
ARTICLE IN PRESS 

JID: JCF [m5G; November 22, 2021;15:55 ] 

Journal of Cystic Fibrosis xxx (xxxx) xxx 

Contents lists available at ScienceDirect 

Journal of Cystic Fibrosis 

journal homepage: www.elsevier.com/locate/jcf 

A restructuring of microbiome niche space is associated with 

Elexacaftor-Tezacaftor-Ivacaftor therapy in the cystic fibrosis lung 

✩ 

Lo M. Sosinski a , Christian Martin H 

a , Kerri A. Neugebauer a , Lydia-Ann J. Ghuneim 

a , 
Douglas V. Guzior a , b , Alicia Castillo-Bahena 

c , Jenna Mielke 

d , Ryan Thomas e , 
Marc McClelland 

c , Doug Conrad 

d , Robert A. Quinn 

a , ∗

a Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI, USA 
b Department of Microbiology and Molecular Genetics, Michigan State University, East Lansing, MI, USA 
c Spectrum Health, Grand Rapids, MI, USA 
d Department of Medicine, University of California San Diego, La Jolla, CA 
e Department of Pediatrics and Human Development, Michigan State University, East Lansing, MI, USA 

a r t i c l e i n f o 

Article history: 

Received 26 July 2021 

Revised 21 October 2021 

Accepted 5 November 2021 

Available online xxx 

Keywords: 

Cystic Fibrosis 

Sputum 

Microbiome 

Metabolome 

Trikafta 

a b s t r a c t 

Background: Elexacaftor-Tezacaftor-Ivacaftor (ETI) therapy is showing promising efficacy for treatment of 

cystic fibrosis (CF) and is becoming more widely available since recent FDA approval. However, little is 

known about how these drugs will affect lung infections, which are the leading cause of morbidity and 

mortality among people with CF (pwCF). 

Methods: We analyzed sputum microbiome and metabolome data from pwCF (n = 24) before and after 

ETI therapy using 16S rRNA gene sequencing and untargeted metabolomics. 

Results: The sputum microbiome diversity, particularly its evenness, was increased (p = 0.036) and the 

microbiome profiles were different between individuals before and after therapy (PERMANOVA F = 1.92, 

p = 0.044). Despite these changes, the microbiomes remained more similar within an individual than 

across the sampled population. No specific microbial taxa differed in relative abundance before and 

after therapy, but the collective log-ratio of classic CF pathogens to anaerobes significantly decreased 

(p = 0.013). The sputum metabolome also showed changes associated with ETI (PERMANOVA F = 4.22, 

p = 0.002) and was characterized by greater variation across subjects while on treatment. Changes in 

the metabolome were driven by a decrease in peptides, amino acids, and metabolites from the kynure- 

nine pathway, which were associated with a decrease in CF pathogens. Metabolism of the three small 

molecules that make up ETI was extensive, including previously uncharacterized structural modifications. 

Conclusions: ETI therapy is associated with a changing microbiome and metabolome in airway mucus. 

This effect was stronger on sputum biochemistry, which may reflect changing niche space for microbial 

residency in lung mucus as the drug’s effects take hold. 

Funding: This project was funded by a National Institute of Allergy and Infectious Disease Grant 

R01AI145925 
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. Introduction 

Cystic fibrosis (CF) is an autosomal recessive disorder caused by 

utations in the cystic fibrosis transmembrane conductance reg- 

lator (CFTR) gene. CFTR is a cAMP-regulated ion channel used 
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or the transport of anions across epithelial cells [1] . Mutations 

n this gene result in a thickening of mucosal secretions, primar- 

ly in the respiratory and gastrointestinal systems [1] . Common 

linical manifestations of this disease include, but are not limited 

o, chronic polymicrobial sino-pulmonary infections, male infertil- 

ty, decreased lung function, and pancreatic insufficiency [1] . Pan- 

reatic sufficiency is closely linked to the specific mutation class, 

ut other aspects of CF pathology have unclear links to genotype 

 2 , 3 ]. Those with severe disease, especially the F508del mutation, 

re plagued by chronic lung infection throughout their lifetime [4] . 
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Table 1 

Clinical, microbiological and sampling data on pwCF in this study prior to and af- 

ter ETI therapy. Numbers are reported means. NA = not applicable, + /- = Standard 

Deviation of the mean. 

