently ineffective, and although low-risk, can
potentially be harmful.

This thesis aims to answer the following research questions:

1) What are the characteristics of a high-risk, refractory CRS population and are there

biomarkers and/or risk factors that can help predict standard treatment failure?

2) Does low-dose, long-term azithromycin offer better disease clearance than a placebo?

3) How does azithromycin modulate CRS biomarkers and the sinonasal microbiome in

this high-risk, refractory population?

We hypothesized that patients with prior sinus interventions and highly virulent
pathogens such as Gram-negative bacteria and Staphylococcus aureus would be associated with
a poorer outcome post-ESS and BNI, making them candidates for a low-dose, long-term course
of azithromycin. We further hypothesized that azithromycin would show clinically and
statistically significantly better outcomes to placebo. Finally, we hypothesized that low-dose,
long-term azithromycin would alter the sinonasal microbiome significantly through its

underlying immunomodulatory properties.
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Our objectives follow the overall outline of this project:

1) Prospectively follow a cohort of CRS patients at high-risk of treatment failure and
assess their disease evolution from the pre-operative state, to post-ESS+BNI and
evaluate epidemiological, clinical, biochemical and microbial factors associated with
disease persistence.

2) Assess the efficacy of low-dose, long-term azithromycin in disease clearance in
patients having failed ESS and postoperative BNI.

3) Analyze the change in symptomatological, serological, and microbial biomarkers
following treatment with low-dose, long-term azithromycin in patients having failed

ESS and postoperative BNI.
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X. Phase 1 - Identifying and characterizing the population at risk of treatment failure
through a prospective clinical trial
The following manuscript reports the first of a two-phased clinical trial. In this work, we
have recruited consecutive patients with a diagnosis of CRS undergoing ESS after failed medical
therapy. Following surgery all patients received daily budesonide nasal irrigations (BNI) for 16
weeks and were re-evaluated for disease persistence (poor outcome) or clearance (good

outcome).

This study was registered on Clinicatrials.gov, NCT02307825

The manuscript was published in the Frontiers in Cellular and Infection Microbiology-Clinical

Microbiology
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SUMMARY
Objectives: Identify whether identification of S Aureus on conventional culture is a predictor of
success or failure after ESS followed by budesonide nasal irrigations (BUD) in chronic

rhinosinusitis(CRS) patients at high risk of recurrence.

Methodology: Prospective clinical trial including 116 patients from a tertiary care center at high-
risk of disease recurrence following ESS+BUD. Blood samples, microbial swabs, and
SNSS/SNOT-22 were taken on the day of surgery (Visit-1) and four months postoperatively (Visit-
2). Outcomes were evaluated using symptoms and mucosal status as assessed by the Lund-

Kennedy endoscopic score.

Results:

75 patients (69.4%) attained SNOT-22 MCID or higher. (Mean=33.4, range 9 to 75). Objective
documentation of recurrence of disease, as defined by combined endoscopic/symptomatic
criteria, was noted in 58/116 patients (50%). Revision surgery was associated with a significantly
higher rate of disease recurrence (60.0% vs. 28.0%; p<0.001). Culture for Staphylococcus aureus
was associated with disease recurrence, preoperatively and at 4 months post-surgery (p=0.020;
p<0.001). This was restricted to post-operative cultures in the revision group (10.0 vs. 48.8%;
p<0.001). Other factors associated with poor outcome included intolerance to non-steroidal anti-
inflammatory drugs (p=0.036). Significantly higher Lund-Kennedy scores in the recurrence
groups despite similar symptom intensity, emphasising the importance of considering objective

outcome in addition to patient-reported ones.

32



Conclusion: Patients undergoing revision ESS are at high risk of disease recurrence, even when
budesonide irrigations are used post operatively. Presence of S. aureus on culture pre-operatively
or at 4 months post-ESS is associated with a negative outcome. This suggests that S. aureus
negatively influences outcome, possibly via a number of mechanisms, including interactions
with the i) immune system, ii) regeneration and repair of the sinus epithelium, or iii) via
interference with the sinus microbiome. This suggests that S. aureus may be a simple and
inexpensive biomarker for disease severity and indicates a clear need to better appreciate S.
aureus on how it contributes mechanistically to disease development and persistence in order to

develop targeted therapeutic strategies.

Keywords: Chronic Rhinosinusitis, Staphylococcus aureus, Revision Surgery, Endoscopic Sinus

Surgery, Budesonide Nasal Irrigation
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INTRODUCTION

Chronic rhinosinusitis (CRS) is characterized as a chronic inflammation of the paranasal
sinuses and is considered to be one of the most frequent chronic inflammatory diseases with
approximately 10% of the population currently affected™!®. Surgical therapy is common with more
than 400,000 sinus surgeries performed per year in the United States alone!”. Unfortunately, up to
one in three? patients with CRS will fail endoscopic sinus surgery (ESS) and post-operative
medical therapy, rendering them refractory to maximal medico-surgical treatment. Patients with
refractory disease present with reduced quality of life, poor sleep, fatigue, and acute exacerbations
of their CRS, resulting in significant increases in the economic burden of the disease'®, presently
estimated at $10,000 annually per refractory patient, or 12.8 billion overall in the United-States
alone.

Unfortunately, despite the high costs of CRS, its pathogenesis remains elusive, which stalls
the development of novel therapeutic strategies. Authors have reported various factors associated
with ESS failure, whether it be anatomical anomalies or associated medical comorbidities,
amongst several other reported etiologies®. Furthermore, our group and others have described
disease parameters which may render a patient at a higher risk of revision ESS with maximal
medical therapy failure, such as having had prior ESS for CRS, elevated serum IgE (=150 kIU/L)
and/or eosinophil levels (>500 cells/mm), a young age (<38)’.

One of the principal issues is that little is known about the early events leading to the
development of CRS. Monitoring patients prospectively following ESS may represent a means of
improving our understanding. While in other respiratory diseases asthma and allergic disorders,
birth cohorts which track a population from an early age have helped identify factors influencing

development of disease® we unfortunately do not yet have ‘birth cohorts’ for CRS. However,
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monitoring sinus cavities after ESS may represent an opportunity. CRS is different from asthma
and other atopic disorders as surgical therapy is available which can clear disease. Despite the fact
that this post-ESS control may only be temporary, monitoring patients after ESS can almost be
considered as a birth cohort since following surgery, we can profile changes in molecular
mechanisms and microbiome as the healing cavity regenerates epithelium and repopulates its
microbiome. These early post-ESS changes appear important to disease recurrence, as outcome
appears relatively stable following the six month post-ESS time point®. This setting may thus offer
a privileged environment to identify factors associated with disease remission or recurrence.

We hypothesized that patients with prior sinus interventions and highly virulent pathogens
such as Gram negative bacteria and Staphylococcus aureus would be associated with a poorer
outcome post-ESS. In order to prospectively evaluate this hypothesis and further identify factors
influencing disease development, we performed a clinical trial evaluating the post-ESS disease
evolution of a group of CRS patients at high risk of recurrence following ESS, assessing

epidemiological, clinical, biochemical and microbial outcomes following ESS for CRS.

MATERIALS AND METHODS
Study design and patient population

A prospective study was undertaken between November 2014 and December 2016 in our
tertiary medical center to monitor post-ESS evolution in a cohort of CRS (with or without nasal
polyposis) patients older than 18 years of age at a high-risk of disease recurrence. All surgeries
were performed by the senior author (M.D.), who performed all of the post-operative management
and assessments. This study was approved by the Ethics Review Board of the University of

Montreal Health Center (Centre Hospitalier de I’Université de Montréal) CHUM-14.140.
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All patients were recruited and informed written consent was obtained prior to the surgery.
Recruitment was performed by a member of the research group not involved in the patient’s care
on the day of surgery on consecutive patients between the study dates who met inclusion criteria.
Patients were included if they had at least one of the criteria used to qualify a patient at a “high-
risk” of recurrence previously listed. Exclusion criteria included patients who had received topical
or systemic antibiotic up to 4 weeks prior to the surgical intervention. In addition, patients with
cystic fibrosis, inverted papilloma, osteoma, cystic masses, mucoceles, skull base lesions, or any
other sinonasal tumors were excluded from the study.

All patients were managed with mucosal- and middle-turbinate sparing endoscopic sinus
surgery as required for disease clearance, which usually involved complete sphenoethmoidectomy
and frontal sinusotomy. Septoplasty was performed as required for access, usually using a targeted
endoscopic technique. All patients received broad-spectrum antibiotics and an oral prednisone
taper for 14 days following surgery. Patients were seen for cavity cleaning at 14 days (+/- 3 days),
at which point post-operative once-daily nasal irrigations with 1.0 mg budesonide ampules (BUD)
(Pulmicort Respules, AstraZeneca, Mississauga, ON, Canada) was initiated and continued
throughout the rest of the four-month observation period.

Assessments were performed on the day of surgery (Visit 1) and repeated at four months

postoperatively (Visit 2).

Patient evaluation
All patients had the following laboratory tests at recruitment and at four-month follow-up:
total IgE, High Sensitivity C-Reactive Protein (hsCRP) and complete blood count (CBC). Serum

was also retrieved and preserved for future analyses at every visit. Patient-centered outcomes were
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assessed using the Sino-Nasal Symptom Score (SNSS) as well as the Sino-Nasal Outcome Test
(SNOT-22)° questionnaires. Endoscopic evaluation of the sinonasal cavities was performed at

Visit 2 and scored using the modified Lund-Kennedy scoring system®.

Definition of disease recurrence vs. remission

In order to minimize variability of assessment due to varied patient perceptions of disease, we used
a rigorous definition using endoscopic assessment of mucosal disease. We based this concept on
the criteria used for diagnosis of CRS, where symptoms alone cannot be relied upon and objective
evidence of disease must be present. We thus defined ‘disease remission’ as absence of mucosal
disease on endoscopy. Absence of disease was defined endoscopically as oedema <1 on the
modified Lund-Kennedy mucosal grading scale. Any evidence of recurrence of polyposis was

deemed to have recurrent disease.

Bacteriology

Swab culture sampling was performed at the beginning of every ESS and at Visit 2 at the
level of the ethmoid bulla using a thin aluminum wire swab with a mini-tip swab (BBL
Cultureswab PLUS — BD Diagnostics Inc., Franklin Lakes, NJ) under direct rigid endoscopy. Care
was taken to avoid contaminating the swab by touching the nasal vestibule or cavity wall. Samples
were processed by the hospital laboratory where they were plated and streaked for aerobic bacteria
isolation on a mannitol salt agar, a chocolate Haemophilus agar, and a MacConkey agar (Oxoid
Inc, Nepean, ON). Anaerobic bacteria isolation was performed on a Brucella Agar with 5% Sheep

blood and in a Schaedler Anaerobe Broth (Oxoid Inc, Nepean, ON).
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Statistical analyses

All data were tabulated using Microsoft Excel and all statistical analyses were performed
using STATA 13.1 (STATACorp LP, College Station, TX). Quantitative variables are presented
to describe patient medical and surgical history as well as associated pathologies. A two-tailed
Pearson Chi-square or Fisher’s exact tests were used to analyze the prevalence and proportion of
demographic variables and specific bacterial strains between patients. SNSS and SNOT-22 scores
as well as laboratory values amongst patients before and after ESS were evaluated using a two-
sample Student T-test with unequal variances. A Pearson correlation coefficient was used to
evaluate any clinically significant correlation between continuous variables. The differential
relative abundance of any bacterial species between culture types was measured using a Wilcoxon

signed-rank test. For all statistical analyses, a p<0.05 was considered statistically significant.

RESULTS

Between November 2014 and December 2016, a total of 116 high-risk patients meeting
our inclusion criteria, interested in participating and available for follow-up underwent ESS for
CRSwWNP or CRSsNP. Demographics are found in Table 1. Overall, patients responded well to
ESS with a clinically and statistically significant mean decrease in twelve-point SNSS and SNOT-
22 scores of 3.4 and 21.3, respectively. SNSS and SNOT-22 questionnaires demonstrated a strong
correlation between each other, both at Visit 1 (r=0.762; p<0.001) and Visit 2 (r=0.761; p<0.001).
Using the minimal clinically important difference (MCID) for the SNOT-22 of 9.5, 75 patients
(69.4%) attained SNOT-22 MCID or higher at four months (Mean=33.4, range 9 to 75).
Preoperative SNSS and SNOT-22 scores demonstrated a moderate correlation with postoperative

Visit 2 SNSS and SNOT-22 scores (r=0.385; p<0.001 and r=0.395; p<0.001, respectively). Visit
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2 SNOT-22 had a small correlation with Lund-Kennedy total scores (r=0.236; p=0.014), while
Visit 1 SNSS and SNOT-22, and Visit 2 SNSS scores had no correlation with Lund-Kennedy Visit

2 Scores.

Disease Remission versus Recurrence

Using our strict criteria for disease, recurrence post ESS+BUD was significantly associated
with patients undergoing revision ESS (p=0.001), or with an allergy/intolerance to non-steroidal
anti-inflammatory drugs (NSAID) (p=0.036) (Table 2). While there was a trend towards higher
failure rates in patients with asthma (p=0.080) or CRS without polyposis (p=0.061), this did not
attain significance. No laboratory values were significantly different between patients having
disease remission or recurrence post-ESS. Furthermore, there was no statistically significant
difference between the ‘remission’ and ‘recurrence’ groups with regard to the SNSS and SNOT-
22 scores at Visit 2 (p=0.306 and p=0.098, respectively).

