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Capsule Summary:

In a proof-of-concept study, azithromycin therapyidg severe RSV bronchiolitis was
associated with lowevloraxella abundance in the upper airway; lovivkoraxella abundance
was associated with lower odds of subsequent recinwheeze. Additional studies should
evaluate the role of the airway microbiome in tkeelopment of post-RSV recurrent wheeze,

and whether microbiome modifications may serve pegention strategy.

Key Words:

Azithromycin, respiratory syncytial virus (RSV), e#zing, asthma, microbiome, Moraxella

Abbreviations:

APW-RSV: Azithromycin to Prevent Wheezing following RSV Bihiolitis
PERMANOVA: Permutational Multivariate Analysis of Variance
RSV: Respiratory syncytial virus

RW: recurrent wheeze
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To the Editor,

Early life RSV bronchiolitis is a risk factor foecurrent wheeze (RW) and astiniawe
recently reported that, in a proof-of-concept ranted trial (the APW-RSV trial), azithromycin
therapy during RSV bronchiolitis reduced the proligiof developing RW during the
subsequent year by approximately 50%zithromycin was chosen because it is capable of
targeting neutrophilic airway inflammatidrand based on our results in a mouse model df vira
bronchiolitis. In infants hospitalized with RSV bronchiolitisewlemonstrated anti-
inflammatory effects of azithromycimeflected by reduced nasal lavage levels of |a-Barker
of neutrophilic airway inflammation. However, theamnanism of azithromycin’s anti-
inflammatory effects may have reflected direct @feon the immune response, or an indirect
effect through anti-bacterial actions of azithromyleading to alteration in bacteria abundance
and a reduction in neutrophilic inflammation. THere, it remains imperative to investigate if
the potential beneficial effects of azithromycim floe prevention of post-RSV wheezing are

related, at least in part, to its anti-bacteri&ées.

Emerging evidence links the airway microbiome, @ittiuring periods of well-being or
during viral respiratory infections, and the deyefent of RW®. Based on these reports, we
hypothesized that the beneficial effects of azitlyoin on the reduction of post-RSV wheeze
observed in our proof-of concept trial were asdedavith airway microbiome changes. The
goal of this study was to characterize upper airmérobiome changes following azithromycin

or placebo therapies and if these changes wereddia the reduction in post-RSV RW.

A detailed description of the APW-RSV clinical triaclinical outcome assessment,
genetic methods, and statistical analyses is dlailan the on-line supplement. Briefly, 39

otherwise healthy infants, aged 3.8+2.9 months pit@iized with RSV bronchiolitis were
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randomized to receive oral azithromycin (10 mg/kgedaily for 7 days, followed by 5 mg/kg
once daily for 7 additional days), or placebo. Tigdence of RW was assessed monthly over
the next year while the participants and investigatremained blinded to study treatment
assignment. 16S rRNA gene sequencing was perfoomedhsal lavage samples obtained before
and at the end of study treatment to characteriaetebal community composition and
abundances. We examined the relationships betwaaerial abundance at the end of treatment

and the occurrence of RW B8 episodes) over the subsequent year

Baseline characteristics of study participantspeesented in Table S1, and were not

significantly different between the treatment greup

A detailed description of the airway microbiome @tderization methodology is
available in the on-line supplement. At random@atthe airway microbiome community
structure (bacterial composition and abundanceasomed by Permutational Multivariate
Analysis of Variance (PERMANOVA) te$tdid not differ between the groups (p=0.7; Figures
la and S1). The relative abundances of the mosidamt bacterial genera are presented in
Figure S1.Sreptococcus andMoraxella were the two most abundant genera in both tredgtmen

groups at randomization (Figure S1).

At the end of study treatment, the overall bacteaposition and abundance
significantly differed between the 2 groups (p=@0Bigure 1b, S1). The directions of microbial
change differed between treatment groups (Figwa) 1in the placebo group (Figure 2), the
relative abundances dfolosigranulum andCorynebacterium increased significantly
(qvalue=0.03, 0.03; respectively), while the relatabundance @treptococcus decreased
significantly (qvalue=0.01). In the azithromycirogp (Figure 2), the relative abundance of

Moraxella decreased significantly (qvalue=0.03).
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At the end of study treatment, tMoraxella genus was the only bacterial taxon whose
abundance differed significantly between treatngeatps (azithromycin group median 0.05%,

IQR 0-7.6% vs placebo group median 9.0%, IQR 0311%; q value=0.009; Figure S2).