Prior to ETI Post ETI Delta 

Number of subjects 24 24 NA 

% Male NA 0.54 NA 

Average age (from range) 32.50 33.00 0.50 

FEV1%-predicted 50.21 ( + /-17.8) 65.86 ( + /-18.73) 15.65 

FVC 71.83 ( + /-20.0) 81.95 ( + /-18.36) 10.12 

BMI 22.14 ( + /-3.44) 23.63 ( + /-3.31) 1.49 

Height (cm) 166.58 166.39 -0.19 

# Days on ETI NA 149.71 ( + /-81.17) NA 

# Days between samples NA 201.79 ( + /-107.97) NA 

% Pseudomonas by culture 70.00 84.00 14.00 

Exacerbations per year 2.63 2.45 -0.17 

% Pancreatic sufficient NA 0.04 NA 
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The lung microbiome of people with CF (pwCF) has been 

ell characterized and includes bacteria, viruses, and fungi [5–7] . 

tudies of sputum expectorated from the airways have demon- 

trated that the CF lung microbiome diversity decreases as the dis- 

ase progresses over time, becoming dominated by opportunistic 

athogens, such as Pseudomonas aeruginosa [ 4 , 8 ]. Thickened mu- 

us within the lungs allows for these pathogens to form a biofilm 

nd thrive [9] . The chemical composition of this matrix has been 

hown to mainly include DNA, amino acids, peptides, antibiotics, 

nflammatory lipids, and a myriad of small molecules from host, 

icrobial, and xenobiotic sources [10–14] . 

In November 2019, a new triple therapy, comprised of three 

ompounds Elexacaftor-Tezacaftor-Ivacaftor (ETI, Trikafta®), was 

pproved by the United States Food and Drug Administration 

FDA) for the treatment of CF [ 15 , 16 ]. People with at least

ne copy of the F508del mutation, the most common across 

F patients, are eligible to take ETI. Studies from clinical tri- 

ls and data available since approval have shown that the treat- 

ent is providing remarkable improvements in lung function and 

ther disease symptoms [ 17 , 18 ]. However, little is known about 

ow this new therapy will affect the CF lung microbiome and 

etabolome. 

In this study, paired sputum samples from pwCF (n = 24) were 

ollected before and after therapy (within one year of FDA ap- 

roval) and analyzed using an integrated multi-omics approach 

ncluding 16S rRNA amplicon sequencing and LC-MS/MS untar- 

eted metabolomics. We hypothesized that the sputum micro- 

iome and metabolome profiles would be altered before and af- 

er taking ETI. We measured alpha-diversity (the number and rel- 

tive abundances of features in the samples), and beta-diversity 

the relative similarity of overall profiles between samples) and 

ound that the microbiome and metabolome were significantly dif- 

erent after ETI. These changes indicated a shift in the niche space 

f airway mucus and its microbial occupancy associated with ETI 

herapy. 

. Methods 

.1. Further detail available in supplemental methods 

.1.1. Sample Collection 

Sputum samples were collected during routine clinical visits 

rom adult pwCF ( > 18 years) at two separate CF clinics (patient de- 

ails table S1). Inclusion criteria for the study included adult sub- 

ects that could produce sputum and had an initial sample col- 

ected within one year of ETI administration and a paired spu- 

um sample within one year after. Samples were obtained from the 

ost recent clinical visit prior to ETI administration and the most 

ecent visit after ETI administration if sputum production was pos- 

ible. Thus, subjects had different intervals between paired sam- 

les (mean 202 days + /- 108, Table 1 , S1). Ethical approval for the

ollections at the University of California San Diego adult CF clinic 

as obtained from the UCSD Human Research Protections Program 

nstitutional Review Board under protocol #160078. Institutional 

eview board approval was also provided for the collections at the 

pectrum Health adult CF clinic in Grand Rapids, MI by the Spec- 

rum Health Human Research Protection Program Office of the In- 

titutional Review Board under IRB #2018-438. 

To serve as a control group for comparison of changes re- 

ated to ETI therapy we mined publicly available microbiome and 

etabolome data from a previous study with a similar time of col- 

eciton between paired samples but prior to ETI approval (mean 

57 days + /- 119, mean FEV1%-predicted = 67.77%, n = 10 pwCF, Ta- 

le S1) [13] . These samples were collected under the same UCSD 

RB protocol with the same procedures. 
2 
.1.2. DNA Extraction, qPCR and 16S rRNA single amplicon sequencing 

A Qiagen® PowerSoil® DNA extraction kit was used to extract 

NA from the sputum samples following standard protocol. PCR 

mplification was then performed using 27F and 1492R primers 

argeting the bacterial 16S rRNA gene to test for DNA amplification 

uality. If amplifiable, bacterial 16S rRNA V4 amplicon sequenc- 

ng was performed with primers 515f/806r on an Illumina® MiS- 

q® at the Michigan State University Sequencing Core. The raw 

equences were processed using QIITA (qiita.ucsd.edu [19] ), which 

s driven by QIIME2 algorithms [20] , and quality filtered to gener- 

te amplicon sequence variants (ASVs) through the Deblur method 

21] . ASVs in the microbiome data were classified as ‘classic CF 

athogens’ or ‘anaerobes’ based on the methods of Raghuvanshi 

t al. (2020) and Carmody et al. (2018) [ 22 , 23 ]. The specific ASVs

nd their classifications are available in table S2. Quantitative PCR 

qPCR) was performed using universal 16S primers [43] and Ap- 

lied Biosystems SYBR Green PCR Master Mix with three technical 

eplicates for each sample. The microbiome data is publicly avail- 

ble at the Qiita repository under study #13507. Microbiome data 

or the follow up control cohort was generated with the same ex- 

raction methods as described in [13] . 