Bacterial swabs demonstrated a statistically significant association between the presence
of Staphylococcus aureus preoperatively and disease recurrence following ESS+BUD at four
months postoperatively. The presence of S. aureus at Visit 2 was also significantly associated with
disease recurrence. In the group with disease recurrence, 14 patients had S. aureus preoperatively,
of which 3 (21%) had a S. aureus-free microbial swab postoperatively, while there were 9 (64%)

who were not able to clear it and an additional 15 neo-colonizations.

Revision ESS patients: Disease Remission vs. Recurrence
A subgroup analysis was performed looking at only patients undergoing revision ESS for

CRS (n=80) (Table 3). Of these, 35 (43.8%) had had more than one ESS for CRS prior to their
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recruitment to this study (range 2 to 5). Sixty percent (n=48) showed endoscopic signs of disease
recurrence at Visit 2. Again, the presence of Staphylococcus aureus postoperatively was
significantly associated with failure. Having seasonal allergies was a minor statistically significant
protective factor in this subgroup of patients. There were no significantly differences in the various

laboratory values evaluated.

DISCUSSION

Refractory CRS unresponsive to maximal medical and surgical therapy remains an
important and growing burden and may even be underestimated in certain subgroups. In this study,
we evaluated the outcome of primary or revision endoscopic sinus surgery followed by four
months of budesonide nasal irrigations in a subgroup of patients deemed at a high risk of disease
recurrence after ESS. In previous retrospective reports from our group, we had reported a
recurrence rate slightly over 30%2“. In this prospective trial, using well-documented rigorous
endoscopic basement of mucosal disease, failure rates are seen to be higher, attaining 50% in this
high risk patient population.

Patients with previous ESS were at the highest risk of treatment failure. This is of particular
interest as more than 80% of patients who failed ESS+BUD had had at least one ESS prior to
enrollment. This remains in line with the current literature that revision ESS is a poor prognostic
factor*>43, The burden of revision ESS is also depicted in the frequency of procedures one patient
may undergo in an attempt to control the disease. In this study, of the 80 patients having had prior
ESS, close to 45% had undergone more than 1 and as many as 5 procedures. This rate is
comparable to some recent studies which demonstrate a similar problematic*®. Patients are

therefore put at risk to the various intra and postoperative complications associated with ESS,
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which are far from negligible and are known to significantly increase in frequency in previously
operated sinonasal cavities. What remains certain is the need for additional clinically relevant
therapeutic options that can offer a long-term alternate solution to revision ESS.

The most interesting finding in our prospective study was the contribution of microbes to
early disease recurrence. Colonization with Staphylococcus aureus was present in nearly half of
all patients having failed ESS+BUD at 4 months, compared to only 13% of patients with disease
remission. This finding is in line with the current literature where a positive culture for S. aureus
is described as a poor prognostic factor post-ESS*. Interestingly, when present preoperatively, S.
aureus was cleared in 75% of patients with disease remission, but only 21% cleared it in the group
with disease recurrence.

A role for S. aureus in disease development or persistence has been long suspected. In an
earlier publication, we showed that recovery of S aureus is higher in diseased post-ESS cavities
than in healthy ones'®. This may represent isolate-specific behaviour in S. aureus. Our group has
previously demonstrated that biofilm-forming capacity by S. aureus was associated with worse
outcome!’, and Tan et al. have demonstrated that the presence of intraepithelial forms of small-
colony variant S. aureus was associated with a negative outcome®®, possibly via reduction of
immunity*®.

While the mechanisms for this have been postulated to include i) modulation of the immune
system via enterotoxin-mediated super antigen activation of the immune system and ii) bacterial
biofilm formation by S. aureus, recent evidence suggest that S. aureus may also employ other
strategies, rendering it a realistic marker of disease development and a target for therapy. In
addition to already described virulence strategies for S. aureus, our group has recently suggested

two novel ones: i) An immunomodulatory effect, modulated via induction of excessively high
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levels of 1L-10, an anti-inflammatory cytokine?>?!, and ii) a deleterious effect on in-vitro models
of epithelial regeneration and wound repair, particularly in cell cultures raised form CRS
patients.??

What remains to be determined, and where research groups are focusing significant time,
is the origin of the mucosal appearance of this pathogen, either through neo-colonization from the
external environment or the nasal vestibule introduced into the ethmoid cavities at the time of
surgery or via planktonic dissemination following surgical disruption of an existing S. aureus
biofilm*. This does not appear to be influenced by the use of post—operative antibiotics: in a
prospective trial comparing post-operative use of Chinese herbal medicine, amoxicillin, and
placebo following ESS, colonization with S Aureus was present to an equal level in all three
groups, with approximately one-half of all post-ESS patients showing evidence of neo-
colonization with S Aureus?. Additionally, the question of whether some individuals are
genetically predisposed to be susceptible to S. aureus colonization. A previous pooling-based
genome wide association scan (PGWAS)?* has suggested that variations in candidate genes
implicated in bacterial engulfment and destruction as well those impacting epithelial barrier
function are associated with S. aureus carriage in CRS patients, suggesting a potential genetically-
determined basis to susceptibility.

Asthma with nasal polyposis and intolerance to non-steroidal anti-inflammatories, also
known as aspirin exacerbated respiratory disease (AERD), was also a significant association to
ESS+BUD failure. Of 17 patients with this diagnosis, 13 (76.5%) had disease recurrence. These
findings are concordant with the current literature on this disease and complement the findings of

Mendelsohn et al.?! that demonstrated increased rates of disease recurrence and revision ESS.
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Interestingly, although more elevated in the group with disease recurrence, SNSS and
SNOT-22 scores were not statistically significantly different between the two groups at either time-
point. Our findings did demonstrate a strong correlation between the two scores and further
strengthened the comparability of the SNSS to the SNOT-22 score in evaluating active disease.
However, SNOT-22 scores showed only a small correlation, although significant, to a poor Lund-
Kennedy score. This discrepancy is possibly due to the self-reporting bias on subjective measures.
The significantly higher Lund-Kennedy scores observed in the disease-recurrence groups despite
similar symptom intensity, emphasising the importance of considering objective outcome in
addition to patient-reported ones.

A potential limitation of our study can be argued to that 4 months may be considered as a
short follow up period after ESS. However, several authors have previously shown that endoscopic
signs of recurrence are seen as early as four months®2® and that these appear stable over an
additional twelve month follow up period*. Furthermore, data on SNSS and SNOT-22 are self-
reported and patients may either not accurately recollect the severity or prevalence of their
symptoms leading to a recollection bias, it can also lead to a response bias due to personal
perceptive influences on one’s symptomatology. It is for these exact reasons that studies using
subjective questionnaires require an objective measurable value, such as the Lund-Kennedy

endoscopic score.

CONCLUSION
Patients undergoing revision ESS are at high risk of disease recurrence, even when
budesonide irrigations are used postoperatively. Presence of S. aureus on culture pre-operatively

or at 4 months post-ESS is associated with a negative outcome. This suggests that S. aureus
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negatively influences outcome, possibly via a number of potential interactions with the i) immune
system, ii) regeneration and repair of the sinus epithelium, or iii) via interference with the sinus
microbiome. This suggests that S. aureus may be a simple and inexpensive biomarker for disease
severity and indicates a clear need to better appreciate S. aureus’ mechanistic contribution to
disease development and persistence in order to develop targeted therapeutic strategies. Additional
studies on microbiome and sinus mucosal gene expression will help in the understanding of several

persisting pathophysiologic queries.
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Table 1. Patient demographics

Number of patients recruited

Age (range)
Sex (Male:Female)
Asthma
Tobacco use
Never
Active
Former
Polyposis
Race
Caucasian
Hispanic
Asian
Arabic

Previous ESS
Number of previous ESS (if applicable)
Allergies (all types)
Seasonal
NSAID
Total IgE KIU/L
Eosinophils cells/mm

116
49 (20-78)
57 M:59 F
75 (64.7%)

52 (44.8%)
19 (16.4%)
45 (38.8%)
108 (93%)

104 (89.7%)

6 (5.2%)

2 (1.7%)

4 (3.4%)

80 (69.0%)

1.8 (0-5)

90 (77.6%)

44 (37.9%)

23 (19.8%)
239.6 (0-1600)
431.6 (0-1390)
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Table 2. Disease remission versus recurrence in all patients

Total: 116 patients
Patients
Age
Male
Female
Asthma
Previous ESS
Smoking
Never
Active
Former
Polyposis
Race
Caucasian
Hispanic
Asian
Arabic
Allergies (all types)
Seasonal
NSAID
S. aureus (pre-ESS)
S. aureus (post-ESS)
P. aeruginosa (pre-ESS)
P. aeruginosa (post-ESS)
Gram negative (pre-ESS)
Gram negative (post-ESS)
SNSS (post-ESS)
SNOT22 (post-ESS)
Lund-Kennedy (post-ESS)

Remission
58

49.7

27 (46.6%)
31 (53.4%)
33 (56.9%)
32 (55.2%)

24 (41.4%)
11 (19.0%)
23 (39.6%)
57 (98.3%)

52 (89.7%)
3 (5.2%)

1 (1.7%)

2 (3.4%)
48 (82.8%)
27 (46.6%)
7 (12.1%)
4 (7.3%)

7 (13.0%)
1 (1.8%)

1 (1.9%)
13 (23.6%)
6 (11.1%)
4.4

255

0.98

Recurrence
58

48.0

30 (51.7%)
28 (48.3%)
42 (72.4%)
48 (82.8%)

28 (48.3%)
8 (13.8%)

22 (37.9%)
51 (87.9%)

52 (89.7%)
3 (5.2%)

1 (1.7%)

2 (3.4%)
42 (72.4%)
17 (29.3%)
16 (27.6%)
14 (24%)
24 (47.1%)
5 (8.6%)

6 (11.8%)
12 (20.7%)
13 (25.5%)
5.2

32.6

6.3

51

p value

p=0.490
p=0.577

p=0.080
p=0.001

p=0.591

p=0.061

p=1.000

p=0.182
p=0.056
p=0.036
p=0.020
p<0.001
p=0.207

p=0.056
p=0.706

p=0.056
p=0.306
p=0.098
p<0.001



Table 3. Disease remission versus recurrence in revision ESS patients

Total: 80 patients

Patients
Age
Male
Female
Asthma
Smoking
Never
Active
Former
Polyposis
Race
Caucasian
Hispanic
Asian
Arabic
Allergies (all types)
Seasonal
NSAID

S. aureus (pre-ESS)

S. aureus (post-ESS)

P. aeruginosa (pre-ESS)
P. aeruginosa (post-ESS)
Gram negative (pre-ESS)
Gram negative (post-ESS)
SNSS (post-ESS)

SNOT22 (post-ESS)
Lund-Kennedy (post-ESS)

Remission
32 (40%)
52.9

16 (50%)
16 (50%)
22 (68.8%)

12 (37.5%)
8 (25.0%)

12 (37.5%)
31 (96.9%)

28 (87.5%)
1 (3.1%)

1 (3.1%)

2 (6.3%)
28 (87.5%)
14 (43.8%)
4 (12.5%)
3 (9.7%)

3 (10.0%)
1 (3.2%)

0 (0.0%)

7 (22.6%)
5 (16.7%)
4.8

29.2

1.0

Recurrence
48 (60%)
50.0

26 (54.2%)
22 (45.8%)
37 (77.1%)

22 (45.8%)
7 (14.6%)

19 (39.6%)
42 (87.5%)

44 (91.7%)
3 (6.3%)
1(2.1%)

0 (0.0%)
35 (72.9%)
11 (22.9%)
16 (33.3%)
12 (25%)
20 (48.8%)
5 (10.4%)
5 (12.2%)
11 (22.9%)
10 (24.4%)
5.3

31.9

6.1

52

p value

p=0.295
p=0.715

p=0.407

p=0.485

p=0.233

p=0.321

p=0.118
p=0.049
p=0.039
p=0.141
p<0.001
p=0.395
p=0.069
p=1.000
p=0.560
p=0.660
p=0.619
p<0.001



XIl.

Serum biomarker sub-group analysis

The overall complexity around the pathophysiology of CRS, and even more so refractory
CRS, is one of the most important barriers for clinicians and researchers in the field. In Section
XI, we reported our findings on a large cohort of patients prospectively followed post-ESS and
daily BNI. The most significant demographic risk factor identified was a history of prior ESS,
while the most relevant biomarker associated with treatment failure was the presence of S.
aureus both in a pre-operative and/or post-operative setting.

Serum biomarkers that can be easily retrieved through routine blood samples would be
ideal, offering high reproducibility, generalisability, and cost-efficiency. We therefore attempted
to identify additional biomarkers that may help predict disease outcome in this prospective group
by evaluating commonly studied biomarkers such as high sensitivity CRP (hsCRP), total serum
IgE, lymphocyte subtyping CD3, CD4, and CD8, and overall white blood cell counts, as well
three biomarkers of recent interest in the field of CRS: Monocyte Chemoattractant Protein 1
(MCP1), Keratin 6A (KRT6A), and Small Proline-Rich Protein 3 (SPRR3), using enzyme-linked
immunoassay (ELISA). To confidently characterize the latter three biomarkers, tissue samples
were also retrieved intra-operatively to assess and compare their presence in serum versus tissue
samples.