Lower Moraxella abundance at the end of study treatments, irréspexf treatment
assignment, was significantly associated with loagas of experiencing subsequent RW in the
whole study population (OR=0.86; 95% CI 0.75-01890.03). This analysis, when confined to
the placebo group to minimize potential confoundnogn other potential azithromycin effects
(e.g., anti-inflammatory effects), showed compagadifect size on the odds of RW, but did not
reach statistical significance levels (OR6; 0.75 - 1.01, p=0.07). We could not reliably
estimate an OR for the azithromycin group alongesonly 3 participants had detectable levels
of Moraxella at the end of azithromycin treatment, and RW wamaequent event among

participants treated with azithromycin.

In order to investigate potential confounding & #issociation betwednoraxella
abundance at the end of treatment and RW by basdtiaracteristics of study participants
(Table S1), we included these covariates, oneedtiitine, in a regression analysis and found that

none contributed significantly to the model (daté& shown).

An additional regression model shows that the ntageiof reduction in Moraxella
abundance over the 14 days of treatment, adjustdabieline abundance, was significantly

associated with the odds of RW (OR=0.87; 0.74-0088.04).

The results of this study have shown that azith@mtherapy during severe RSV
bronchiolitis was associated with a reductiolioraxella abundance in the upper airway, and
that lowerMoraxella abundance was associated with lower odds of subse&®W. A previous

report suggested that early life asymptomatic daldion of the upper airway with bacteria
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includingMoraxella catarrhalis is associated with higher risk of developing pesit wheezing
and asthma A more recent studydemonstrated that dominant presencklofaxella in the
nasopharynyx during RSV infection was associatét eimore severe RSV disease evidenced
by concomitant fever. Our findings add to theseviongs reports as we found that greater
abundance dfloraxella may also be a risk factor for the developmentastfiRSV RW and

hence it is possible that reduciktpraxella abundance may reduce that risk.

Lower Moraxella abundance was associated with lower odds of Rilvanwhole study
population. A subgroup analysis confined to thegle group revealed a comparable effect (i.e.
the same odds ratio) for the reduction in RW, bith Wworderline significance (p=0.07), most
likely a consequence of inadequate power for thilgysoup analysis due to small sample size.
Thus, we cannot be certain that the associatiomd®et the reduction iNoraxella abundance
and the reduction in RW, noted in the whole cohiempot at least partly confounded by other
beneficial effects of azithromycin, including amtflammatory effects. Moreover, we cannot
exclude that some of this reduction was indepenadktite effect of azithromycin and reflects

the evolution of the airway microbiome after vinalection

The relatively small sample size is a limitationtlws study. However, the goal of this
pilot study was to prove the concept that airwagrobiome during RSV bronchiolitis is a
relevant determinant of post-RSV RW. In additioar, tindings were obtained in a single
institution, and additional research is requiredgeess if these findings are valid in a larger and
a more diverse population (e.g., a population ithdtides more diverse minority groups, such as
Hispanics children). Whil&loraxella abundance was related to the odds of developingtRig/
association does not necessarily reflects causatidrfuture research is needed by modifying

Moraxella abundance post-RSV bronchiolitis.
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In summary, this proof-of-concept study showed thateeks of treatment with
azithromycin during RSV bronchiolitis modified tbpper airway microbiome, most notably
with a reduction irMoraxella abundance. Loweavioraxella abundance was associated with
lower odds of developing RW over the next 12 montiss observation identifies a potential
role ofMoraxella in the pathogenesis of post-RSV RW, and suggkatsazithromycin may
reduce the risk of development of post-RSV RW tgtoanti-microbial effects on airway
microbiome composition. These findings, which amamarized in Figure S3, provide rationale
for additional studies that will evaluate the rofeghe airway microbiome in the development of
post-RSV RW, and whether microbiome modificatioresyraerve as a strategy for post-RSV

RW prevention.
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Figurelegends:

Figure 1. Bacterial community structurein the AZM and Placebo groups before and after

the study treatment (2a and 2b), and the dynamics of bacterial community structure
changesin the 2 groups over thetreatment period (2c and 2d). In this non-metric
multidimensional scaling (NMDS) plot, each dot eg®nts the microbiome composition of one
sample. Dots that are closer to each other have similar microbiome composition compared
to dots that are farther to each other.

Panel 2a demonstrates no difference microbiome ositipn between AZM and Placebo groups
at randomization. Panel 2b demonstrates clear sgpaibetween the 2 groups at the end of
study treatments. Panels 2c and 2d indicate tleantbrobiota shifted considerably, but in
different trajectories, between randomization aag t4 in both the azithromycin (3a) and the
placebo groups (3b).