.1.3. Metabolomics 

Organic metabolite extraction was performed by adding twice 

he sample volume of chilled 100% methanol, vortexing briefly, 

nd incubating at room temperature for 2 hours. Samples were 

hen centrifuged at 10,0 0 0 x g for 10 minutes and the supernatant 

as collected. Methanolic extracts were analyzed on a Thermo 

-Exactive® Hybrid Quadrupole-Orbitrap mass spectrometer cou- 

led to a Vanquish® ultra-high-performance liquid chromatogra- 

hy system. All raw files were converted to .mzXML format and 

hen processed with MZmine 2.53 software [24] , GNPS molecu- 

ar networking [25] and SIRIUS [26] . MZmine 2 parameters are 

vailable in the supplementary information (Table S3). The net- 

ork job is available at https://gnps.ucsd.edu/ProteoSAFe/status. 

sp?task=c700397169ff447490f764c34abb5abd and the mass spec- 

rometry data were deposited on public repository massive.ucsd. 

du under MassIVE ID MSV0 0 0 087364 . Metabolomics data for the 

ollow up cohort was generated with the same extraction methods 

s described above and further detail is provided in [13] . 

.2. Statistical Analysis 

Statistical approaches for both the microbiome and metabolome 

ata were similar, due to the inherent structural similarity of the 

ultivariate data sets. Normality of the different quantitative mea- 

ures was first tested using a Shapiro-Wilk (SW) test in order to 

etermine the appropriate statistical methods. If the data were 

ormally distributed, a paired dependent means t-test (DM t-test) 

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=c700397169ff447490f764c34abb5abd
http://massive.ucsd.edu/
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=9dbb1f5ea5c4439e8734776e4cefecf7
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as used, if not, a Wilcoxon signed-rank test (WSRT) was used. 

lpha-diversity was calculated for both datasets using the Shannon 

ndex. Beta-diversity measures were calculated using the weighted 

niFrac distance for the microbiome and Bray-Curtis distance for 

he metabolome. Beta-diversity was visualized for both datasets 

sing principal coordinates analysis (PCoA) and the EMPeror soft- 

are [27] . Beta-diversity clustering significance pre- and post-ETI 

ere tested using a Permutational Multivariate Analysis of Vari- 

nce (PERMANOVA) method with 999 permutations. Cross popula- 

ion beta-diversity comparisons were done between pwCF before 

nd after ETI therapy, across the whole dataset, and within indi- 

iduals pre- and post-therapy. 

To identify metabolite and microbial drivers of the difference 

re- and post-therapy, a random forest (RF) machine learning ap- 

roach was used via the randomForest package in R [28] . The top 

0 variables of importance were further explored. As all individ- 

al metabolite and microbiome abundance data were not consid- 

red normally distributed, statistical significance for individual mi- 

robial and metabolite changes before and after ETI therapy were 

alculated using the WRST. The p-values were adjusted for multi- 

le comparisons using the Benjamini-Hochberg method. 

Microbe and metabolite association vectors were calculated us- 

ng mmvec [29] . Detail of the mmvec parameters and analysis are 

vailable in the online supplement. 

. Results 

.1. Patient Clinical Changes after ETI Therapy 

Sputum was collected from twenty-four pwCF during routine 

linical visits most recently before ETI therapy and most recently 

fter ( Table 1 , Table S1). Subjects had varied time periods before 

nd after treatment (mean 202 days + /-108 days between sam- 

les, mean 150 days + /-81 days since ETI prescription, Table 1 ). 

he FEV1%-predicted across the cohort significantly increased af- 

er ETI therapy (mean change = + 15.6%, + /-11.8%, DM t-test p < 

.0 0 01), as did the FVC measure (mean change = + 10.1 ml, + /-

0.64 ml; DM t-test p < 0.0 0 01) and BMI (Mean Change = + 1.49,

 /- 1.53; DM t-test p < 0.0 0 01, Table 1 ). The control cohort of suc-

essive paired samples from previously published data [13] (n = 10 

wCF, 24 paired samples, mean 157 days between samples + /- 119) 

id not show significant changes in lung function between sam- 

les (mean change = 1.19% + /-3.43, Table S1). Antibiotic admin- 

stration before and after ETI was not significantly different (Chi- 

quared test: inhaled antibiotics p = 0.10, Oral and/or IV antibiotics 

 = 0.0857, any antibiotic p = 0.549), as many of the subjects con- 

inued their routine antibiotic regimen during ETI therapy. From 

vailable paired sample microbial culture data (n = 16) 14 subjects 

hat cultured Pseudomonas aeruginosa prior to ETI therapy cultured 

t in the sample collected after, while two subjects cultured this 

acterium only when on ETI (Table S4). Other notable changes in- 

lude the loss of Aspergillus sp. positive cultures in 4 of 6 subjects 

Table S4). 

