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ABSTRACT Today, more than 90% of people with cystic fibrosis (pwCF) are eligible
for the highly effective cystic fibrosis transmembrane conductance regulator (CFTR)
modulator therapy called elexacaftor/tezacaftor/ivacaftor (ETI) and its use is widespread.
Given the drastic respiratory symptom improvement experienced by many post-ETI,
clinical studies are already underway to reduce the number of respiratory therapies,
including antibiotic regimens, that pwCF historically relied on to combat lung disease
progression. Early studies suggest that bacterial burden in the lungs is reduced post-ETlI,
yet it is unknown how chronic Pseudomonas aeruginosa populations are impacted by
ETI. We found that pwCF remain infected throughout their upper and lower respiratory
tract with their same strain of P. aeruginosa post-ETl, and these strains continue to evolve
in response to the newly CFTR-corrected airway. Our work underscores the continued
importance of CF airway microbiology in the new era of highly effective CFTR modulator
therapy.

IMPORTANCE The highly effective cystic fibrosis transmembrane conductance regulator
modulator therapy Elexakaftor/Tezacaftor/Ivacaftor (ETI) has changed cystic fibrosis (CF)
disease for many people with cystic fibrosis. While respiratory symptoms are improved
by ETI, we found that people with CF remain infected with Pseudomonas aeruginosa. How
these persistent and evolving bacterial populations will impact the clinical manifesta-
tions of CF in the coming years remains to be seen, but the role and potentially changing
face of infection in CF should not be discounted in the era of highly effective modulator
therapy.

KEYWORDS cystic fibrosis, Pseudomonas aeruginosa, evolution,
respiratory pathogens, lung infection

pathogenesis,

H ighly effective cystic fibrosis transmembrane conductance regulator (CFTR)
modulator therapy (HEMT), including elexacaftor/tezacaftor/ivacaftor (ETI), is now
approved for more than 90% of adults with the genetic disorder cystic fibrosis. ETI
dramatically reduces upper and lower respiratory symptoms and improves outcomes, yet
it is unclear whether established bacterial infections in the airways of people with CF
(pwCF) on ETI are eradicated (1-4). One challenge of this new era of HEMT is that many
pwCF fail to produce sputum that is needed to monitor airway infections by opportunis-
tic pathogens such as Pseudomonas aeruginosa. A prior study of the CFTR modulator
ivacaftor also showed improvement of respiratory symptoms, but P. aeruginosa was
not eradicated (5). Sputum P. geruginosa density and total bacterial burden decreased
in adults following initiation of ivacaftor, but P. aeruginosa rebounded after 1 year of
treatment and individuals remained infected with their same strain of P. aeruginosa as
determined by multilocus sequence typing (MLST) and pulsed-field gel electrophoresis
(PFGE). Here, we used the latest culture-independent genomic methods to determine
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whether P. geruginosa persists in the respiratory tract of pwCF following initiation of ETI
and how P. aeruginosa evolves to persist in the new CFTR-corrected niche.

We performed 16S rRNA gene amplicon sequencing of sinus, throat, and/or sputum
samples from 19 adults with CF collected before and after initiation of ETI (Table 1)
under protocol CR19100149-006 approved by the Institutional Review Board at the
University of Pittsburgh. Sinus swabs were collected endoscopically and sputum was
spontaneously expectorated. In 16 out of 19 individuals, only sinus and/or throat swabs
were available post-ETI because these individuals were no longer able to spontaneously
expectorate sputum. While total bacterial load was lower in individuals’ post-ETI samples
(Fig. 1A), Pseudomonas spp. remained detectable by 16S amplicon sequencing in 18 out
of 19 individuals (Fig. 1B). We confirmed that this amplicon sequence variant represen-
ted P. aeruginosa by performing amplicon sequencing on the species-specific genes
encoding Pel, Psl, and/or ExoS (Table S1). See Supplemental text for additional methodo-
logical details.

After observing that P. aeruginosa persists in the respiratory tract post-ETI in virtually
the entire cohort, we next sought to determine whether pwCF remain infected post-ETI
by the same clonal lineage(s) of P. aeruginosa that they harbored pre-ETI or whether they
acquired new strains from the environment. P. aeruginosa was cultured from respiratory
samples pre- and post-ETl in seven individuals and subjected to whole population
genomic sequencing. Phylogenomic analyses revealed that six of the seven individuals
remained infected by their same pre-ETI P. aeruginosa genotype (Fig. 1C; Table S2). In
one individual (GES-CF-04), P. aeruginosa populations fell into two separate clades prior
to ETI, but P. aeruginosa from only one of these clades was detected post-ETI. We cannot
rule out that this strain remained present post-ETI at levels below what was detectable
by our population sequencing approach. However, the apparent loss of this strain could
either be due to changing environmental conditions in the airways post-ETI favoring one
strain over the other or random drift leading to loss of one strain during the population
bottleneck. We detected evidence of newly infecting strains post-ETI in two participants.
In GES-CF-24, their pre- and post-ETI samples did not fall into the same clade, indicating
a strain replacement occurred coincident with initiation of ETI. In GES-CF-05, a new P.