C-Reactive protein (CRP), a non-specific systemic biomarker of inflammation, is an
independent prognostic factor for cardiovascular risk. High sensitivity CRP (hsCRP) is believed
to represent early or low intensity chronic inflammatory processes, however neither have been
used to document response to therapy in CRS patients*®. Monocyte Chemotactic Protein 1
(MCP-1 or CCL2) is a Th2-associated chemokine, independent from eosinophils, that regulates

the migration and infiltration of monocytes, memory cells, and natural killer cells. Monocytes
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and macrophages produce MCP-1, stimulate IL-4 secretion, and mediate Th2 polarization of ThO
helper cells*®. MCP-1 has been detected in CRS nasal polyps*’, with documented elevated serum
levels in untreated CRS patients*, It has been suggested that MCP-1 may be involved in polyp
development*”*°, while overexpression of MCP-1 has been reported in polyps retrieved from
CRSWNP patients with AERD.

KRT6A (cytokeratin 6A) is a type Il intermediate filament expressed in skin, corneal and
several other mucosa®, and is a marker of basal cells in the respiratory epithelium. KRT6A
activity depends on extracellular matrix composition and may regulate cell migration of
keratinocytes in response to epithelial damage, as seen with CRS and post-ESS mucosa®2. Since
KRTG6A was previously identified as a candidate gene for CRS in a pooled genome-wide
sequencing study®3, we postulated that its activity may reflect the ‘barrier defect’ that has been
reported in the literature®.

Small proline-rich proteins (SPRR) are a group of proteins participating in the epithelial
differentiation complex (EDC) and are involved in epithelial regeneration and repair®®. In
atopic dermatitis, SPRR3 expression is increased in both lesional and non-lesional skin, with
levels increasing proportionally with disease severity®’. In a CRS cohort, SPRR3 gene expression
was increased 8-fold when compared to a control group and was independent of atopy®®.

Patients recruited in this subgroup analysis had serum obtained for ELISA on the day of
surgery and 16 weeks post-ESS and BNI by centrifuging a 4 mL sample at 2500 rpm for 8 min,
with supernatant collected and stored at -80°C. Thawed plasma samples were assayed in a single
batch for ELISA for human MCP-1 (BD OptEIA™, BD Biosciences, CA, USA), human KRT6A
(Abcam #ab238013, Cambridge, MA, USA) and human SPRR3 (Abcam #ab218131,

Cambridge, MA, USA). All procedures were done in duplicate according to the manufacturer’s
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instructions. Plasma MCP-1 concentrations (pg/mL), KRT6A (ng/mL) and SPRR3 (ng/mL) were
extrapolated for all samples and the average value was calculated from duplicates.

Immunohistochemistry (IHC) staining for CCL2 (MCP-1) was performed on frozen
sections using anti-human CCL2 antibody (Abcam, Cambridge, MA, USA).
Immunofluorescence staining against KRT6A (Abcam #ab238013, Cambridge, MA, USA) and
SPRR3 (Abcam #ab218131, Cambridge, MA, USA) was performed on paraffin-embedded
formalin-fixed samples. This step was performed to ensure that the studied biomarkers are
present in the sinonasal tissue as well.

Patients were paired according to disease outcome. A total of 26 patients from our
prospectively collected trial (Phase 1) accepted to undergo the additional analyses included in
this biomarker study. Thirteen had disease persistence, while the remainder had disease

clearance.
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Table 2. Biomarker levels pre versus post-ESS+BNI
*Statistically significant; CI: Confidence Interval; hsCRP: high sensitivity C-Reactive Protein; IgE:

Immunoglobulin E; MCP1: Monocyte Chemoattractant Protein 1; KRT6A: Keratin 6A; SPRR3: Small

Proline-Rich Protein 3

Pre ESS (N = 26)

Post ESS (N = 26)

Serum Biomarker n Mean 95%Cl n Mean 95% ClI P Value
hsCRP (mg/L) 20 2.23 112-335 21 2.56 1.26 - 3.85 0.185
IgE (kIU/L) 26 330.81 63-598.6 26  257.65 55.5 - 459.8 0.051
CD3 (x10%/uL) 21 1.49 125-1.74 20 1.40 12-16 0.413
CD4 (x10%/uL) 21 0.96 0.77-116 20 0.87 0.76 — 0.97 0.443
CD8 (x10%/uL) 21 0.48 0.36-0.6 20 0.48 0.33-0.63 0.191
Lymphocytes (x10%/uL) 26 2.06 1.77-234 26 1.87 1.69-2.05 0.067
Eosinophils (x10%/uL) 26 039  0.26-052 25 0.32 0.2-0.43 0.398
Novel biomarkers (ELISA)
MCP1 (pg/mL) 26 141.83 110.7-173 26 55.41 40.3-70.5 <0.001*
KRT6A (ng/mL) 24 2.07 1.01-314 24 2.24 1.05-3.42 0.493
SPRR3 (ng/mL) 26 6.71 5.38-8.04 26 6.46 48-8.1 0.77
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Table 3. Biomarker levels according to disease outcome
*Statistically significant; P Val *: Intragroup statistic (pre vs. post ESS); P Val % Intergroup
statistic (favorable vs. unfavorable); Cl: Confidence Interval; ESS: Endoscopic Sinus Surgery; hs
CRP: high sensitivity C-Reactive Protein; IgE: Immunoglobulin E; MCP1: Monocyte

Chemoattractant Protein 1; KRT6A: Keratin 6A; SPRR3: Small Proline-Rich Protein 3

Disease Clearance

Disease persistence

Serum Biomarker n Mean 95% ClI n Mean 95% Cl | PVal?
Pre ESS hs CRP (mg/L) | 12 2.26 055-396| 8 2.20 0.5-3.89 0.97
Post ESS hs CRP (mg/L) | 13 2.86 0.9-4.82 8 2.07 0.27-386 | 0.595
Pval? 0.117 0.887
Pre ESS IgE (KIU/L) | 13 13431 50.1-21852 | 13 527.31 -17.5-1072.1 | 0.545
Post ESS IgE (kIU/L) 13 127.62  56.35-198.9 13 387.69 -27.2-802.56 0.724
Pval? 0.929 0.013*
Pre ESS CD3 (x10%/pL) | 13 1.25 1.04 - 1.46 8 1.9 1.42-237 | 0.004 *
Post ESS CD3 (x10%/uL) | 12 1.25 1.04 - 1.46 8 1.62 1.22-2.01| 0.055
P value? 0.904 0.406
Pre ESS CD4 (x10%/uL) | 13 0.86 0.7-1.01 8 1.14 0.64—-1.64 | 0547
Post ESS CD4 (X103/uL) 12 0.87 0.72-1.02 8 0.86 0.66 —1.06 0.945
Pval! 0.954 0.233
Pre ESS CD8 (x10%/uL) | 13 0.35 0.27-0.43 8 0.7 0.47-0.94 | 0.009 *
Post ESS CD8 (X103/uL) 12 0.34 0.25-0.43 8 0.7 0.36-1.04 | 0.043*
Pval?! 0.542 0.982
Pre ESS Lymphocytes (x103/uL) | 13 1.8 148-212| 13 2.31 1.84-2.78 0.062
Post ESS Lymphocytes (x10%/uL) | 13 1.64 145-183 | 13 2.09 1.81-2.37 | 0.008 *
Pval?! 0.135 0.324
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Pre ESS Eosinophils (x10%/uL) | 13 0.38 0.17-0.58 | 13 0.4 0.2-0.59 0.614

Post ESS Eosinophils (x103/uL) | 13 0.33 0.13-053 | 12 0.3 0.16-045 | 0.852
Pval ! 0.247 0.661

Novel biomarkers (ELISA)

Pre ESS MCP1 (pg/mL) 13 14477  115.2-1744 13 138.89 78.6 —199.2 0.851

Post ESS MCP1 (pg/mL) 13 49.61 34.18-65.04 13 61.22  32.98 - 89.46 0.762
Pval ! 0.001 * 0.001 *

Pre ESS KRT6A (ng/mL) | 12 184  -0.04-373| 12 2.3 0.97-363 | 0.089

Post ESS KRT6A (ng/mL) | 12 2 -0.24-423 | 12 2.47 1.21-3.74 0.101
Pval? 0.308 0.937

Pre ESS SPRR3 (ng/mL) | 13 7.07 493-922 | 13 6.35 4.47 -8.24 0.801

Post ESS SPRR3 (ng/mL) 13 5.56 3.73-74 13 7.36 4.43-10.29 0.264
Pval? 0.227 0.463

When comparing pre-ESS to post-ESS+BNI biomarker values, only MCP-1 showed a

significant decrease in levels post-ESS. This decrease may be explained by the overall reduction

in Type-2 inflammation associated with the pre-ESS heavy polyp burden. However, MCP-1

levels lacked sufficient discriminatory power to predict disease outcome and provided no insight

as to why certain patients cleared their disease while their MCP-1 levels remained elevated.

The CD8+ T lymphocyte sub-population was the only studied serum biomarker that

differed in concentrations depending on the outcome of the disease; there was a positive

correlation between higher levels and disease clearance. Interestingly, despite its discriminative

power for post-ESS outcomes, CD8+ levels did not vary between the pre and post-ESS setting,
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suggesting that surgical intervention does not have a downstream effect on its CD8+
concentrations.

Overall, even though this biomarker analysis was performed on a small cohort, the
attempt to identify novel biomarkers that may help predict disease outcome was deemed
unsuccessful. The absence of significant changes in circulating inflammatory biomarkers
suggests that mucosal changes may translate poorly to circulating serum biomarkers. Therefore,
our strongest biomarker remains the presence or not of S. aureus in the sinonasal cavity as

described in Section XI.

A comprehensive report and manuscript on this subgroup analysis has been prepared and is in

the process of being submitted.
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XIIl.  Phase 2 — double-blind, placebo-controlled, randomized clinical trial
A total of 128 patients were ultimately enrolled and recruited in this two-phased trial, in
an effort to meet the requirements of our power calculation for the Phase 2 RCT. 48 were
randomized to placebo or azithromycin, three times a week, for 16 weeks. The results of this
study are presented in two manuscripts — the first reports the clinical, symptomatologic, and
endoscopic outcomes of the RCT, while the second (section XV) will provide an in depth

analysis of the effect of ESS+BNI, with or with azithromycin, on the sinonasal microbiome.

This study was registered on Clinicatrials.gov, NCT02307825

The manuscript was published in the International Journal of Allergy and Rhinology
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ABSTRACT

Background: Refractory chronic rhinosinusitis (CRS) remains a significant burden for patients,
often leaving them with few therapeutic options that provide low-morbidity, long-term, and
meaningful symptomatologic and endoscopic disease improvement. Macrolides have long-thought
to offer both an immunomodulatory and anti-microbial effect. Our objective was to evaluate the
efficacy of low-dose, long-term azithromycin in a carefully selected high-risk population failing
appropriate medical therapy of budesonide nasal irrigations (BNI) and endoscopic sinus surgery
(ESS).

Methods: A double-blind, randomized, placebo-controlled trial was completed in a single tertiary
care center assessing the addition of 250mg of azithromycin, three times a week for 16 weeks in
adults failing ESS followed by high-volume BNI. Associated comorbidities, as well as
symptomatologic, microbiologic and serologic values were systematically collected.

Results: 128 patients were enrolled and underwent ESS followed by BNI. At the 4-month post-
ESS visit, 48 patients showed disease persistence and were randomized to azithromycin or placebo.
Overall, azithromycin compared to placebo did not show a statistically significant difference in
disease clearance (54% vs. 33%, respectively)(p=0.146), although patients with disease clearance
who were on azithromycin showed significantly better SNOT-22 score improvements than patients
on placebo (18 vs. -0.9, respectively)(p=0.046). In a subgroup analysis excluding AERD patients,
azithromycin statistically significantly improved disease clearance as compared to placebo (71%
vs. 35%, respectively) (p=0.031), with a number needed to treat of 3 (2.8).

Conclusion: Low-dose azithromycin is a therapeutic option with few side-effects that may show
favorable clinical outcomes in this difficult-to-treat population, especially if patients are AERD-

negative.
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This study was registered on Clinicatrials.gov, NCT02307825

Keywords

Chronic rhinosinusitis, Endoscopic sinus surgery, Azithromycin, Staphylococcus aureus, Aspirin-

exacerbated respiratory disease, double-blind randomized placebo-controlled trial
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Introduction

Chronic rhinosinusitis (CRS) symptoms remain debilitating on a clinical level, as well as
on a functional and social level, leading to loss of concentration, absenteeism®®, isolation, and
depression®®, amongst others. Medical management often includes the conservative approach of
daily saline irrigations and topical nasal corticosteroids, although, more often than not, patients
will be subjected to the repetitive use of short-course high dose corticosteroids, and oral antibiotics.
When appropriate medical therapy fails, patients generally undergo endoscopic sinus surgery
(ESS), estimated to be performed approximately 400,000 times a year in the United States alone?’
and will incur a cost in excess of $20 billion per year?® due to loss of productivity. Unfortunately,
as many as one in three? patients with CRS may present with disease persistence following ESS
and post-operative medical therapy, rendering them refractory to appropriate medico-surgical
treatment.