.2. Microbiome and Metabolome Diversity Changes after ETI Therapy 

Diversity measures in this study included alpha-diversity, rep- 

esenting the number and relative abundances of features in the 

amples, and beta-diversity, the relative similarity of overall pro- 

les between samples. Measures of microbiome alpha-diversity, 

oth the Shannon index and Peilou evenness, showed a signifi- 

ant increase after ETI therapy (Shannon SW normality p = 0.238, 

SRT p = 0.038; Peilou evenness SW normality p = 0.074, WSRT 

 = 0.036). The number of amplified sequence variants also in- 

reased, but did not reach statistical significance (ASVs SW normal- 

ty p = 0.0043, DM t-test p = 0.12, Fig. 1 a). The microbiome alpha-
3 
iversity of our control cohort did not show a significant differ- 

nce in similarly paired sputum samples prior to ETI approval (Fig. 

1). The metabolome did not show a significant change in Shan- 

on index (SW p = 0.0017, DM t-test, p = 0.45, Fig. 1 b) or evenness

Pielou evenness SW p = 0.13, WRST p = 0.30), but the number of 

olecular features in the metabolome did decrease significantly 

fter ETI therapy (SW p = 0.0027 DM t-test p = 0.010). We also ex-

lored changes in microbiome alpha-diversity with other clinical 

arameters and drugs detected in the metabolome data to deter- 

ine if these were significant confounders. The amount of antibi- 

tics present in the metabolome data did not correlate with alpha- 

iversity measures and was not significantly different before or af- 

er ETI therapy (Fig. S2). The change in FEV1%-predicted also did 

ot correlate with a changing microbiome diversity (Fig. S3). Col- 

ectively, this alpha-diversity analysis demonstrates that new mi- 

robial ASVs were not being introduced into the sputum micro- 

iome after ETI therapy (ie. no change in richness), but rather the 

ommunity became more even with previously present taxa. In the 

etabolome, only a decrease in the number of total molecules de- 

ected was observed (ie. loss of richness). 

PCoA plots were used to visualize beta-diversity of the two data 

ypes and PERMANOVA tests were used to determine if cluster- 

ng based on ETI therapy was statistically significant ( Fig. 1 c, d). 

he overall microbiome profiles of the sputum samples changed 

fter ETI therapy (PERMANOVA p = 0.044). The metabolome pro- 

le also changed after treatment (p = 0.002), with a stronger met- 

ic of difference in the metabolome compared to the microbiome 

F-value = 1.92 microbiome, F-value = 3.12 metabolome, Fig. 1 c, d). 

here was statistically significant movement along the first prin- 

ipal coordinate axis after ETI therapy for both the microbiome 

SW test p = 0.02, DM t-test p = 0.0027) and the metabolome (SW 

 = 0.0 011, DM t-test p = 0.0 0 071). This indicates that the overall

hanges in the two data types occurred similarly, despite subjects 

aving different initial profiles. To determine how variable the mi- 

robiome and metabolome profiles were overall, beta-diversity dif- 

erences were compared before, between, and after ETI therapy 

cross subjects and within subjects (SW normality beta-diversity 

icrobiome p = 1.4 × 10 −15 , metabolome p = 2.2 × 10 −16 ). The low-

st microbiome variation was found within subjects before and 

fter therapy, indicating that although the microbiome profiles 

hange significantly ( Fig. 1 e), individuals were still more simi- 

ar to themselves before and after therapy than across the co- 

ort. The metabolome beta-diversity comparisons showed differ- 

nt trends than the microbiome. The largest beta-diversity varia- 

ion in metabolite profiles was seen across patients in samples col- 

ected during therapy, signifying that the chemical makeup of spu- 

um becomes far more varied across people once administered ETI 

 Fig. 1 f). In contrast, the metabolomes were the most similar across 

ubjects prior to ETI therapy, indicating that sputum metabolite 

rofiles were relatively similar prior to ETI administration, but var- 

ed greatly across individuals after treatment. 

.3. Microbial Changes After ETI Therapy 

A random forest machine learning classification was used to de- 

ermine how well the microbiome data reflected the pre- or post- 

reatment groups and to rank the ASVs by their contribution to 

hat classification. Overall, the random forest model poorly classi- 

ed the microbiome data with an error rate of 44.7%. Veillonella 

arvula and Staphylococcus sp. were strong classifiers (Table S5), 

owever, none of the ranked ASVs were significantly different be- 

ween pre- and post-treatment samples after correction for false- 

iscovery (Benjamini-Hochberg corrected, WSRT p > 0.05). Similarly, 

t the family level, there was no significant difference before and 

fter therapy following false discovery rate correction ( Fig. 2 a). 

he ASV representing Pseudomonas showed dynamic changes in 
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Fig. 1. Alpha and Beta-diversity of lung microbiomes before and after ETI. Alpha-diversity measures of a) microbiome data and b) metabolome data before (N_ETI) and after 