Figure 2. Changesin therelative abundance of bacterial genera at the end of study
treatments compared to randomization. After 14 days of treatmenjoraxella (qQvalue=0.03)
significantly decreased in azithromycin groyml osigranulum (qvalue=0.03) and
Corynebacterium (qvalue=0.03) increased significantly in placebougr, and3treptococcus
(qvalue=0.01) decreased significantly in placelkmugr * qvalue<0.05.

Figure S1. Relative abundance of the dominant bacteria (>1%) before and after the study
treatment, asillustrated by heat-map. The colors describe the different abundance df eac
bacterial genus. Each column corresponds to onplsamhile each row represents the bacterial
genus.

Figure S2. Relative abundance of Moraxella in the azithromycin and Placebo groups at the
end of study treatments (day 14). Moraxella abundance is significantly lower in azithromycin
group compared to the placebo group (qvalue=0.009).

Figure S3. A schematic model of the possible meshathrough which azithromycin decreases

the occurrence of post-RSV recurrent wheeze.



Table 1. Basdline characteristics of the APW-RSV study participants

All participants  Azithromycin Placebo
(n=19) (n=20)
Age at enrolIment
(months)® 3.8(2.9) 3.7(37) 3.9(2.0)
Gender (male) 59.0% 47.4% 70.0%
Race:
Caucasian 64.1% 63.2% 65.0%
African American 35.9% 36.8% 35%
Birth weight (kg) ® 3.4(0.5) 3.3(0.6) 3.4(0.4)
LEMIIET aeg ey 38.8 (L4) 38.9 (13) 38.7 (L4)
(wks)
(';"aFema' smoking 7.7% 10.5% 5.0%
uring pregnancy

Histony of breest 28.2% 31.6% 25.0%
feeding
Tobacco smoke 35.9% 42.1% 30%
exposure
Pet exposure 61.5% 63.1% 60.0%
History of eczema 17.9% 21.1% 15.0%
FEEME) SR ) 41.0% 42.1% 40.0%
asthma
Duration of respiratory
symptoms prior to 54(1.4) 5.2(1.3) 55(1.4)
randomization (days) #
Duration of
haspitalization (hours)® 63.4 (53.2) 58.0 (41.4) 68.5 (63.2)
Lowest O2 saturation
o room &ir® 90.8 (4.3) 91.4 (4.9) 90.3 (3.6)

Data are expressed as proportion of children in each group except as noted.
P>0.05 for the baseline characteristics comparisons between the treatment groups.
& Data represents the mean (SD).
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Online supplement

M ethods

Patients and study intervention

A detailed description of the APW-RSV clinical trihas been reported
elsewheré Briefly, this was a randomized, double-maskedcebo-controlled, proof-of-
concept trial involving 40 infants hospitalized WiRSYV bronchiolitis. Eligible infants
were 1-18 months of age, otherwise healthy, angitadzed for the first episode of
bronchiolitis with confirmed RSV infection. Infantsith history of prematurity were
excluded. Participants were randomized to receitheer AZM oral suspension 10 mg/kg
once daily for 7 days, followed by 5 mg/kg oncelyé&r 7 additional days, or an oral
placebo suspension containing methylcellulose dedrg syrup. The study protocol was
approved by the Washington University InstitutioRa&view Board. Participants’ parents

provided written informed consent.

Clinical outcomes assessment

The outcome of RW was assessed monthly over afghaning the initial RSV
bronchiolitis while the participants and investmatremained blinded to study treatment
assignmerit As we have done previousyve defined the occurrence of a wheezing
episode as any time that a parent/guardian answeeetb either *“Has your child had

wheezing with colds?” or “Has your child had wlzésg without colds?”.



DNA Extraction and quality control

Total nucleic acid was extracted from 200 ul nésahge samples using the
bioMerieux NUcliSENS easyMAG automated extractoiakid following standard
protocol. The V1-V3 regions of 16S rRNA gene wagphined, barcoded and sequenced
on the Roche 454 Titanium platform using the protaeveloped by Human
Microbiome Projeét Negative controls including reagent control aratex control were
included in each pool during library preparation aequencing. If a large number of
reads (>500 reads) was presented in any of thaimegantrols, the pool was discarded

and re-sequenced.