CRS management is associated to high failure rates due to the multifactorial pathogenesis
of the disease, which can influence disease progression. Identified contributing factors include
high levels of eosinophilia, perennial and seasonal allergies, recurrent bacterial infections, family
history of CRS, and asthma, as well as systemic diseases such as cystic fibrosis or ciliary
dyskinesia. This mosaicism within the CRS population renders therapeutic development extremely
challenging, as targetable phenotypes are difficult to define. Characterizing the CRS population
that will be at a high risk of disease recurrence following appropriate medical and/or ESS remains
an ongoing challenge. Using our group’s criteria for high-risk patients?, we demonstrated through
a prospective clinical trial that presence of pre-ESS and post-ESS Staphylococcus aureus was a
negative microbiological biomarker for disease recurrence in patients having undergone ESS

followed by saline irrigations with budesonide respules (BN1)®°. Our group further demonstrated
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S. aureus’s deleterious effect on epithelial repair®®, which concorded to the clinical findings of the
prospective trial.

As the mechanistic evolution of refractory CRS is being defined, the development of novel
therapeutics is following suit, with efforts being directed towards Type 2 immunomodulating
targeted therapies used in severe eosinophilic asthma®?®°, Although there is significant excitement
in the medical community for these therapies, not all patients respond, and, as with asthma and
skin disease, we will continue to struggle with patients whose disease is not controlled by Type 2
biologics®®. Furthermore, the cost for such treatments, if used on a large scale in CRS patients, will
lead to a substantial surge in the already heavy economic burden of CRS!82058.19
Immunomodulation is not restricted to Type 2 monoclonal antibodies or corticosteroids, as it can
be an effect of other drugs classes, such as macrolides. Specifically, azithromycin has been
reported to contain anti-inflammatory and immune-modulatory properties primarily based on the
inhibition of cytokine secretion, mucus synthesis and secretion, and neutrophil migration and
adhesion®. Additionally, azithromycin has been shown to reverse the mucosal healing defect seen
in CRS, even in the presence of pathogenic organisms such as S. aureus®’. A randomized clinical
trial reported a reduction of CRS symptom recurrence following long-term low-dose azithromycin
in patients having undergone ESS®. Our group also demonstrated retrospectively the benefit of
giving low-dose, long-term azithromycin to a high-risk CRS population post-ESS*. Although the
macrolide of choice®”®°, and the timing and/or duration of administration vary from one study to
the next, most authors agree that the key to macrolide success in CRS lies in patient and
phenotype’® selection.

We aimed to assess the efficacy of low-dose azithromycin (AZl) in clearing disease in

adults having failed ESS and post-op budesonide nasal irrigations (BNI).
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Methods

This study was approved by the Ethics Review Board of the University of Montreal Health
Center (Centre Hospitalier de I’Université de Montréal) CHUM-14.140.
Phase 1: identification of patients with disease persistence

Consecutive patients from a single institution were recruited and an informed consent was
obtained prior to the surgery. On the day of surgery (Visit 1), all patients were managed with
mucosal- and middle-turbinate sparing endoscopic sinus surgery as required for disease clearance,
which involved complete sphenoethmoidectomy and frontal sinusotomy. Septoplasty was
performed as needed for access, usually using a targeted endoscopic technique. At the end of the
procedure a lavage was performed in each of the paranasal sinuses with antibiotic solution,
followed by the placement of a bioresorbable packing. All patients received broad-spectrum
antibiotics and oral prednisone taper for 14 days post-ESS. Patients were seen for cavity cleaning
at 14 days (+/- 3 days), at which point post-operative once-daily nasal irrigations with 1.0mg
budesonide ampules (Pulmicort Respules, AstraZeneca, Mississauga, ON, Canada) was initiated
and continued throughout the 16-week observation period.
Phase 2: randomized control trial

Patient assessment was performed 16 weeks post-ESS (Visit 2). A randomized, double-
blind, placebo-controlled trial was undertaken in the patients demonstrating disease recurrence
using 250mg azithromycin, three times a week, or matching placebo. Block randomization in
groups of 4 was performed by the institution’s research pharmacy. The research pharmacist
provided the patients with 16 weeks’ worth of capsules containing either azithromycin with lactose

powder or lactose powder alone (Galenova Inc., Saint-Hyacinthe, QC, Canada); total=48 capsules.
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Both patients and investigators were masked to the assigned drug. Patients were instructed to
administer one capsule three times a week orally (Monday-Wednesday-Friday). Patients were seen
16-weeks later (Visit 3) for repeat assessment and study completion. Capsule administration
compliance was monitored at Visit 3 by the research pharmacist. All randomized patients
adequately completed their 48 capsules prior to Visit 3. Trial unmasking was completed following
the last recorded patient visit.
Patient evaluation and procedures

Patient-centered outcomes were assessed at all three visits using the Sino-Nasal Symptom
Score (SNSS) and the Sino-Nasal Outcome Test (SNOT-22)! questionnaires. Patients with nasal
polyposis, asthma, and non-steroidal anti-inflammatory drug (NSAID) hypersensitivity were
classified as patients with aspirin-exacerbated respiratory disease (AERD). Rigid endoscopic
evaluation of the sinonasal cavities was performed and scored using the modified Lund-Kennedy
scoring system’? at Visits 2 and 3. Total IgE, high specificity C-Reactive Protein and a complete
blood count was performed at each study visit, while an extra blood sample was retrieved for serum
extraction and analysis. Swab culture sampling was performed at the beginning of every surgical
procedure, and every study visit thereafter. Culture swabs were performed at the level of the
ethmoid bulla using a thin aluminum wire swab with a mini-tip swab (BBL Cultureswab PLUS —
BD Diagnostics Inc., Franklin Lakes, NJ) under direct rigid endoscopy. Care was taken to avoid
contaminating the swab by touching the nasal vestibule or cavity walls. Samples were plated and
streaked for aerobic bacteria isolation on a mannitol salt agar, a chocolate Haemophilus agar, and
a MacConkey agar (Oxoid Inc, Nepean, ON). Anaerobic bacteria isolation was performed on a

Brucella Agar with 5% Sheep blood and in a Schaedler Anaerobe Broth (Oxoid Inc, Nepean, ON).
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A second culture swab was also performed and stored for 16S ribosomal RNA microbiome
analyses’.
Inclusion and exclusion criteria

Patients were included if they were >18 years of age, had a diagnosis of CRS4, and had at
least one of the criteria used to qualify a patient at high-risk of disease recurrence: history of
previous sinus surgery, sinus surgery at <38 years of age, absolute eosinophilia >500cells/mm, total
serum IgE levels >150kIU/L, sinus culture of a gram-negative organism at any point in time, and
intraoperative finding of eosinophilic mucin. Exclusion criteria included patients who had received
topical or systemic antibiotics up to 4 weeks prior to ESS. In addition, patients with
immunodeficiencies, cystic fibrosis, inverted papilloma, osteoma, cystic masses, mucoceles, or
any other sinonasal tumors were excluded from the study. Patients with any known level of
cardiovascular disease were also excluded due to the literature on azithromycin and the small, but
increased, risk in cardiovascular deaths, primarily in patients with high baseline cardiovascular
disease.
Outcomes: disease clearance versus disease persistence

In order to minimize variability of assessment due to varied patient perceptions of disease,
we used a rigorous definition using endoscopic assessment of mucosal disease. We based this
concept on the criteria used for diagnosis of CRS, where symptoms alone cannot be relied upon
and objective evidence of disease must be present. Our primary outcome was therefore based on
endoscopic evaluation. We defined disease clearance as strict absence of mucosal disease on
endoscopy (Figure 1) as defined by the modified Lund-Kennedy mucosal grading scale. Presence
of disease was defined endoscopically as edema >1. Any evidence of polyposis (1 or 2 on modified

Lund-Kennedy scale) was deemed to have recurrent (Visit 2) or persistent (Visit 3) disease.
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Secondary outcomes included the evaluation of patient reported outcomes, sinonasal culture
differences, and biochemical marker changes following randomization. SNOT-22 scores were
assessed, and improvement was evaluated using the previously suggested minimal clinically
important difference (MCID) of 8.9 points”™. The SNSS MCID used is the previously reported
value of 0.2876,

Statistical analysis

Based on our previous work*, we estimated that a sample size of 24 patients per treatment
group would give 80% power (two tailed test at an a level of 0.05) to detect an effect size of 0.4
with the AZI group (disease clearance rate difference of 40%). Considering that response to ESS
followed by BNI is approximately 60%?2, we estimated that we would require 150 patients enrolled
in Visit 1.

Quantitative variables are presented to describe patient medical and surgical history as well
as associated pathologies. A two-tailed Pearson Chi-square or Fisher’s exact tests were used to
analyze the prevalence and proportion of demographic variables and specific bacterial strains
between patients. SNSS and SNOT-22 scores as well as laboratory values amongst patients before
and after ESS were evaluated using a two-sample Student T-test, while the difference in score
variability from one visit to the next was calculated using a one-way ANOVA. A Pearson
correlation coefficient was used to evaluate any statistically significant correlation between
continuous variables. The differential relative abundance of any bacterial species between culture
types was measured using a Wilcoxon signed-rank test. Analyses were performed on the intention-
to-treat population, defined as all patients who were randomly assigned. Data were analyzed

according to assigned intervention, whether received or not.
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This trial was registered at Clinicatrials.gov, NCT02307825. All statistical analyses were
performed using STATA 13.1 (STATACorp LP, College Station, TX) with a p<0.05 considered

statistically significant.

Results

Between November 2014 and January 2017, a total of 128 patients were enrolled and
underwent ESS, followed by 16 weeks of BNI. Six patients moved away and 4 were lost to follow-
up. Following the post-operative evaluation on Visit 2, 48 were randomly assigned to azithromycin
three times a week (n=24) or placebo (n=24) (Figure 2). Final Visit 3 assessment was completed
in August 2017, which was followed by trial unmasking. All patients completed their 16-week
capsule regimen without any adverse events reported, other than one patient reporting soft stool
during the period of capsule intake.

Patient demographics at Visit 2 were balanced across the treatment groups (Table 1),
except for a slightly larger proportion of males in the placebo group, and higher serum IgE levels

in the AZI group. Most patients were asthmatic (67%) or had undergone previous ESS (79%).

Primary Outcome

Using the endoscopic criteria for presence of disease, 13/24 (54%) of the AZI group
patients had disease clearance , compared to 8/24 (33%) in the placebo group (p=0.146), with a
relative risk reduction of 0.313 (95%CI, -0.066-0.692), and a number needed to treat of
approximately 5 (4.8).There was no statistically significant difference in improvement of Lund-

Kennedy scores.
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Primary Outcome Subgroup Analyses

Asthma as a comorbidity

Asthma was associated with a poor outcome following randomization, regardless of group,
with 70% of disease persistence occurring in asthmatics, compared to 23% in non-asthmatics
(p=0.004). Specifically, AZI patients without asthma had an 88% disease clearance rate, compared
to 38% in asthmatics (p=0.020), whereas there was no such statistically significant association in
the placebo patients (p=0.112).
AERD as a comorbidity

When excluding patients with AERD (7 on AZI and 4 on placebo), AZI patients had a
statistically significant higher rate of disease clearance compared to placebo patients (71% vs.
35%, p=0.031), with a relative risk reduction of 0.548 (95%CI, 0.356-0.740), and a number needed
to treat of approximately 3 (2.8). For patients with AERD, 6 of 7 on AZI and 3 of 4 on placebo

had disease persistence.

Secondary Outcomes

SNOT-22 and SNSS MCID

Patients with disease persistence versus clearance, regardless of randomization, did not
differ in Visit 3 SNSS and SNOT-22 scores (p=0.661 and p=0.852, respectively). AZI patients
achieved SNOT-22 MCID significantly more often than the placebo patients (41% vs. 17%;
p=0.045), regardless of disease outcome. SNOT-22 Visit 2-to-Visit 3 improvement significantly
correlated with a favorable outcome in AZI group (r=0.503; p=0.017), while there was no such
correlation in the placebo group (r=-0.017; p=0.940). Furthermore, when only looking at patients

with disease clearance, AZI patients had a significantly larger improvement in SNOT-22 scores
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compared to the placebo patients (18.0 vs. -0.9; p=0.046) (Figure 3), while achieving MCID
significantly more often (64% vs. 13%; p=0.026). Although SNSS scores showed statistically
significant improvement from Visit 2-to-Visit 3 in both the placebo (1.25; 4.5 MCID) and AZI
(1.5; 5.4 MCID) patients with disease clearance, the difference was not statistically significant

(p=0.883).

Microbiological outcome

Visit 2 bacterial cultures were comparable between the groups (Table 1). Overall, at Visit
3, the AZI group had a lower prevalence of S. aureus than the placebo group (p=0.029) (Table 2).
Furthermore, disease clearance was also associated with S. aureus clearance in the AZI group as
only 1 of 13 (8%) had S. aureus, compared to 6/8 (75%) patients on placebo (p=0.002).

Pseudomonas aeruginosa (Gram-negative) was identified in 6 patients (3 placebo and 3
AZI) at Visit 2 (Table 1). In the AZI group, 2/3 were able to clear the pathogen, and simultaneously
clear their disease at Visit 3, while all 3 placebo patients were unable to clear it at Visit 3 and also
had disease persistence.

Haemophilus influenzae (Gram-negative) was present in 3 patients at Visit 2 (1 placebo
and 2 AZI). Both AZI patients cleared their H. influenzae at Visit 3 and had disease clearance,
while the placebo patient did not clear the pathogen and also had persistent disease.