ETI therapy. P-values shown are from either the DM t-test or WSRT after testing for normality. Principal coordinate analysis plots of beta-diversity data for c) microbiome 

data with significance calculated utilizing the weighted UniFrac distance and d) metabolome data with significance calculated utilizing the Bray-Curtis distance. PERMANOVA 

statistics and the percent of variance explained by each axis are shown. Boxplots of positions on the first principal coordinate are shown tested for significance with the DM 

t-test. Beta-diversity cross comparisons within the e) microbiome and f) metabolome data. Cross comparisons were done across subjects before and after ETI therapy, across 

the entire dataset, and within a subject’s paired samples (within). Statistical significance was first tested with an ANOVA followed by an ad-hoc Tukey’s test. Shared letters 

denote distributions that are significantly different from each other. 
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Fig. 2. Microbiome changes throughout ETI therapy. a) Taxonomic dynamics at the family level of ASVs in each subject before (N) and after (T) ETI therapy. b) The rRNA 

copies/mL of sputum, log-ratio of pathogen:anaerobes and ASV dynamics before and after ETI therapy. 
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ome individuals, but it was not significantly different in the over- 

ll paired data ( Fig. 2 b). We therefore summed the abundance 

f all ‘CF pathogens’ and ‘anaerobes’ (as described by Raghuvan- 

hi et al. (2020) [22] , Table S2) and compared the log-ratio of 

athogens/anaerobes. This ratio significantly decreased following 

TI therapy (SW p = 0.233, WSRT p = 0.013, Fig. 2 ). 

A qPCR assay using universal primers for the bacterial 16S 

RNA gene [43] was used to calculate the total number of rRNA 

opies/mL of sputum pre- and post-therapy. The mean prior to 

herapy was 1.17 × 10 9 copies/mL and after therapy was 7.62 × 10 8 

opies/mL. This difference was not statistically significant but did 

how a decreasing trend (SW p = 0.0027, DM t-test p = 0.061, 

ig. 2 ). 

.4. Metabolite Changes After ETI Therapy 

Grouping known metabolites into molecular families showed 

hat the strongest metabolomic signature due to ETI therapy was 

 decrease in peptides and amino acids. Comparatively, phos- 

hocholine and phosphoethanolamine molecular families did not 

hange with ETI ( Fig. 3 a). A random forest machine learning classi- 

cation was used to assess how well the complete metabolomic 

ata reflected changes after ETI therapy. The out-of-bag error 

ate of the classification was 22.92% indicating that there was a 

etabolomic signal for ETI therapy, but not all samples were cor- 

ectly classified as pre- or post-treatment, likely due to person- 

lization. Of the 50 most important classifiers (Table S6), 13 had 

atches in the GNPS database, and of those, 10 were amino acids 

r peptides. These were primarily dipeptides, including Phe-Glu, 

le-Leu, Glu-Val, and Ser-Phe, as well as the amino acid tryptophan; 

ll of which significantly decreased after ETI therapy ( Fig 1 b). 

olecular network analysis ( Fig. 3 c) showed a diverse set of pep- 

ides that were more abundant prior to ETI. Comparatively, tryp- 

ophan and total peptides in our control cohort did not show a 
5 
ignificant difference in paired samples across a similar timeframe 

rior to ETI approval (Fig. S1), implicating ETI in the changes ob- 

erved here. Metabolites from the kynurenine pathway (which in- 

ludes tryptophan) were also identified as strong classifiers in the 

odel. Kynurenine, formylkynurenine, and indole abundances sig- 

ificantly decreased after ETI therapy ( Fig. 3 b). The P. aeruginosa 

iderophore pyochelin was detected in 10 of the 24 patients, and 

ithin those individuals, it also decreased ( Fig. 3 b). Though com- 

only detected in CF sputum with the metabolomics methods 

sed here, other P. aeruginosa specialized metabolites were not de- 

ected in this study, except for one quinolone (NHQ) that was de- 

ected in 6 samples. 

.5. ETI Metabolism in CF Mucus 

Ivacaftor, Elexacaftor, and Tezacaftor were all identified in the 

putum metabolome by MS/MS analysis with similar fragmen- 

ation behavior to that described by Reyes-Ortega et al. (2020) 

30] . This included the known and unknown metabolized prod- 

cts of the parent drugs with related MS/MS spectra ( Fig. 4 ). Iva-

aftor had extensive metabolism revealed by molecular network- 

ng with the parent drug having six related nodes with unique re- 

ention times. Two of these are the known M1 and M6 metabo- 

ites, representing hydroxymethyl ivacaftor and ivacaftor carboxy- 

ate, respectively (level 2 matches according to [31] ). Other mod- 

fications of the compounds were also seen, including a hydrox- 

lated quinolone ring ( m/z 425.2067, C 24 H 29 N 2 O 5 + H 

+ ) and fur-

her hydroxylations and carboxylations on two trimethyl groups, 

ut the exact the location of these modifications cannot be dis- 

erned (level 3 annotation [31] , Fig. S4). Tezacaftor metabolism was 

lso identified including a known dehydrogenation (metabolite M1, 

/z 519.1400, C 26 H 26 F 3 N 2 O 6 + H 

+ ), a known glucuronate (metabo-

ite M3, Fig. 4 a) and a phosphorylated metabolite ( m/z 599.1401, 

 H F N O P + H 

+ ). Elexacaftor exhibited only one metabolic
26 27 3 2 9 
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Fig. 3. Molecular families and metabolite changes before and after ETI therapy. etabolite network of peptides and other metabolite changes. a) Molecular family metabolite 

abundance changes pre- and post-therapy. b) Individual metabolite changes pre- and post-therapy. c) Molecular network of peptides identified by GNPS library searching. 