TABLE 1 Characteristics of the cohort

mBio

Parameter 16S cohort (n =19) Pre/post-ETI P. aeruginosa metagenome

subset (n =7 of 19)

Non-ETI P. aeruginosa

metagenome cohort (n=7)

Median age on enrollment, years (range) 33.8(21.9-48) 32.2 (26.2-48)
Male, no. (%) 8/19 (42.1) 3/7 (42.9)
CFTR genotype, no. (%)
AF508 homozygous 12/19 (63.2) 5/7 (71.4)
AF508/other 7/19 (36.8) 2/7 (28.6)
Unknown - -
BMI on enrollment (range) 22.3(17-35.9) 22.5(17.1-35.9)
pPPFEV1 on enrollment (range) 56 (21-103) 43 (21-71)
FESS prior to enrollment (range)” 14/19 (73.7) 5/7 (71.4)
Transplant prior to enrollment (range) 1/19 (5.3) 0/7 (0)
No. (%) using modulator upon enrollment
Ivacaftor 1/19 (5.3) 1/7 (14.3)
Orkambi 1/19 (5.3) 1/7 (14.3)
Symdeko 2/19(10.5) 1/7 (14.3)
Days from enrollment to ETI prescription, 608 (1-875) 671 (48-840)
median (range)
Days from ETI prescription to post-ETI sample, 372 (15-566) 342 (15-566)

median (range)
Days from enrollment to last P. aeruginosa -- 1,099 (348-1,245)

metagenome, median (range)

26.4(21.2-49.7)
4/7 (57.1)

1/7 (14.3)

5/7 (71.4)

1/7 (14.3)
21.1(18.7-34.9)
71(30-110)
7/7 (100)

1/7 (14.3)

1/7 (14.3)
0/7 (0)
0/7 (0)

624 (266-798)

9FESS = functional endoscopic sinus surgery.
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FIG 1
(A) Total bacterial load is lower in most participants’ post-ETI samples compared to pre-ETI. *P < 0.05 (mixed effects linear regression). (B) Relative abundance

Clonal populations of P. aeruginosa persist throughout the respiratory tract of adults with CF following initiation of highly effective modulator therapy.

of Pseudomonas spp. is reduced post-ETI, but remains detectable in all but one study participant. *P < 0.05 (mixed effects linear regression). (C) The same
P. aeruginosa clones present pre-ETI persist post-ETI. Core genome phylogeny of metagenome-assembled P. aeruginosa genomes from seven individuals. The
reference strains PAO1 and PA14 are included as representatives of Clade | and Clade Il P. aeruginosa strains, respectively. Colored shading indicates instances
where a single study participant’s P. aeruginosa does not form a monophyletic clade. Dates are the year and month the sample was collected. (D) Richness
and evenness of genetic variants in P. aeruginosa populations is unchanged post-ETI. Top = single nucleotide polymorphism (SNP) richness. Bottom = Pieleou’s

evenness. n.s. = not significant (P > 0.05 by mixed effects linear regression).
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aeruginosa strain was detected post-ETl, along with the pre-ETI strain. Taken together, we
observed that most patients retained their original lineage of P. aeruginosa after initiating
ETI therapy. Given this, we sought to determine whether and how changes to the
mucosal environment post-ETI alter the course of evolution in these persistent P.
aeruginosa populations.

To measure the impact of ETl use on P. aeruginosa evolution, we first asked how the
bottleneck imposed by ETI therapy impacted genetic diversity of persistent P. aeruginosa
populations. We expected that the observed population bottleneck would be associated
with a loss of genetic diversity either due to bottleneck-induced drift or a selective sweep
of one or very few clones from pre-ETI that survived the sudden change in the airway
environment post-ETI. Therefore, we looked for a reduction in counts of single nucleotide
polymorphisms (SNPs) and/or changes to the distribution of variants post-ETI. We were
surprised to find no significant difference in SNP richness (counts of variants) or evenness
(distribution of variants in the populations; Fig. 1D). One interpretation is that despite
a reduction in population size, ETI did not alter the airway environment significantly
enough to alter selection on existing variants. Alternatively, although richness and
evenness were the same post-ETI, the mutations themselves could be different if the
post-ETl environment provides new selective pressures. We examined whether each
post-ETI variant had evolved pre-ETl or whether it was newly evolved post-ETI. Remark-
ably, the P. aeruginosa populations found in all study participants continued to evolve
new variants post-ETl, suggesting novel adaptations to the new selective pressures in the
CFTR-corrected airway environment (Fig. 2A). In a control cohort of pwCF who did not
take ETIl and were colonized by P. aeruginosa, fewer new mutations were detected over
a similar time span. This finding suggests that ETI generates novel selective pressures
beyond expectations of continued evolution by P. aeruginosa in pwCF (Fig. S1).