Other Gram-negative species Enterobacter cloacae, Enterobacter amnigenus, and Pantoea
agglomerans) were identified at Visit 2 (in 3 patients (1 placebo and 2 AZI). Both AZI patients
cleared the pathogens, and one also had disease clearance, while the placebo patient cleared the

pathogen but remained with persistent disease.
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Unblinded, open-label trial administration of azithromycin

Ten patients initially included in Phase 1 of the study that were unable or unwilling to
participate in the randomization received 16-week low-dose AZI in an unblinded manner at Visit
2, of which 9 had disease clearance. Furthermore, of the 16 patients with disease persistence
following placebo (Visit 3), 4 abstained from it, 2 were lost to follow-up, and 10 received AZI. Of
the latter 10, 5 had disease clearance, for a total open-label disease clearance rate of 70% (14/20).
Side effects during trial

One patient reported non-troublesome soft stool while on AZI that did not require

cessation of therapy.

Discussion

Current literature suggests that poor prognosis and poor steroid responsiveness in patients
with CRS is correlated with high NF-kB activation and neutrophilic nasal polyposis’’. While this
is a seldom-studied observation in CRS, a neutrophilic phenotype in asthma is associated with a
more severe form of disease, refractory to corticosteroid therapy, a condition deemed steroid-
insensitive asthma’®’®. Through the initial phase of this real-world trial, we have been able to
carefully select a subgroup of CRS patients unresponsive to ESS and post-operative budesonide
nasal irrigations. Monitoring patients prospectively following ESS represents a unique opportunity
to evaluate changes in symptomatology, molecular mechanisms, and the microbiome as the
sinonasal cavity heals itself, regenerating its epithelium and microbiome.

Although the effect was not statistically significant, adding azithromycin led to more than
half of the patients showing complete clearance of disease endoscopically, reducing the risk of

disease persistence by 31%. When excluding the difficult-to-treat AERD patients®, azithromycin
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demonstrated significantly better disease clearance rates, reducing the risk of disease persistence
by 55%, suggesting that azithromycin should be further considered for AERD-negative patients
failing appropriate medical and surgical therapy for CRS. When analyzing our study’s open-label
response to azithromycin, 70% of patients had disease clearance, of which 36% were patients
having initially failed placebo.

For the subgroup of patients showing disease clearance, azithromycin patients also had
SNOT-22 improvement equivalent to >2 MCID, while patients on placebo had unchanged SNOT-
22 scores. Therefore, in this trial, using a very rigorous marker (perfect endoscopy), although the
effect of azithromycin may not be statistically significantly better compared to placebo, it may be
clinically significant. These findings differ with the recent meta-analysis on macrolides in CRS
patients which showed no difference in SNOT-22 improvement when compared to placebo®.

On a microbiological level, our findings suggest that azithromycin patients that do well are
able to not only clear their disease endoscopically but appear to be able to clear unfavorable
pathogens such as S. aureus, P. aeruginosa, and H. influenzae. Interestingly, patients on placebo
who had disease clearance were unable to clear their S. aureus, suggesting that they remain at an
increased risk of disease recurrence** compared to the azithromycin group. The mechanism behind
S. aureus’s CRS pathogenesis and tendency for poor prognosis has been described through various
hypotheses, whether it be its biofilm-forming capacities?, its intraepithelial presence®, its
potential for immunity reduction®, or its impairment of epithelial repair®, amongst others. What
remains evident is that S. aureus is a strong marker for CRS outcome, both pre and post-ESS®.
The benefit of adding azithromycin, and its capacity to influence S. aureus clearance, is
demonstrated clinically in this study, while our group also previously showed that the mechanism

behind this effect may be associated to the CRS epithelium healing properties azithromycin has
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through its rho-kinase inhibitor-like properties, even in the presence of S. aureus®. Furthermore,
we recently reported with an in-depth 16S rRNA microbiome analysis that patients on a low-dose
azithromycin regimen showed a significant decrease in the abundance of sinonasal S. aureus
variants, while patients on placebo instead showed a decrease in key species regulating a healthy
sinonasal microbiome, such as Bacteroides vulgatus and Lachnospiraceae spp, resulting in a
significant decrease in microbial diversity which may be in part responsible of disease
persistence’. Overall, we can postulate that azithromycin’s antibacterial, anti-inflammatory, and
immunomodulating characteristics may play an important role in clearing key virulent sinonasal
pathogens when given at a low-dose and long-term, providing an improved barrier and modified
ecological niche.

Our study had certain limitations. Studying a high-risk population known to recur soon
after ESS may lead to a strict selection bias, however it does allow us to adequately phenotype
CRS patients, identifying the subgroups who will likely respond to azithromycin. Furthermore,
using the SNSS and SNOT-22 questionnaires may lead to a recollection bias as they are self-
reported, and patients may either not accurately recollect the severity or prevalence of their
symptoms. They can also lead to a response bias due to personal perceptive influences on one’s
symptomatology. It is for these reasons that we emphasized our study outcomes primarily on
objective and measurable values, such as the Lund-Kennedy endoscopic sore. Failure to reach
statistical significance when comparing overall azithromycin to placebo group outcomes was
likely due to the underpowered nature and the large effect size estimated for our study, as well as
the higher population of AERD patients in the azithromycin group, leading to a potential Type 2
error. Once the AERD patients were removed from the analyses, azithromycin was shown to have

a significant effect on disease outcome. Finally, the decision to administer azithromycin must be
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made following careful evaluation of the patient’s cardiovascular disease status due to prior reports
of a small absolute increase in deaths in patients with high cardiovascular baseline risk*!, although
these studies studied significantly higher individual doses than the regimen used in this trial. Also,
minor side-effects such as loose stool and indigestion should be monitored and reported if they
develop.

In summary, we report findings from a double-blind, randomized, placebo-controlled trial
of low-dose, long-term azithromycin in patients failing appropriate medical and surgical therapy,
where the primary outcome was to evaluate disease clearance. Overall, the effect of azithromycin
was not statistically significantly better. However, when excluding patients with AERD, disease
clearance rates were significantly higher in patients on azithromycin compared to placebo,
suggesting that AERD patients with refractory CRS are likely a distinct phenotype that may not
represent good candidates for azithromycin therapy. Finally, unlike patients on placebo, patients
on azithromycin who cleared their disease also improved on a clinical level (>2 MCID on SNOT-

22, and clearance of virulent pathogens).
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Table 1. Patient demographics and clinical characteristics of the 48 randomized patients at Visit
2 (intention-to-treat population). NSAID: non-steroidal anti-inflammatory drug; AERD: aspirin-
exacerbated respiratory disease; ESS: endoscopic sinus surgery; SNSS: sino-nasal symptom
score; SNOT-22: sino-nasal outcome test; hsCRP: high-specificity C-reactive protein. Bacterial
findings using conventional bacteriology. Asterisk (*) denotes statistical significance

All patients Placebo Azithromycin

82

N =48 N=24 N =24 P value

Age (range) 47 (20-75) 44 (20-66) 50 (25-75) 0.120
Male 25 (52%) 16 (67%) 9 (38%) 0.043*
Tobacco use

Never 23 (48%) 12 (50%) 11 (46%)

Active 6 (13%) 2 (8%) 4 (17%) 0.683

Former 19 (40%) 10 (42%) 9 (37%)
Race

Caucasian 42 (88%) 23 (96%) 19 (79%)

Hispanic 3 (6%) 0 (0%) 3 (13%)

Asian 1.(2%) 0 (0%) 1 (4%) 0.223

Arabic 2 (4%) 1 (4%) 1 (4%)
Asthma 33 (69%) 17 (71%) 16 (67%) 0.755
Allergies (all types) 35 (73%) 16 (67%) 19 (79%) 0.330

Seasonal 15 (38%) 5 (28%) 10 (42%) 0.204

NSAID 13 (33%) 4 (17%) 9 (37%) 0.173
AERD 11 (23%) 4 (17%) 7 (29%) 0.194
CRSwNP 43 (90%) 22 (92%) 21 (88%) 0.637
Previous ESS 38 (79%) 18 (75%) 20 (83%) 0.477
Number of previous ESS 2 (1-4) 2 (1-4) 2 (1-4) 1.000
(range)
S. aureus Visit 2 24 (50%) 14 (58%) 10 (42%) 0.248
P. aeruginosa Visit 2 6 (13%) 3 (13%) 3 (13%) 1.000
Gram negative bact Visit 2 12 (25%) 5 (21%) 7 (29%) 0.505
SNSS Visit 2 (range) 5.1 (0-15) 5.0 (0-15) 5.1 (0-14) 0.944
SNOT22 Visit 2 (range) 32.5 (1-87) 30.9 (1-87) 34.2 (2-83) 0.626
Lund-Kennedy Visit 2 (range) 6.9 (2-12) 6.9 (2-11) 6.9 (2-12) 0.959
IgE KIU/L Visit 2 (range) 285.2 (0- 154.6 (0- 421.4 (0- 0.047*

2110) 1380) 2110)
hsCRP mg/L Visit 2 (range) 4.3 (0.2-46.1) 3.6 (0.54- 5.0 (0.23- 0.497
11.6) 46.1)



Table 2. Visit 3 group characteristics from the 48 randomized patients. SNSS: sino-nasal
symptom score; SNOT-22: sino-nasal outcome test; hsCRP: high-specificity C-reactive protein;
Bacterial findings using conventional bacteriology. Asterisk (*) denotes statistical significance

All patients Placebo Azithromycin
N =48 N=24 N =24 P value

S. aureus Visit 3 15 (31%) 11 (46%) 4 (17%) 0.029*
P. aeruginosa Visit 3 7 (15%) 3 (13%) 4 (17%) 0.683
Gram negative bact Visit3 12 (25%) 7 ((29%) 5 (21%) 0.505
SNSS Visit 3 (range) 4.6 (0-13) 4.9 (0-13) 4.3 (0-11) 0.491
SNOT22 Visit 3 (range) 27.9 (3-89) 29.7 (6-89) 26.1 (3-78) 0.558
Lund-Kennedy Visit 3 5.0 (2-12) 5.4 (2-11) 4.7 (2-12) 0.543
(range)
IgE KIU/L Visit 3 (range) 348.7 (0- 232.5 (0- 443.8 (0- 0.232

2320) 2320) 1980)
hsCRP mg/L Visit 3 2.7(0.2-7.0) 2.6(0.2-7.0) 2.7 (0.3-6.2) 0.845

(range)
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Figures

Figure 1. Sinonasal cavity of a ‘disease clearance’ patient. There is no evidence of polyposis,
edema, or purulent discharge.
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Figure 2. Patient trial profile. ESS=endoscopic sinus surgery; BNI=budesonide nasal irrigations

| 128 patients enrolled and had ESS (Visit 1) |

6 moved out of town
4 lost to follow-up

118 completed BNI
daily for 16 weeks (Visit 2)

59 had disease P 59 had disease
remission persistence
*  Continued daily -
BNI off trial 1 pregnant patient
3 refused randomization and received AZI
7 more received AZI off trial
48 randomized
24 Placebo (Visit 3) 24 AZI (Visit3)
+  All completed 16 *  All completed 16
week treatment week treatment

10 received AZI following
trial unmasking
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Figure 3. SNOT-22 score improvement between Visit 2 and Visit 3 in patients with a favorable
outcome/disease clearance (Placebo=8 patients; AZI1=13 patients).
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Abstract

Introduction: The sinonasal microbiome is believed to play an important role in the
pathophysiology of refractory chronic rhinosinusitis (CRS). We evaluated changes in the
microbiome following a 4-month course of low-dose azithromycin. Assessing microbiome
alterations following such a treatment may help identify underlying mechanisms of this drug.
Method: 48 adults with refractory CRS were enrolled in a double-blind, randomized, placebo
controlled trial. Patients were randomized to 250mg of azithromycin or placebo three times
weekly for 4 months. During this time, daily budesonide saline irrigations were continued.
Sinonasal swabs were collected endoscopically-assisted prior to treatment initiation and at the
end of it, and sent for 16S ribosomal RNA gene sequencing. High-resolution ANCHOR pipeline
was used to infer and annotate putative species. The two patient groups were compared using
DESeq? differential abundance analysis.

Results: From initiation to the end of azithromycin treatment, patients showed a significant
difference in beta diversity analysis (P =0.0004) along with a significant decrease in 71 different
OTUs of Staphylococcus aureus (FDR<0.05) obtained from the differential abundance analysis.
This was not observed in placebo-treated patients. By the end of treatments, azithromycin-treated
patients had a significant decrease in 29 different OTUs of S. aureus (FDR<0.05) when
compared to placebo.

Conclusion/Implications: A 4-month course of 250 mg of azithromycin three times weekly in
patients with refractory CRS significantly decreases S. aureus abundance in the sinonasal
microbiome. Considering the pathogenic role of S. aureus in the refractory CRS population,

azithromycin may constitute an additional therapeutic option to help control this disease.
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Introduction

Chronic rhinosinusitis (CRS) is an inflammatory disease with ever-growing economic burden in
the Western World®-82, This burden reflects the chronicity of the disease which greatly affects
quality of life (QOL) and productivity®! to a greater degree than various other chronic illnesses,
including cancer®. Among the many reasons this illness is so debilitating is its substantial
proportion of patients with refractory disease®. In fact, it has been reported that 40% of patients
will have nasal polyp recurrence within the first 6 months® and 20% of patients will require a
revision ESS after five years®.