Each node represents a unique MS/MS spectrum (putative metabolite), connections between the nodes are determined and width-scaled by the cosine score from MS/MS 

alignment. Pie charts are the total feature abundance colored according to the legend. 

Fig. 4. ETI metabolism detected in sputum metabolomic data. a) Three separate molecular networks are shown for Ivacaftor, Tezacaftor, or Elexacaftor and their related 

metabolic products as identified by MS/MS spectral alignments. Each node in a network represents a unique MS/MS spectrum and connections between the nodes indicate 

spectral similarity as identified by the cosine score. The width of the edges are scaled to the cosine score and the pie chart inside nodes represent the sum of the area- 

under-curve abundance of that molecule in either pre- (red) or post-treatment (blue) sputum samples. The nodes are highlighted by whether they represent parent drug, 

known metabolized product, or putative unknown metabolized product. Putative structures of the metabolites are shown with their molecular formulas, retention times, 

and exact masses. Note that the stereochemistry of some of the metabolized products cannot be discerned with this level of MS/MS annotation. ISF = in source fragment. b) 

Boxplots of the area-under-curve abundance of the three parent drugs in pre- and post-ETI samples. 

6 
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Fig. 5. Mmvec analysis of sputum microbiomes and metabolomes from pwCF. a) Biplot of the metabolite and microbe vector associations. Each diamond represents a 

metabolite (only metabolites annotated within the GNPS library are shown) and they are colored by their molecular family. The vectors are the top 15 ASVs associated with 

the metabolomic dynamics and they are colored by whether or not they are considered clinical pathogens or anaerobes. b) Conditional probability distributions for the mean 

of all peptides identified in the dataset and their association with either anaerobes (red) or pathogens (purple, p-value from DM T-test). c) Rank abundance of the conditional 

probabilities of kynurenine with different anaerobes (red) and pathogens (purple) ASVs. 
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ransformation – the loss of a methyl group, but its location could 

ot be determined by MS/MS analysis (level 4 match, Fig. 4 ). Newly 

nnotated metabolites are only putative and require further analyt- 

cal analysis to validate proposed structures. 

Similar to the ability to detect antibiotics directly in the spu- 

um metabolome, Ivacaftor and Tezacaftor were also detected both 

rior to and after ETI administration. These two compounds were 

eleased as therapies in prior formulations of CFTR modulators, 

ikely explaining their presence. In light of this detection, we in- 

estigated whether or not the presence of previously approved 

orrectors/potentiators in sputum prior to administration of ETI 

ay have buffered the microbiome dynamics observed. Ivacaftor (a 

omponent of Kalydeco®, Orkambi®, and Symdeko®) was found in 

1 of the 24 patients prior to ETI therapy. There was no significant 

ifference in the alpha or beta-diversity changes between subjects 

hat had Ivacaftor in their sputum prior to ETI and those that did 

ot (p > 0.05, Fig. S5). Thus, prior CFTR corrector/potentiator ther- 

py did not contribute significantly to the overall changes seen 

ith ETI, allowing these changes to be more definitively attributed 

o the triple therapy. Elexacaftor, the next-generation corrector 

nique to ETI, was present in sputum after its prescription as ex- 

ected. However, one subject unexpectedly had Elexacaftor present 

n their lung sputum prior to knowledge of clinical administration 

f ETI. 

.6. Microbiome/Metabolite Associations Through ETI Therapy 

We employed the novel neural network algorithm mmvec 

29] to integrate the microbiome and metabolome data and pro- 

ide a picture of collective changes with ETI. Mmvec calculates 

onditional probabilities of the association between all ASVs in 

he microbiome data with all metabolite features. The overall neu- 

al network showed a strong association between a changing mi- 

robiome and metabolome (Fig. S6). The biplot of the mmvec al- 

orithm enabled visualization of the microbiome vectors associ- 

ted with the metabolomic changes. There was a clear separation 

n vector directionality between pathogen and anaerobe associa- 

ions with the metabolome in the mmvec biplot. This indicates that 

he metabolite changes associated with classic pathogens are not 

he same metabolites associated with changing anaerobes. Drivers 

f the metabolite changes associated with classic pathogens were 

ostly peptides ( Fig. 5 a); those same peptides shown to be de- 

reasing after ETI therapy. Plotting the conditional probabilities of 

ach peptide with the mean of all pathogens and all anaerobes 
7 
n the dataset showed that the peptides were significantly associ- 

ted with classic pathogens (WSRT p < 0.001) ( Fig. 5 b). Kynurenine, 

nother metabolite found to decrease with ETI therapy, was also 

trongly associated with pathogens. This analysis indicates the de- 

rease of peptides and kynurenine in sputum samples associated 

ith ETI corresponds to a decrease in the relative abundance of 

lassic pathogens ( Fig. 5 c). 