We also found that the functional categories of genes newly mutated post-ETI
differed from those of the mutations that had evolved pre-ETI in four of the six partici-
pants (Fisher’s exact tests, P < 0.05; Fig. 2B). In all four of these individuals, the proportion
of novel mutations occurring post-ETl in genes involved in secondary metabolite
biosynthesis was significantly changed. This category includes genes required for the
production of siderophores that are used to acquire iron from the environment.
Specifically, genes required for the production of the siderophores pyoverdine and/or
pyochelin were newly mutated post-ETI in three people. This pathway-level trend across
multiple study participants suggests that selection on iron acquisition strategies has
changed in the post-ETl respiratory environment. To determine more specifically
whether ETI imposes a common set of new selective pressures, we examined whether
any genes were undergoing parallel evolution across multiple study participants post-
ETI. Parallel evolution, mutations that independently arise across multiple study partici-
pants, provides strong evidence of selection. We identified three genes that were
exclusively mutated post-ETI in three or more individuals: pvdQ, feoB, and PA2062 (Table
S3; Fig. 2C; permutation tests, P < 0.05). Two of these genes are involved in iron acquisi-
tion from the environment (pvdQ and feoB). PA2062 shares homology with the cysteine
desulfurase, IscS, and is implicated in thiamine metabolism. Parallel evolution of these
genes exclusively post-ETI suggests changes in nutrient availability or competition for
these nutrients (e.g., when microbial population sizes are smaller) in the post-ETl airway
environment.

In conclusion, we found that the total bacterial load and relative abundance of P.
aeruginosa are reduced following the initiation of ETI. However, P. aeruginosa remains
detectable by amplicon sequencing throughout the respiratory tract in most individuals.
Furthermore, our whole population genomic analyses revealed that the same strain of P.
aeruginosa present prior to ETI persists post-ETI, raising the possibility that the sinuses
could serve as an alternative site for monitoring respiratory microbes in the absence of
expectorated sputum. We found that P. aeruginosa undergoes a population bottleneck
coincident with the initiation of ETI, followed by drastic changes to the mutational
spectra of the P. aeruginosa population due to new selective pressures in the post-ETI
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FIG 2 (A) Most post-ETI variants were not previously detected pre-ETI. Red = proportion of post-ETI
variants that were never detected pre-ETI in each study participant. Teal = proportion of post-ETI
variants that were also present in pre-ETI populations. The numbers above each bar are the counts
of unique post-ETI variants, including those in intergenic regions. (B) Functional categories of newly
evolved variants differ from variants that had evolved pre-ETI. Bars show the proportion of post-ETI
variants that are assigned to each functional category (COG) by eggNOG. For each participant, left bar
(pre) =post-ETI variants that were previously detected pre-ETI. Right bar = post-ETI variants that were
newly evolved post-ETI (new). The numbers above each bar are the counts of unique post-ETI variants
within coding regions of genes that were either present pre-ETI or newly evolved post-ETI. Bolded labels
with asterisks on the COG category labels indicate categories that significantly differed within at least one
study participant (Fisher’s exact test, P < 0.05). Bolded labels with asterisks on participant labels indicate
individuals whose COG categories were significantly different (Fisher’s exact test, P < 0.05). (C) Lollipop
diagram of genes that were mutated post-ETl, but not pre-ETI, in three or more study participants. Colors

of variants indicate the study participant in which each mutation was detected.
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airway environment. This bottleneck is likely explained by changes in the CF respiratory
environment caused by corrected CFTR function, which we have recently reported (6);
anecdotally, some individuals with advanced CF lung disease experienced severe cough
and copious sputum production in the first few days post-ETI (7). The widespread use
and success of HEMT in CF has sparked an interest in changes to CF disease management
toward reducing the medication burden in people taking ETI (8). Our study reveals that
pwCF on ETI remain infected with P. aeruginosa that continues to evolve post-ETI, and
that new P. aeruginosa strains can also infect post-ETI. How these persistent and evolving
bacterial populations will impact the clinical manifestations of CF in the coming years
remains to seen, but the role and potentially changing face of infection in CF should not
be discounted in the era of HEMT. More work is needed to determine how these
populations continue to change post-ETl, including whether population sizes increase
after the initial bottleneck, and how best to balance the treatment burden in the face of
respiratory symptom improvement with the ongoing need for infection monitoring and
control.
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