The pathophysiology of this refractory CRS population remains unclear, which has stagnated the
development of effective targeted therapies. Currently, ESS failures have been reported to be
associated to several factors®8788 that can be grouped into three major categories; epithelial
defenses, immune status, and sinonasal microbiome®®. Moreover, it has been documented that
chronic inflammatory diseases, including CRS and diabetes, are associated with significant shifts
in microbiomes®®®. In fact, the microbiome has been acknowledged to play an essential role in
disease development, evolution, and persistence®*®%4 readily interacting with its environment,
notably the host’s immune system®,

Azithromycin, along with other macrolides, has been proposed as an adjunct anti-inflammatory
agent in the management of CRS*%%7, Given the contradictory results obtained in two clinical
trials®®%, the role of azithromycin in CRS patients is unclear®®!%, Hence, its use in more targeted
populations such as refractory CRS remain completely unexplored. Used for its anti-inflammatory,
immunomodulatory, and antibacterial effects in cystic fibrosis!®® and chronic obstructive
pulmonary disease!®?, assessing its effect on the sinonasal microbiome may prove useful in better

understanding CRS.
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In this study, we analyzed the sinonasal microbiome of patients enrolled in a double-blind,
randomized, placebo controlled trial, where patients were randomized to low-dose azithromycin
or placebo following disease recurrence post-endoscopic sinus surgery (post-ESS). Based on the

anti-inflammatory and immunomodulatory effect'®, notably its ability to activate macrophages®,

combined with its increased antibiotic concentrations in most peripheral tissues'®!%, we
hypothesized azithromycin would significantly shift the sinonasal microbiome by restoring its

diversity and decreasing the abundance of pathogenic bacterial species.

Material and Methods
This study was approved by the Ethics Review Board of the University of Montreal Health Center

(Centre Hospitalier de I’Université¢ de Montréal) CHUM-14.140.

Study Design and Participants

A double-blind randomized, placebo-controlled trial (ClinicalTrial.gov NCT0230782) was
undertaken in our tertiary medical center to assess the effect of low-dose, long-term azithromycin
in a cohort of refractory CRS patients post-ESS. All surgeries were performed by a single surgeon
(M.D.), who performed all the postoperative management and assessments.

Patients were recruited and an informed written consent was obtained prior to the surgery.
Recruitment was performed by a member of the research group not involved in the patient’s care
on the day of surgery. Patients were included if they had at least one of the following inclusion
criteria that qualified them as “high-risk” for recurrence; prior ESS for CRS, elevated serum IgE
(>150 KIU/L), eosinophil levels (>500 cellss/mm) or a young age (>38 years) of disease

presentation®®. Exclusion criteria included patients < 18 years of age or patients who had received
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topical or systemic antibiotics up to 4 weeks prior to the surgical intervention, patients with cystic
fibrosis, inverted papilloma, osteoma, cystic masses, mucoceles, skull base lesions, or any other
sinonasal tumors.

Patients were managed with mucosal and, when possible, middle-turbinate sparing ESS involving
complete spheno-ethmoidectomy and frontal sinusotomy. No extended frontal sinus procedures
(DRAF 111 or Lothrop) were included. Septoplasty was performed as required for access, usually
using a targeted endoscopic technique. All patients received broad-spectrum antibiotics and an oral
prednisone taper for 14 days following surgery. Patients were seen for cavity cleaning at 14 days
(x 3 days), at which point they were all prescribed a once-daily nasal irrigation with 1.0 mg of
budesonide ampules (Pulmicort Respules, AstraZeneca, Mississauga, ON, Canada) dissolved in
240ml of 0.9% saline for 4 months. Patient information and demographics was collected at the
time of surgery. Assessments were performed 4 months post-operatively (pre-treatment visit) and
8 months post-operatively (post-treatment visit). On the pre-treatment visit if the patient was
deemed to have disease recurrence, the patient was randomized to receive 250mg of azithromycin
(Zythromax, Pfizer Canada, Montreal, QC, Canada) PO or placebo three times per week for an
additional 4 months while continuing nasal irrigation with budesonide. Block randomization in
groups of four was performed by the institution’s research pharmacy. Patients were seen again 4
months later (post-treatment visit) for a repeat assessment and study completion. It is important to
underline that patients with acute exacerbations between the pre- and post-treatment visits
requiring oral or additional intranasal steroids or any antibiotics would be excluded from the

analysis.
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Patient Evaluation

The 48 randomized patients had a nasal swab taken at the level of the ethmoid bulla using a thin
aluminum wire swab with a mini-tip swab (BBL Cultureswab PLUS — BD Diagnostics Inc.,
Franklin Lakes, NJ) under direct rigid endoscopy. This was done 4 month post-op (pre-treatment
visit) prior to the initiation of the experimental treatment and at the end of the treatment, 8 months
post-op (post-treatment visit) for 16S ribosomal RNA analysis. Endoscopic evaluation of the
sinonasal cavities was performed at both visits and was scored using the modified Lund-Kennedy
scoring system to determine disease recurrence or remission'%’. Symptoms were assessed using
the Sino-nasal Outcome Test 22 item (SNOT-22)"° also at both visits. Lund-McKay scores were

obtained from pre-op sinus CT-scans.

Study Definition of Recurrence

To minimize variability of assessment due to the subjective perception of patient-reported disease
symptoms, we used an objective standardized method in the modified Lund-Kennedy mucosal
grading scale. We thus defined recurrence as total grading score of >4 on the modified Lund-

Kennedy mucosal grading scale.

Population demographic analysis

Demographic characteristics among groups were analyzed using GraphPad Prism version 6.00 for
Mac OS X (GraphPad Software, La Jolla, CA: www.graphpad.com) using Fischer’s exact test and
the student t-test according to the nature of the data (Table 1) with statistical significance set at p

<0.05.
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16S Ribosomal RNA Studies
Swab cultures taken from all recruited patients at the pre- and post-treatment visits and sent to
Surette Laboratory (Hamilton, ON, Canada) where DNA extraction, amplification and sequencing

was performed.

DNA Extraction, 16S rRNA gene amplification and sequencing

Briefly, DNA was extracted from the whole swabs according to Surette Laboratory’s standardized
protocol. Total DNA concentration was measured with a Nanodrop 2000c Spectrophotometers
(Fisher Scientific, Hampton, NH, USA). The quality of the extracted DNA was evaluated on a 1%
agarose gel. DNA extracted blanks were also part of the controls.

Libraries were prepared by amplifying the V3 hypervariable region of the 16S rRNA gene based
on a modified version of the libraries described by Bartram et al*%®, Primers used were GC-341F
and 518R (5’-CCTACGGGAGGCAGCAG-3’ (Forward), 5’-ATTACCGCGGCTGCTG-3’
(Reverse)'%. PCR amplification of the V3 region was done according to the standardized Surette
Laboratory protocol. Amplicons were normalised according to the obtained concentrations prior
to sequencing. Sequencing was performed on the MiSeq platform (Illumina Inc., San Diego, CA,

USA) with the 250-base-pairs paired-end chemistry over 8 runs.

Bioinformatics pipeline and amplicon processing

Raw paired-end sequences were processed using ANCHOR bioinformatics pipeline!°. Briefly,
sequences were aligned and dereplicated before selection of operational taxonomic units (OTUS)
using a count threshold of three across all samples. Annotation queried four sequence repositories

with strict BLASTN criteria (>99% identity and coverage): NCBI curated bacterial and Archaea
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RefSeq, NCBI nt, SILVA and Ribosomal Database Project (RDP). When the highest
identity/coverage was shared amongst multiple different putative annotation, all were retained and
reported; borrowed from the idea of secondary annotation in metatranscriptomicst*t. Amplicons
with low-counts (<14) were binned to high-count sequences in a second BLASTN, using a lower

threshold of >98% identity/coverage (secondary count capture).

Diversity and differential abundance analysis

To be included in the analysis, patients needed to have available samples in both pre- and post-
treatment visits. A total of 36 samples were compared (an exhaustive patient sample flow chart is
presented in Figure 1). Relative abundances were calculated from raw counts and samples were
excluded when they had specific OTU abundances higher than three standard deviations calculated
from the mean of all the samples. Alpha diversity was measured using Shannon and inverse
Simpson indices within Phyloseq R package!'?. Beta diversity was estimated using Bray-Curtis
dissimilarity and the Constrained Analysis of Principal Coordinates (CAP) ordination method in
addition to Principal Coordinate Analysis (PCoA). Dispersion ellipses were drawn using
veganCovEllipse function from Vegan package in R%. Significant distance was evaluated
between the groups using non-parametric analysis of similarities (ANOSIM) and permutational
MANOVA (PERMANOVA) on normalized counts based on Bray distances (R Vegan package).
Differential abundance analysis on 16S rRNA gene amplicons was performed using DESeq2!4,
which can perform well with uneven library sizes and sparsity common to 16S rRNA gene
data'15116 - A differential abundance selection parameter of false discovery rate (FDR;
Benjamini-Hochberg procedure) <0.05 was applied. Raw counts were transformed using

regularised log transformation across samples (rlog function, R phyloseq package).
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Results

Patient demographics

Thirty-six patients had both pre-operative and post-operative samples that were available for
microbiome analysis studies. This population demographics is summarized in Table 1. The latter
was mainly characterized by a high prevalence of asthma, allergies and CRS with nasal polyposis.
There were no significant differences between azithromycin and placebo groups in any of the

collected demographical data.

Microbiome pre-treatment comparison

Prior to the initiation of the experimental treatment, patients randomized to azithromycin did not
show any change in beta diversity at the OTU level when compared to placebo (CAP method,
ANOSIM) (Figure S1a). Alpha diversity was not significantly different between the two groups
(Figure S1b). Relative abundances showed that both groups had a similar relative abundance of
the Staphylococcus genus; 50.8% in the placebo group and 46.6% in the azithromycin group
(Figure 2). Relative abundances between both groups were also found to be similar for the other

genera.

Microbiome comparison between pre- and post-treatment

In azithromycin-treated patients, a significant change in beta diversity between was observed
between the initiation (pre-treatment visit) and completion of the treatment (post-treatment visit)
(CAP method, ANOSIM, P=0.0004). (Figure 3a). There were no significant changes in alpha

diversity using Shannon or inverse Simpson indexes at the OTU level (Figure 3b). Relative
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abundances showed a gross decrease in the Staphyloccocus genus from 45% to 4.7% by the end
of the 4-month treatment. (Figure 4a). Differential analysis studies in azithromycin-treated patients
demonstrated that 71 S. aureus OTUs had a significant log-fold decrease (FDR<0.05 to <0.0001)
by the end of the azithromycin treatment. Twelve other species from the Firmicutes phylum were
also significantly decreased (Figure 5). Additionally, an OTU of Corynebacterium spp. and
Enterobacterales spp. were significantly increased (FDR=0.0120 and FDR=0.0421, respectively)
at the end of the azithromycin treatment (Figure 5).

In the placebo group, no changes were observed between pre- and post-treatment visits with
respect to alpha and beta diversity. Relative abundances showed almost half of the bacterial
community was constituted of the Staphylococcus genus at both the pre- (51.1%) and post-
treatment (47%) visits (Figure 4b). Differential analysis studies demonstrated a total of 6 OTUs
within Bacteroidetes, Firmicutes and Proteobacteria phyla with a significant log-fold decrease in
abundance by the end of the placebo treatment. More specifically, Bacteroidetes vulgatus,
Fusicatenibacter saccharivorans, 2 OTUs of Lachnospiraceae spp., Clostridiales spp. and
Klebsiella pneumoniae were included among species and genera that were decreased after a 4-
month treatment with placebo (Figure 6). No change was seen in Staphylococcus species.
Interestingly, a significantly increase in abundance of 3 OTUs of Streptococcus spp. was found

(Figure 6).

Microbiome post-treatment comparison
At the end of the treatments (post-treatment visit), azithromycin- and placebo-treated groups
showed two distinct communities suggesting a change in beta diversity (CAP method, ANOSIM,

P=0.0958) (Figure 7a). Alpha diversity was significantly decreased in the placebo group compared
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to the azithromycin group using the inverse Simpson index of diversity (P=0.0358), but not the
Shannon index (P=0.1041) (Figure 7b). Relative abundances showed that the Staphylococcus
genus was of 46.3% in the placebo group whereas in the azithromycin treated group only 4.9 %
(Figure 8). Differential analysis demonstrated that 29 S. aureus OTUs presented a significant log-
fold decrease (FDR <0.05 to <0.001) in the azithromycin group compared to placebo group (Figure
9). Haemophilus aegyptius and Veillonella spp. were also significantly decreased (FDR=0.0009
and FDR=0.029, respectively). Interestingly, Bacteroides acidifaciens was significantly increased
(FDR=0.019) in azithromycin-treated patients along with Corynebacterium accolens

(FDR=0.012) and an OTU of Fusobacterium (FDR=0.010) and Enterobacteriaceae (FDR=0.01).

Discussion

Chronic rhinosinusitis is a common chronic disease that greatly affects quality of life (QOL)8Y
and those refractory to medical and surgical treatment are often left with few therapeutic options.
It has been suggested that macrolides such as azithromycin can help control the disease through
their anti-inflammatory and immunomodulatory effects. However, prior to this study, none have
shown its effect on the sinonasal microbiome. Instead, most proposed interpretations come from
the gastro-intestinal tract!*®1° lower respiratory tract'?%?! lungs'?? and oropharynx'?. In this
study, we report for the first time the effect of azithromycin on the sinonasal microbiome down to
the OTU level of resolution.