. Discussion 

This study assessed the multi-omic changes in sputum from 

wCF after administration of the novel CF triple therapy ETI. ETI 

as led to significant improvement in lung function and symptom 

easures of pwCF in clinical trials (and this study) with great po- 

ential to improve the lives of these individuals [ 15 , 16 ]. Promising

s the treatment is, it is mostly unknown how the therapy will af- 

ect lung infections and the chemistry of sputum as CFTR function 

mproves. This is of paramount importance, because if the micro- 

ial infections in the lungs of pwCF do not clear and/or change fa- 

orably, then the full benefits of the therapy may not be realized. 

reliminary studies of other CFTR modulators, specifically Ivacaftor, 

hich has received the most attention due to having the earli- 

st FDA approval, have shown some changes in microbial diver- 

ity measures with treatment [32] , specifically in the gut [ 33 , 34 ].

owever, most studies find little change in the airway microbiome 

34–37] . The addition of CFTR correctors, such as Lumacaftor, has 

hown an increase in microbial diversity in the CF airways [38] , 

ut other studies show less marked responses [39] . To our knowl- 

dge, this is the first study to report microbiome and metabolome 

hanges resulting from ETI (which includes the new corrector Elex- 

caftor). Effects of the treatment were seen in both the micro- 

iome and the metabolome. By beta-diversity measures, the effect 

as stronger in the metabolome, demonstrating that a change in 

he biochemical environment of CF mucus was associated with ETI 

herapy. Correspondingly, and similar to other studies [18] , patients 

n our cohort showed improvements in clinical parameters, such as 

ung function and body mass index. 

Microbial alpha-diversity increased after therapy, indicating that 

he microbiome in the lungs of pwCF became more complex. This 

ncrease was driven by a higher microbial evenness, a metric that 

ontributes to the Shannon diversity, though the number of indi- 

idual microbial sequences detected did not change. Therefore, the 

ung microbiome of pwCF was not necessarily gaining new or los- 

ng old members during therapy, but those present became more 
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imilar in their relative abundances. This was reflected in clinical 

ulture data, where the major pathogens were mostly cultured be- 

ore and after ETI. A similar change in alpha-diversity did not oc- 

ur in our control cohort, supporting the notion that ETI is respon- 

ible for the changes observed. The overall profiles of the micro- 

iome (beta-diversity) were changed significantly after ETI therapy 

nd did so in a similar way across the study population, as shown 

y the homogeneous directional movement across the first prin- 

ipal coordinate axis. Despite these overall changes, no single or- 

anism was significantly altered from ETI therapy after multiple- 

omparisons correction. This is likely due to the widely known per- 

onalization in the CF microbiome, the phenomenon where indi- 

idual pwCF have unique microbiome signatures which show some 

onsistency over time for that individual [ 8 , 40 ]. Because individu- 

ls have very different microbial profiles, the start and endpoints 

rom any pharmaceutical treatment may not be universal across 

ubjects. This personalization was again observed here, as subjects 

ere still more similar to themselves after ETI therapy than to 

ther subjects. A larger sample size may have reached statistical 

ignificance for microbial taxa of interest because the trends for 

athogens, such as P. aeruginosa and Staphylococcus , were showing 

eductions in relative abundance, while anaerobes were showing 

n increase. Accordingly, a collective comparison of the log-ratio 

f pathogen:anaerobe abundances did reach statistical significance. 

his ASV binning approach normalizes some of the personalized 

ignatures, as not all subjects have the same bacteria, but when 

rouped in this clinically relevant manner, there is an overall re- 

uction of classic pathogens relative to anaerobes. There was also a 

rend in the decreased bacterial load after ETI therapy, supporting 

hat the increase in diversity seen from microbiome measures may 

e associated with a decrease in total bacteria in sputum, though 

his did not reach statistical significance. In summary, ETI therapy 

as associated with an altered lung microbiome, exemplified by 

n increased microbial evenness driven by a reduction in the rela- 

ive abundance of pathogens in place of an increase in the relative 

bundance of anaerobes. This increase in anaerobes may be rele- 

ant for treating lung infections in the new era of highly effective 

FTR modulators. The role of anaerobes in the CF lung is rather 

nclear however, as they are associated with better lung function 

41] , but also pulmonary exacerbations [ 22 , 23 , 42 ]. From a clinical

tandpoint, future studies need to examine if altering antimicrobial 

herapies for pulmonary exacerbations are needed as ETI and other 

ighly effective modulators begin to reshape the lung microbiome. 