DNA Sequencing and sequence data processing

Sequencing data was performed according to staizédrgrotocols developed by
the Human Microbiome Projéct In brief, samples were binned by allowing one
mismatch in the barcodes. Reads were filteredfdbheiaverage quality scores were less
than 35 and/or read length less than 200 base @dimneric sequences were removed
using Chimera-Slayer software. Samples with leas #000 reads were excluded from
the analysis. Reads passing quality control weza ttassified from phylum to genus
level using the Ribosomal Database Project (RDRyeNRayesian Classifier (version
2.5, training set 9). Taxa assigned with less tharconfidence were reassigned to the

next higher taxonomic level in which the classifica threshold was greater than 0.5.

Statistical analysis of microbiome data



Each sample was rarefied to the lowest read camtmg all samples. The
abundance of a taxon in a sample was indicateldeaetative abundance, which was
calculated by dividing the number of reads forxataby the total read counts of the
sample. We apply Nonmetric Multi-Dimensional Scgl{iNMDS) to explore the
microbiome data structure based on dissimilaritasaeement (Bray-Curtis dissimilarity)
between two samples. NMDS is ordination technigiiech aims to discover the data
pattern in N dimensional spaces. For microbioma,daallows the investigator to

identify the subject relationships based on thedsad compositions and abundances.

Permutational Multivariate Analysis of Variance @PANOVA) was used for
formal statistical testing to investigate whethes bacterial community structure differed
between different variablBS"PERMANOVA is a hon-parametric method that tests
whether the community structure is significantlffetient between groups. It uses a
permutation test with pseudoratios to generate the p-valtieBaseline variables such
as age, gender, race and breastfed feeding wduel@cin the model. Metastats analysis
was performed to identify the genera that contgliotthe difference between two
bacterial communitiés Metastats is a statistical method based on Fisbeact test,
which was developed for the Human Microbiome Pidje€he genera were considered
to be significantly different if: (1) g value <@@&nd (2) the mean relative abundance for
a given genus was at least 1% in one group ofwbecompared groups. Additional
confirmatory analysis that comparktbraxella abundance between AZM and Placebo
groups, at the end of study treatments utilizedlysis of covariance (ANCOVA), which

accounted for the baseliivioraxella abundance.



Richness and Shannon diversity were used to desttrdocomplexity of bacterial
community as previously describe®ichness is defined as the number of different
bacteria in a sample. Richness does not acknowlidgexa abundances. Shannon
diversity quantifies both the number of differeacteria and their abundance, and it is a
popular univariate diversity index used in ecolagygl human microbiome studies. Both
richness and diversity measurements are taxon@bei-free. The statistical
significances of diversity indices were tested bycdkon-rank test. A? value of <0.05
was considered statistically significant. All theadyses, described above, were

performed in R (version 2.15.2).

Logistic modeling was used to identify predictofsobsequent 3 or more
wheezing episodes. Preliminary logistic modeling warformed on each individual
clinical variable including gender, race, age, btiding, and each bacterial genera
with mean relative abundance >1%. Each predicttr #<0.2 was allowed to be entered
into the final model. P<0.05 was considered asifsogmt relationship between any
potential predictor and the presence of at leasti3equent wheezing episodes. Logistic

analysis was performed in SAS.

Microbiome sequencing and quality control outcomes

Seventy-eight nasal lavage samples were availableicrobiome analyses.
These nasal lavage samples and additional negaiiteols, which included DNA
extraction and PCR amplification reagent contraisie subjected to 16S rRNA gene
sequencing. In total, 456,457 reads were genergtad.of 78 samples yielded <1000

reads/sample, and were excluded from the analybesefore, the specific analysis that



investigated the change in taxa abundance ovedrghtment period included 35 study
participants. The negative controls contained betw&400 reads/sample, and the
median read depth of our patients’ samples is 62&8s/sample, suggesting that the
background noise from the overall sequencing peas minimal. In addition, these

low counts of reads in the negative controls showoldaffect the results of the analysis,
as we focused on the relatively high abundancenisges as described in the Methods
section. The 16s rRNA gene data are available theSRA database: accession number

PRJINA292612.