To begin, our population demographics were comparable in both groups in all tested parameters,
including alpha and beta diversity prior to the randomization process suggesting randomization

was well performed.
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In patients treated with azithromycin, we report a significant change in the sinonasal microbiome’
beta diversity from the start to the end of this treatment. Although we did not see a change in alpha
diversity, we do report a significant decrease in 71 OTUs of S. aureus associated with the 4-month
course of azithromycin. By the end this treatment, other species, members of the Firmicutes
phylum, were also decreased suggesting an action of azithromycin against Gram positive cocci at
large.

Similarly, when comparing azithromycin- with placebo-treated patients at the end of their
respective treatments (post-treatment visit), the main change seen in the differential analysis
studies was also a significant decrease in 29 OTUs of S. aureus in the azithromycin group.

S. aureus has often been reported and associated with refractory CRS 80124125 |t is interesting to
see that azithromycin may play a role in decreasing this pathogen in such a difficult-to-treat
population. Its underlying anti-staphylococcal mechanism of action remains to be clarified. It may
be expected that low dose macrolides act through their anti-inflammatory properties more so than
their antibacterial effects!®®1%, Nevertheless, this anti-staphylococcal effect has been previously
reported in low dose azithromycin treated cystic fibrosis patients'?®. One theory may be the fact
that azithromycin achieves a much higher tissue than serum concentration due to its increased half-
life in the former'®. This may potentially increase the localized antibacterial effect of macrolides.
An alternate theory may be azithromycin’s ability to activate macrophages'® which are known to
be effective against gram positive bacteria, more specifically against S. aureus*?’. This would also
explain the decrease in other Gram positive cocci part of the Firmicutes phylum.

Interestingly, Bacteroides acidifaciens, Corynebacterium accolens, an OTU of Fusobacterium and
Enterobacterales were significantly increased in azithromycin-treated patients, compared to

placebo. These microbes have been often associated to healthy sinonasal microbiomes!?-131,
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suggesting azithromycin may also promote repopulation of beneficial/healthy bacteria. This was
also observed when comparing the group of patients prior to receiving azithromycin (pre-treatment
visit) and after its treatment completion (post-treatment visit) where Corynebacterium spp. and
Enterobacterales spp. were significantly increased. Finally, Veillonella, a Gram-positive cocci part
of the Firmicutes phylum and Haemophilus spp., known sinonasal pathogens, were also decreased
in azithromycin treated patient when compared to placebo by the end of the treatment (post-
treatment visit). It is important to re-iterate that these differences were not found in placebo treated
patients. Instead, an OTU of Clostridiales, 2 OTUs of Lachnospiraceae, Fusicatenibacter
saccharivorans, Bacteroides vulgatus and Klebsiella pneumoniae were significantly decreased at
the end of a 4-month treatment with placebo. Lachnospiraceae spp. and Bacteroides vulgatus have
often been described as part of the healthy microbiome!?13L132  Clostriales spp. have been
associated to maintain mucosal integrity in CRS patients!®. Interestingly, an OTU of
Streptococcaceae and Streptococcus, along with Streptococcus anginosus were significantly
increased. All of these are known nasal pathogens*?. Disturbing the relative abundances of these
species may change their interactions and contribute to the persistence of a nasal dysbiosis.

Even though we did obtain the required number of patients to have an standard accepted power in
this study, the number of samples with poor DNA quality which were not eligible for analysis was
underestimated and may have lowered our statistical power. While our population was primarily
composed of CRS patients with nasal polyposis, it is more and more recognized that azithromycin
has a greater impact on CRS without nasal polyps than with nasal polyps'®*. Thus, the effect by
azithromycin on the microbiome seen in this study may have been even larger with a better
representation of CRS patients without nasal polyposis. Though no change was seen in SNOT-22

and Lund-Kennedy scores post-treatment, this must be interpreted with care as microbiome
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profiles may not fully correlate with clinical disease status. This is in part due to other independent
factors modulating clinical outcome such as immune regulation and barrier function. Furthermore,
eight patients from the randomized clinical trial were excluded due to inadequate microbiome
samples. However, findings from the completed randomized clinical trial demonstrated that low-
dose azithromycin is a treatment option with few side-effects that showed favorable clinical

outcomes, especially if patients were AERD-negative'®,

Conclusion

In this study, we analyzed the microbiome of 36 CRS patients with refractory disease randomized
to low-dose azithromycin or placebo for 4 months following ESS with a novel high-resolution
ANCHOR pipeline. Results clearly demonstrate that by the end of a treatment with azithromycin
there was a significant change in beta diversity. This was driven by a significant log-fold decrease
in the abundance of 71 S. aureus OTUs. Furthermore, these changes were not seen in placebo-
treated patients. Instead, a significant decrease in the abundance of key phyla regulating the healthy
sinonasal microbiome was observed, suggesting progression of disease and nasal dysbiosis.
Finally, a significant log-fold decrease of abundance in 29 S. aureus OTUs was seen between the
azithromycin group and the placebo group at the end of their respective treatments (post-treatment
visit). Although further studies are warranted to validate our findings, overall, this study reports
for the first time the significant impact azithromycin may have on the sinonasal microbiome of

refractory CRS patients, and further strengthens its potential as a therapeutic option in this disease.

Tables
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Table 1. Demographic characteristic of study population

Overall Azithromycin  Placebo
n =36 n =19 n=17 P value

Age (SD) 47.9 (12.1) 50.4 (12.4) 45.1 (11.6) 0.1939°
Gender 0.7388°

Male 17 (47.2%) 8 (42.1%) 9 (52.9%)

Female 19 (52.8%) 16 (57.9%) 14 (47.1%)
Previous ESS 30 (83.3%) 28 (84.2%) 37 (82.4%) 1.0000P
Polyposis 33(91.7%) 17 (89.5%) 16 (94.1%) 1.0000P
Asthma 26 (72.2%) 16 (84.2%) 10 (58.8%) 0.1324°
Smokers 6 (16.7%) 4 (21.1%) 2(11.8%) 0.6617°
Allergies (all types) 29 (80.6%) 16 (84.2%) 13 (76.5%) 0.6843°

Seasonal 18 (50%) 8 (42.1%) 10 (58.8%) 0.5051°

ASA hypersensitivity 11 (30.6%) 8 (42.1%) 3(17.7%) 0.1560P
Lund-McKay scores (SD)

Pre-op 17.4 (4.7)  17.8(4.8) 16.9 (4.7)  0.5974%
SNOT-22 scores (SD)

Pre-treatment 32.1(22.9) 34.9(23.6) 29.1(22.4) 0.46432

Post-treatment 27.2 (185) 28.1(21.3) 26.2 (15.7) 0.78482
Lund-Kennedy Score (SD)

Pre-treatment 6.2 (2.8) 6.7 (2.9) 5.6 (2.7) 0.26442

Post-treatment 51(4.2) 55(4.3) 4.6 (4.2) 0.5646%

SD: standard deviation; ASA: acetyl salicylic acid

SNOT-22: Sino-Nasal Outcome Test

@ Student t-test performed

b Fischer's exact test for independence performed
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Figure legend

Figure 1. Data analysis flow chart

Assessed for eligibility (n=49)

[ RANDOMIZED ]

(n=48)
+» Excluded for receiving azithromycin prior to
randomization (n=1)

[RNA EXTRACTION ]

(n=45)

+ Lost to F/U (n=1)

+» Excluded for not complying to treatment (n=1)

«» Excluded for breaking the code as Sx became
intolerable on placebo (n=1)

[SAMPLE ANALYSIS]

(n=37)

+ Excluded for poor quality pre-randomization
nasal swab sampling resulting in insufficient
DNA collection (n=1)

++ Excluded for poor quality post-randomization
nasal swab sampling resulting in insufficient
DNA collection (n=7)

+» Excluded for missing post-randomization
sample due to patient refusal (n=1)

Final data analyzed (n=36)

(n=36)
«» Excluded for not reaching the total bacterial
abundance threshold within the sample (n=1)
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Figure 2. Relative bacterial abundance at the pre-treatment visit between azithromycin and
placebo groups. Data is presented in percentage. The 21 most abundant genera are presented when

available. All the other genera (n=76) were pooled into the “other” group.
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Figure 3. Microbiome diversity studies at the OTU level between pre- and post-treatment
visits in patients receiving azithromycin. Pre-treatment visit is represented in blue and labelled
“prior to treatment” and post-treatment visit in red and labelled “azithromycin” a) Estimated beta
diversity based on Bray-Curtis dissimilarity plotted in the Constrained Analysis of Principal
Coordinates (CAP) ordination plot. Analysis of Group Similarities (ANOSIM) method was used
and significance was established at P<0.05. The percentage of variation captured in each axis is
represented between brackets. Significant difference between pre- and post-treatment visits within
azithromycin treated patients was found (P=0.0004) with percentage variation captured in axis
CAP1 to 6.1% and axis MDSL1 to 13.16% b) Alpha diversity calculated with the Shannon and
inverse Simpson measure of diversity score and significance was established at P<0.05. Results
are presented as interquartile range (IQR) from first quartile (Q1) to third quartile (Q3) with a
median line. Whiskers represent the minimum and maximum, where the minimum is expressed
as: Q1 -1.5*IQR and the maximum as: Q3 + 1.5*IQR. No significant change in alpha diversity

with both Shannon (P=0.967) and the inverse Simpson (P=0.927) indexes was seen.
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Figure 4. Relative bacterial abundance in azithromycin and placebo treated patients. Data is

presented in percentage. Pre-treatment visit is labelled “prior to treatment” and post-treatment is

labelled ““azithromycin” for

and “placebo” for “b”. The 21 most abundant genera are presented

when available. All the other genera (n=75 for “a” and n=62 for “b” were pooled into the “other”

group. a) Comparison between pre- and post-treatment visits in patients receiving azithromycin.

b) Pre- and post-treatment visit comparison between in patients receiving placebo.
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Figure 5. Differential analysis of significant OTUs between pre- and post-treatment visits in
patients receiving azithromycin. Data is presented as the mean log-fold change between both
tested groups with respect to all 110 significant OTUs. Coloured bars represent the range of upper
and lower limits of standard error for the log fold change. A negative log-fold change implies a
higher abundance in the pre-treatment group whereas a positive log-fold change implies a higher
abundance in the post-treatment group. The dotted line separates pre-treatment with post-treatment
groups with respect to log-fold abundance change. Significant differences were established at a
False Discovery Rate (FDR) < 0.05. Legend represents the phylum to which each OTU belongs
to. 71 S. aureus OTU were significantly less abundant (FDR <0.05 to < 0.0001) in azithromycin

treated patients at the post-treatment visit.
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Figure 6. Differential analysis of significant OTUs between pre- and post-treatment visits in
patients receiving placebo. Data is presented as the mean log-fold change between both tested
groups with respect to all 9 significant OTUs. Coloured bars represent the range of upper and lower
limits of standard error for the log fold change. A negative log-fold change implies a higher
abundance in the pre-treatment group whereas a positive log-fold change implies a higher
abundance in the post-treatment group. The dotted line separates pre-treatment with post-treatment
groups with respect to log-fold abundance change. Significant differences were established at a
False Discovery Rate (FDR) < 0.05. Legend represents the phylum to which each OTU belongs
to. Bacteroidetes vulgatus (FDR=0.025), Fusicatenibacter saccharivorans (FDR=0.007), 2 OTUs
of Lachnospiraceae spp. (FRD<0.004 to <0.008), Clostridiales spp. (FDR=0.041) and Klebsiella
pneumoniae (FDR<0.001) were included among species and genera that were decreased after a 4-
month treatment with placebo (Figure 6). No change was seen in Staphylococcus species. A
significantly increase in abundance of 3 OTUs of Streptococcus spp. was found (FDR<0.008 to

<0.05).
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Figure 7. Microbiome diversity studies at the OTU level at the post-treatment visit between
azithromycin and placebo groups. Placebo group is represented in blue and azithromycin in red.
a) Estimated beta diversity based on Bray-Curtis dissimilarity plotted in the Constrained Analysis
of Principal Coordinates (CAP) ordination plot. Analysis of Group Similarities (ANOSIM) method
was used and significance was established at P<0.05. The percentage of variation captured in each
axis is represented between brackets. No significant differences were found in beta diversity
(P=0.096) b) Alpha diversity calculated with the Shannon and inverse Simpson measure of
diversity score and significance was established at P<0.05. Results are presented as interquartile
range (IQR) from first quartile (Q1) to third quartile (Q3) with a median line. Whiskers represent
the minimum and maximum, where the minimum is expressed as: Q1 -1.5*IQR and the maximum
as: Q3 + 1.5*IQR. A significant decrease in alpha diversity in the placebo group was found with
Inverse Simpson index of diversity was alpha diversity (P=0.039) but not with the Shannon index

(P=0.104).
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Figure 8. Relative bacterial abundance at the post-treatment visit between azithromycin and
placebo groups. Data is presented in percentage. The 21 most abundant genera are presented when

available. All the other genera (n=60) were pooled into the “other” group.
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Figure 9. Differential analysis of significant OTUs between azithromycin and placebo groups
at the post-treatment visit. Data is presented as the mean log-fold change between both tested
groups with respect to all 42 significant OTUs. Coloured bars represent the range of upper and
lower limits of standard error for the log fold change. A negative log-fold change implies a higher
abundance in the azithromycin group whereas a positive log-fold change implies a higher
abundance in the placebo group. The dotted line separates azithromycin with placebo groups with
respect to log-fold abundance change. Significant differences were established at a False
Discovery Rate (FDR) < 0.05. Legend represents the phylum to which each OTU belongs to. 29
S. aureus OTU were significantly less abundant (FDR <0.05 to < 0.001) in azithromycin-treated

patients compared to placebo.
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Figure S1. Microbiome diversity studies at the OTU level at the pre-treatment visit between
azithromycin and placebo groups. Placebo group is represented in blue and azithromycin in red.
a) Estimated beta diversity based on Bray-Curtis dissimilarity plotted in the Constrained Analysis
of Principal Coordinates (CAP) ordination plot. Analysis of Group Similarities (ANOSIM) method
was used and significance was established at P<0.05. The percentage of variation captured in each
axis is represented between brackets. No significant differences were found in beta diversity
(P=0.599) b) Alpha diversity calculated with the Shannon and inverse Simpson measure of
diversity score and significance was established at P<0.05. Results are presented as interquartile
range (IQR) from first quartile (Q1) to third quartile (Q3) with a median line. Whiskers represent
the minimum and maximum, where the minimum is expressed as: Q1 -1.5*IQR and the maximum

as: Q3 + 1.5*IQR. No significant change in alpha diversity between both groups were found.
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XVI.