The metabolome showed stronger beta-diversity changes than 

he microbiome. The sputum metabolomes were relatively simi- 

ar prior to therapy, but when on drug, they became highly di- 

erse across subjects. These interesting chemical dynamics indi- 

ate that ETI therapy is associated with a sort of metabolomic tur- 

oil within the airways of pwCF, where the lung sputum biochem- 

stry changes significantly with a highly varied outcome across in- 

ividuals. However, similar to the microbiome, the directionality of 

hange had some uniformity, indicating a common metabolomic 

hift driven by ETI. Uniform changes included a decrease in pep- 

ides, amino acids and kynurenine metabolism. The latter was 

dentified as an important pathway associated with P. aeruginosa 

ynamics from Lumacaftor/Ivacaftor therapy in a previous study 

39] , which supports the findings here, and may represent a uni- 

ersal consequence of CFTR modulator treatment. The decrease in 

he overall abundance of peptides, particularly dipeptides, links 

hese metabolites to a previous study that associated their abun- 

ance with worsening lung function and neutrophil elastase ac- 

ivity [13] . Though not measured in this study, the decrease in 

eptides may be a proxy for decreased neutrophil proteolysis and 

nflammation in the lung. Importantly, we re-analyzed some data 

rom that study as a control cohort and did not find a decrease in

eptides in similarly paired samples, implicating ETI in the pep- 
8 
ide and amino acid dynamics observed here. There may be a 

ink between the decrease in kynurenine metabolism and amino 

cids/peptides, as it is a principal pathway for the metabolism of 

ryptophan in humans and bacteria. The reduction of peptides in 

putum may reduce their availability for pathogens (particularly P. 

eruginosa ) to metabolize through the kynurenine pathway or oth- 

rs. Mmvec analysis further supported the changing relationship 

etween peptides, kynurenine metabolism and pathogens. This ap- 

roach, robust to the statistical challenges of cross-omics compar- 

sons from compositional datasets [ 29 , 43 ], showed that the de- 

rease in peptides and kynurenine was associated with a reduction 

n classic pathogens. In light of this finding, we propose the hy- 

othesis that ETI therapy, and possibly other CFTR modulators [39] , 

eshape microbiome niche space in CF mucus by reducing peptide 

nd amino acid availability. This shift may begin to squeeze out 

ome pathogens, such as P. aeruginosa , which is known to prefer- 

ntially metabolize amino acids in the lung [44–47] . This changing 

iche space could have clinical consequences, as treatment for lung 

nfection may need to be tailored to a shifting microbiome. How 

uch the microbiome will change however, and whether there will 

e an altered steady state of the bacterial and viral community, 

ill require more long-term studies of the effects of ETI. 

Metabolomics of complex clinical samples often detects xeno- 

iotics, such as drugs administered to patients, which can be- 

ome confounders of studies of a particular treatment such as 

TI [14] . For example, we detected four antibiotics in the sputum 

etabolome data, allowing for comparison of their abundances 

ith microbiome measures in the same samples. There was no 

ifference between the amount of antibiotics measured before or 

fter therapy and no correlation between their abundance and mi- 

robiome alpha-diversity. This supports the notion that antibiotics 

ere not a strong confounding factor in our study of ETI, however, 

e do not detect all drugs administered and it cannot be ruled out 

hat the changes observed may, in part, be due to the impacts of 

ntibiotics. Interestingly, prior CFTR modulators were also detected 

n the sputum metabolome data and there was diverse metabolism 

f these drugs, particularly Ivacaftor. This created a unique oppor- 

unity to determine whether or not the presence of a previously 

pproved CFTR modulator therapy in a patient’s sputum affected 

he microbiome and metabolome dynamics of ETI. There was no 

ifference in the microbial and metabolite dynamics while on ETI 

etween those previously taking CFTR modulators and those not, 

vidence that the changes observed were associated with ETI ther- 

py, perhaps Elexacftor itself, which is known to be a highly ef- 

ective CFTR corrector. These results show promise that ETI ther- 

py may have a particularly strong effect on the CF sputum mi- 

robiome and metabolome where other CFTR modulators have not 

34–37] . 

There are several caveats to our study, perhaps most impor- 

antly, ETI therapy is known to reduce sputum production in pwCF. 

t is difficult to discern if the changes we identified here are due to 

putum chemical and microbial dynamics or a change in the ability 

o produce sputum when on CFTR modulators. Instructions for ex- 

ectoration were not varied before and after ETI to normalize the 

ampling approach, and all subjects in this study were able to pro- 

uce sputum for collection both prior to and during ETI therapy. 

urthermore, the relatively small sample size may have masked 

ome specific changes, particularly with individual microbial ASVs. 

arger studies of pwCF before and after ETI therapy are warranted, 

hough with the wide availability of these CFTR modulators cur- 

ently makes collecting ETI naïve samples difficult. Follow up stud- 

es on subjects taking ETI for longer periods are also needed. 

In conclusion, the highly effective CF triple therapy ETI results 

n an overall reduction in pathogens compared to anaerobes and 

educed amino acid availability and kynurenine metabolism. This 

hange was associated with improved clinical parameters, most 
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otably lung function. Changing chemistry within lung mucus as- 

ociated with ETI will begin to reshape the niche space for its resi- 

ent microbiome. A reduction of amino acids and peptides in lung 

ucus may be unfavorable to pathogens that preferentially metab- 

lize these nutrients, leading a different future for the CF lung mi- 

robiome with widespread availability of ETI. 
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