Results

Microbial communitiesin nasal lavage samples obtained at randomization are similar

between treatment groups

At randomization, the airway microbiome communityistures did not differ
between the groups. 27 (IQR 23-34) and 24 (IQRQ6génera were detected in the
AZM and placebo groups, respectively, suggestiagjttie nasal lavage samples harbor
complex distributed bacterial populations. Thetreégabundances of the most abundant
bacterial genera are presented in Figure St&ptococcus andMoraxella were the two
most abundant genera in both treatment groups & iB).Sreptococcus constituted
36.5% (IQR: 13.9%-76.6%) vs. 55.7% (IQR: 31.9%4%2) of the whole bacterial
population in AZM vs. placebo groups, respecti@ly 0.5).Moraxella constituted 3.1%
(IQR:0.2-29.6%) vs. 5.0% (IQR: 0.7-20.4%) of theakhbacterial population in AZM
vs. placebo groups, respectively ( p=0.7). Richifes8.3) and Shannon diversity

(p=0.95) did not differ significantly between ttveat treatment groups.



To further investigate bacterial community compositand abundance, we
performed NMDS to illustrate the data structure.sAewn in Figure 1a, no distinct
clusters were formed, at randomization, based enrdatment group. PERMANOVA
testing confirmed no statistically significant differendescomposition and abundance

of bacteria between AZM and placebo groups sangilesndomization (p=0.7).

Changesin nasal lavage microbial communities following the study treatments.

Richness (p=0.4) and Shannon diversity (p=0.8ndiddiffer between the groups
at the end of study treatments. In contrast, tmepasition and abundance of the bacterial
communities changed substantially in both groupsndicated by Figure 1S and the
NMDS plots in Figure 1b. PERMAVOVA testifgonfirmed statistically significant
differences in community structures in both treathggoups at the end of study

treatments compared to baseline (p=0.004, p=0&0thé AZM and placebo groups).

The microbial changes over the treatment periogvedalifferent trajectories in
each treatment group (Figures 1c-d). More spediyicamong all the abundant genera
(>1%) in the placebo group (Figure 2), the relatb@ndances ddolosigranulum and
Corynebacterium significantly increased (qvalue=0.03, 0.03; resipety), while the
relative abundance &reptococcus significantly decreased (qvalue=0.01). In the AZM
group (Figure 2), the relative abundancé/ofraxella significantly decreased
(qvalue=0.03), and only 3 participants had detdetkdvels ofMoraxella at the end of
the AZM treatment. Despite the similarity of ba@ecomposition and abundance at

randomization, at the end of study treatmentsptiegall bacteriatonposition and



abundance measured by PERMANOVA efiffered significantly between the 2 groups

(p=0.001).

TheMoraxella genus was the only bacterial taxon that its abocelavas
statistically different between the groups at thd ef the study treatments. The relative
abundance dfioraxella was significantly lower in the AZM group (media®8%, IQR
0-7.6%) compared to the placebo group (median 91QR,0.1 -33.1%; q value=0.009,
Figure 2S). Additional confirmatory analysis, whiadjustedMoraxella abundance at
day 14 to its abundance measuatédandomization, confirmed the significant diffece

in Moraxella abundance between the groups (p=0.002).

Lower Moraxella abundance at the end of study tr eatments was associated with a

reduced risk of post-RSV RW

Lower Moraxella abundance, measured at the end of study treatmnethts
whole study population, irrespective of treatmesgignment, was significantly
associated with lower odds of experiencing subsagR®&/ (OR=0.86; 95% CI 0.75-
0.99, p=0.03). This analysis, when confined togla&ebo group to minimize potential
confounding other potential AZM beneficial effe@sg., anti-inflammatory effects),
showed the same effect size on the reduction indads of RW, but did not reach
statistical significance levels (OR86; 0.75 - 1.01, p=0.07). We could not reliably
estimate an OR for the AZM group alone, since @participants had measurable levels
of Moraxella at the end of the AZM treatment, and recurrenteireg was an infrequent

event among participants treated with AZM.



In order to investigate potential confounding cf #ssociation between
Moraxella abundance and RW by baseline characteristicudf gtarticipants (listed in
Table 1S), we included these covariates, one dirtieg in a regression analysis and
found that none of these covariates significantigtdbuted to the model (data not

shown).
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Supplement figur e legends:

Figure S1. Relative abundance of the dominant bacteria (>1%) before and after the
study treatment, asillustrated by heat-map. The colors describe the different
abundance of each bacterial genus. Each columaspmnds to one sample, while each
row represents the bacterial genus.

Figure S2. Relative abundance of Moraxella in the azithromycin and Placebo groups
at theend of study treatments (day 14). Moraxella abundance is significantly lower in
azithromycin group compared to the placebo growpl(se=0.009).

Figure S3. A schematic model of the possible mechanism through which

azithromycin decr eases the occurrence of post-RSV recurrent wheeze.
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