Discussion

1. Rationale

The overarching goal of this PhD thesis was to identify and investigate a novel therapeutic
option for refractory CRS patients that would offer favorable outcomes, while remaining low in
cost, low in toxicity/morbidity, and easy to administer. To achieve this, we aimed for the highest
level of evidence by conducting a double-blind randomized controlled trial. This was a challenging
endeavour, especially as it was conducted in a single tertiary care center. Prior to the RCT, a
prospective clinical trial was conducted on all patients undergoing ESS for CRS, having failed
appropriate medical therapy (BNI). This initial prospective enrollment phase was in an effort to
carefully select patients that would fail both medical and surgical therapy, prior to exposing them
to our study drug. The methodology and treatment paradigm developed for this study is unique in
the literature, and ultimately offers fellow otolaryngologists a systematic approach to CRS
management. Furthermore, methodology allowed us to collect numerous data variables at three
different time-points along the disease management, offering significant novel data that had yet to
be reported in the literature. The breadth of data collected on each patient included demographics,
patient-reported outcome measures evaluating symptomatology, endoscopic evaluations using
standardized and validated scoring methods, blood and serum sampling, and conventional and 16S
ribosomal RNA microbial swabs for microbiome analyses. To date, there has been no study
offering such comprehensive reporting on a CRS population and we hope that our work will help

set a new standard in clinical trial development and execution in CRS.
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2. Summary of our findings and clinical recommendations

Phase 1 of this thesis comprised of the patient enroliment phase on the day of surgery and

the 16 weeks of post-operative daily BNI. We enrolled a total of 128 patients that met inclusion

and exclusion criteria and that were subsequently treated with ESS for CRS following failed

appropriate medical therapy.

Key findings from Phase 1 are summarized below:

The failure rate of ESS+BNI in CRS patients is potentially under-reported in the literature
which is primarily populated by retrospective studies. This prospective study demonstrates
that the ESS+BNI failure rate may be as high as 50%, especially in a high-risk CRS
population.

Identifying biomarkers and risk factors that may be used as treatment outcome tools are
key to any disease management. In the setting of CRS, they can help treating physicians
predict which patient may have a higher chance of being refractory to treatment, and this
as early as pre-ESS. Through our prospective trial, we demonstrate that patients with a
history of prior ESS, regardless of how many or their extent, and/or the presence of S.
aureus in the sinonasal cavity preoperatively were two independent risk factors for
ESS+BNI failure. We therefore suggest that this patient population be followed in a more
systematic and close-interval fashion than standard CRS patients. Furthermore, we
recommend that all patients undergo microbial swabs prior to their ESS to ensure virulent
microbial pathogens are identified and included in the patient’s phenotyping and post-
operative treatment plan.

A subgroup analysis was performed on patients having accepted to undergo additional

samplings in an effort to identify novel biomarkers of interest. Unfortunately, no serum or
126



blood cell biomarker showed significant predictive power, although our sample size was

small. Additional studies in this field are warranted.

Phase 2 of this thesis comprised of the double-blind, placebo-controlled, randomized
clinical trial as well as the extensive microbiome analyses performed on the RCT cohort. Such
paired data has never been attempted and/or reported in the literature, making it unique and
hopefully a new standard for reporting treatment outcomes in CRS clinical trials.

Key findings from Phase 2 are summarized below:
e Globally, azithromycin did not show a statistically significant improvement in disease
clearance rates compared to the placebo
e When excluding patients with AERD, disease clearance rates were significantly improved
in patients having received azithromycin. This suggests that AERD patients with refractory

CRS failing ESS+BNI are likely a distinct phenotype and may not be good candidates for

azithromycin. Therefore, we recommend azithromycin be included in the treatment

algorithm for non-AERD patients with CRS who show disease persistence following

ESS+BNI

Patients on azithromycin who have disease clearance, not only have healthy sinonasal
cavities, but they also show significantly improved symptomatology, which is the main tool in
assessing quality of life. This finding was not seen in patients having received placebo, further
strengthening the argument in favor of azithromycin administration.

e Patients on azithromycin showing disease clearance were also able to clear their S. aureus
on conventional microbial swabs, which was further identified in the subsequent more

advanced 16S rRNA microbiome analyses. In fact, azithromycin induced a significant
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change in the sinonasal microbiome beta diversity, driven by a large log-fold decrease in
the abundance S. aureus, a finding that was not seen in patients on placebo.

e Azithromycin was not associated to any minor or major side effect and is therefore safe to
use at the studied dosage. We however continue to recommend against its use in patients
with a high cardiovascular baseline risk, and diligent consideration in patients with low or

intermediate cardiovascular baseline risk.

3. Limitations

Our studies had certain limitations. Studying a high-risk population known to recur soon
after ESS may lead to a strict selection bias, however it does allow us to adequately phenotype
CRS patients, identifying the subgroups who will likely respond to azithromycin. Furthermore,
using patient-reported outcome measures such as the SNSS and SNOT-22 questionnaires may lead
to a recollection bias as they are self-reported, and patients may either not accurately recollect the
severity or prevalence of their symptoms. They can also lead to a response bias due to personal
perceptive influences on one’s symptomatology. Using a strictly objective and reproducible
scoring system, such as the Lund-Kennedy endoscopic score, allowed us to minimize the various
biases associated with PROMs. Nevertheless, this does decrease the generalizability and
comparability of our study and findings to published quality of life driven studies.

Our primary hypothesis for the RCT, aiming to demonstrate a statistically significant
improvement in disease clearance rates using azithromycin compared to placebo was not met. This
is due to the underpowered nature and the large effect size estimated for our study, but also heavily

due to the higher population of AERD patients in the azithromycin group, leading to a potential
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Type 2 error. Once the AERD patients were removed from the analyses, azithromycin was shown
to have a significant effect on disease outcome, as hypothesized.

Although we had no losses to follow-up in the randomization phase of the study, this did
not prohibit us from having cases of inadequate sampling, such as low DNA samples retrieved in
the microbiome analyses, inadequate serum volumes, coagulated blood in test tubes rendering
them unusable, amongst others. In future studies, we would recommend duplicating all 16S rRNA
microbial swab and blood draw samplings.

Real-world generalizability or external validity is always a concern when critically
reviewing RCTs, and our cohort of high-risk CRS patients represents a carefully selected group,
primarily seen in tertiary care centers. Although community otolaryngologists may not encounter
such patients at the same rate, if they follow the treatment-paradigm and administer azithromycin
to patients having met all inclusion criteria and demonstrate the simple-to-use biomarkers we have
identified, then this may not only minimize this limitation, it will also improve patient care and

decrease the healthcare burden on tertiary care centers.

4. Future directions
Clinical trials

This is the first study in the literature to report a double-blind, placebo-controlled,
randomized control study in a high-risk CRS population. Future studies using a similar approach
of robust data collection, including 16S rRNA microbiome analyses are needed to validate our
findings. Furthermore, investigators should aim for multicenter studies to increase power and
external validity, while decreasing the duration of study completion. One such study is the

‘MACRO randomized controlled trial” which is aiming at enrolling 16 study sites and a total of
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600 patients*®. Although they will be evaluating patients in a pre-operative state, this work will

shed additional light on the role of low-dose, long-term macrolides in CRS management.

Serum biomarkers

Although our efforts to identify novel serological biomarkers were not successful, we are
hopeful that future studies will be able to 1) conduct larger sampled studies, and 2) identify
serological markers that will be easy to test for and comport a high predictive power. A recent
report has shown an interesting candidate, Pentraxin-3'%’, while others are reporting on the serum
metabolomics associated with the various phenotypes and endotypes of CRS'®. Incorporating

potential biomarkers in future clinical trials will be of utmost importance.

Tissue/local biomarkers

Although sinonasal tissue-directed biomarkers were not analyzed in this trial, identifying
local biomarkers can be of interest and allow for a more in depth understanding of the difference
between tissue and serum biomarker levels. For example, in our work, we did not demonstrate any
difference in serum IgE levels in patients responding or not to azithromycin, a finding that reflects
the current literature™*°. Interestingly however, a recent study demonstrated a correlation between
low IgE levels in nasal secretions and a favorable response to low-dose macrolides*°, a finding
that was not seen with serum IgE levels in their study cohort. Such findings suggest that tissue-
based biomarkers likely represent a distinct clinical entity and may play a more important role in
characterizing the disease microenvironment. Future clinical trials should analyze the variability
in tissue-based and local biomarkers in the pre vs. post-treatment state, as well as a drug vs. placebo

comparison.
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Sinonasal microbiome

It is evident that as technological advances continue to emerge, so will information on the
true role of the microbiome on disease. Until this past decade, microbial research in CRS was
almost entirely culture-based, with few to no centers offering 16S rRNA analyses that would then
translate to clinical decision-making. Today, there is ever growing data on how microbiomes can
have both direct and indirect effects on chronic diseases, cancers, and overall treatment

outcomes!#!

. One of the most exciting avenues of microbiome research is in its use to modulate
treatment outcomes. For example, a recent study demonstrated that fecal microbiota
transplantation promoted response to immunotherapy in patients with metastatic (Stage 1V)
melanoma who had initially failed to respond to treatment®?.

In our work, we demonstrate how therapy with azithromycin modulated the microbiome,
and in turn had a positive outcome that is likely to be long-lasting. Future studies should not only
confirm our findings, but should also look into potential avenues to modulate the microbiome
through microbiota transplantation. This can potentially be achieved by transplanting sinonasal
microbiota from patients without CRS and/or CRS patients who have had disease clearance, or
through nasal irrigations with probiotics'*®. Findings from such studies may have beneficial
outcomes not only for the CRS population, but also for the head and neck cancer population. In a
review of the literature published this year with me as senior author, we reported the significant
gap in the literature on the role and effect of the microbiome in head and neck cancer outcomes#4,
We recommended that future studies aim to identify whether sinonasal microbiome dysbiosis is

accompanied by patient symptomatology and treatment outcome, while investigating potential

modes of intervention and microbiome modulation.
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XVII.

Conclusion

Chronic rhinosinusitis is a common and debilitating disease which has a high rate of failure
to standard medical and surgical therapy. This trial identified prior ESS and S. aureus as two
independent risk factors for treatment failure. Current treatment options for refractory CRS
patients offer high morbidity and possible severe complications, while offering inadequate disease
clearance rates. This two-phased clinical trial provides support for the administration of low-dose,
long-term azithromycin as a low-morbidity, low-cost, high success rate option in patients with
CRS refractory to appropriate surgical and medical therapy. This being said, patient candidates
should not have AERD or any high cardiovascular baseline risk. Furthermore, we have
demonstrated the favorable effect of azithromycin in two novel manners: first, patients who
received azithromycin and had disease clearance had significant improvements in quality-of-life
scores, compared to no change, if on placebo, and second, the use of azithromycin demonstrated
its ability to modulate the microbiome and significantly lower S. aureus prevalence further

emphasizing its potential long-term effect.
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XIX.

Additional Figures

Fig. 1. Sino-nasal symptom score (scored 0 to 3, 0 being none and 3 being severe, maximum

score of 15)
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difficult to
tolerate and can
interfere with
everyday
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sleep

Nasal congestion

Facial pain

Headache

Need to blow nose

Post-nasal drip
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Fig. 2. Sino-Nasal Outcome Test — 22 item (maximum score of 110)
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answers, and only you can provide us with this information. Please rate your problems as
they have been over the past two weeks, Thank vou for your participation.
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Fig. 3. Lund-Kennedy endoscopic scoring system (maximum score of 12)

ENDOSCOPIC EVALUATION SCORE - LUND-KENNEDY

Note: Record score for both left and right

0 Points 1 Point 2 Points
Polyps Absent | (L) | (R) Only in the (L) | (R) Beyond the (L) | (R)
middle meatus Middle meatus
Oedema Absent Mild Severe
Discharge | Absent Clear, thin Thick purulent
discharge discharge
Total:
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