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promotor hypermethylation. Mucoid
Pseudomonas is more common in CF, as
was preserved a diversity. Thus, both
host and microbiome differences appear
to be associated with favorable outcomes
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SUMMARY

Lung transplantation can be lifesaving in end-stage cystic fibrosis (CF), but long-term survival is limited by
chronic lung allograft dysfunction (CLAD). Persistent upper airway Pseudomonas aeruginosa (PsA) coloniza-
tion can seed the allograft. While de novo PsA infection is associated with CLAD in non-CF recipients, this
association is less clear for CF recipients experiencing PsA recolonization. Here, we evaluate host and path-
ogen contributions to this phenomenon. In the context of PsA infection, brushings from the airways of CF re-
cipients demonstrate type 1 interferon gene suppression. Airway epithelial cell (AEC) cultures demonstrate
similar findings in the absence of pathogens or immune cells, contrasting with the pre-transplant CF AEC
phenotype. Type 1 interferon promoters are relatively hypermethylated in CF AECs. CF subjects in this cohort
have more mucoid PsA, while non-CF PsA subjects have decreased microbiome a diversity. Peri-transplant
protocols may benefit from consideration of this host and microbiome equilibrium.

INTRODUCTION

Cystic fibrosis (CF), resulting from mutations in the CF trans-
membrane conductance regulator (CFTR), affects nearly
30,000 people in the United States alone.’ Because of its ubiqui-
tous nature in human cells, CFTR mutation results in multiple or-
gan dysfunctions, including pancreatic insufficiency, bowel
obstruction, and sinopulmonary infections. However, it is
chronic pulmonary infection, leading to bronchiectasis and res-
piratory failure, that limits the quality and quantity of life in
most individuals with CF.**

From early life, CF individuals develop an airway microbiome
that is distinct from healthy counterparts,” and over time, the
CF sinopulmonary microbiome is characterized by decreasing
diversity and dominance of Staphylococcus aureus followed by
Pseudomonas aeruginosa (PsA). Once established, PsA typically
mutates to a mucoid form characterized by a protective alginate-
containing matrix. This matrix sequesters PsA from host de-
fenses and antibiotics, leading to progressive inflammation and
end-stage lung failure.>”

While lung transplantation can be a lifesaving option for CF
and other end-stage lung diseases, chronic lung allograft
dysfunction (CLAD) affects 50% of lung transplant recipients
by 5 years post-transplant and is the major limitation to long-
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term survival.® Post-transplant infections, including commu-
nity-acquired respiratory viruses, fungi, PsA, and other bacteria,
are important CLAD risk factors.”® PsA has been identified as a
particularly important organism in this context.’” Because the
host sinotracheal tract is not replaced during lung transplanta-
tion, recolonization with PsA is common in CF lung transplant re-
cipients."' Nonetheless, CF recipients do better following lung
transplantation than non-CF recipients in many, although not
all, reports.®'>'® Given the potentially favorable outcomes for
CF recipients, we hypothesized that host or microbiome adapta-
tions in CF patients attenuate immune responses to PsA that
would otherwise result in CLAD.

RESULTS

PsA Differentially Influences Lung Allografts Based on
CF Status

To understand the differential impact of PsA infection on lung
transplant recipient outcomes with and without CF, we assessed
time to CLAD or death in a single-center cohort of 397 lung trans-
plant recipients (Figure S1; Table S1). We examined the interaction
between CF status and the frequency of PsA* bronchoalveolar
lavage (BAL) culture events in a model, including recipient age,
gender, and transplant indications other than CF. We found that

Cell Reports Medicine 7, 100055, July 21, 2020 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:john.greenland@ucsf.edu
https://doi.org/10.1016/j.xcrm.2020.100055
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2020.100055&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

A Group B
o He Cystic Fibrosis 20000+ Group
E -a- Other indications N CF- PsA-
9 34 = 0| CF+ PsA-
g § 100001 ®| CF-PsA+
e
=, ;‘ & CF+ PsA+
3 5 0
hel @)
S e 2
2 = _10000- PERMANOVA
3 \\\ CF, P = 0.02
o1 PsA, P <0.001
0 2 3 4 50000 25000 0 25000
Number of positive PsA cultures MDS Component 1
C D .
Gene Ontology Pathways up in CF-PSA+ vs CF+PSA+
Response to interferon-alpha-
Regulation of killing of other organism cells {
Cellular response to type | interferon 1
Negative regulation of viral replication {
Interferon-gamma mediated signaling 1
Regulation of toll-like receptor signaling-
Defense response to other organism -
Cellular response to bacterial molecules — Negative Log P-value
= = === Cytokine secretion Percent upregulated
3 = Cellular response to lipopolysaccharide from pathway
2 Innate immune response
= —— Neutrophil activation 1
0O 10 20 30
E Allograft Rejection| | E2F Targets | [  EMT | |G2/M Checkpoint] | Hedgehog | [interferon Alpha] [ Myc Targets V2 | [Wnt Beta Catenin|
CF+ PsA+4 1o ol to4 ol tof ] rol tel
CF- PsA+ o—ix ok e Feo—ix e ——i» Fordx Forbex
CF+ PsA- gl —eo— He e o xx 6 e H-o—
CF- PsA- e ol —e— e e e He ol
10 1 414 01 2 0 1 4 0 1 4 0 1 10 1 1 0 1 -1 0 1

Figure 1. Pseudomonas aeruginosa (PsA) Differentially Influences Lung Allografts Based upon CF Status

(A) Age-adjusted Cox proportional hazards models for CF* (n = 34) and CF ™~ (n = 362) subsets show CLAD or death hazard ratio (HR) as a function of the number of
bronchoalveolar lavage cultures in which PsA was identified. PSA* cultures were associated with increased CLAD or death risk for non-CF recipients (HR 1.34,
95% Cl 1.04-1.74, p = 0.025), but not CF recipients (HR 0.75, 95% CI 0.40-1.40, p = 0.36). A Kaplan-Meier plot of subjects stratified by CF and ever-PsA* status is
shown in Figure S2A.

(B) Small airway brushings from CF and non-CF individuals with and without PsA were analyzed by RNA sequencing (RNA-seq; CF"PsA™ n=9, CF*PsA" n=6,
CF~PsA* n =6, CF*PsA* n = 9). The multidimensional scaling plot (MDS) shows global changes in gene expression across the 4 groups. Global gene expression
differences were identified by PERMANOVA across both CF (p = 0.02) and PsA (p < 0.001) strata.

(C) Heatmap analysis of differentially expressed genes between CF (purple, n = 9) and non-CF (blue, n = 6) recipients with positive PsA BAL cultures using an FDR-
adjusted p value cutoff of 0.05. The yellow-purple shading indicates the relative expression scaled by row. In the context of PsA* cultures, relative to non-CF
individuals, CF recipients had a downregulation of 146 genes and an upregulation of 55 genes, detailed in Table S3.

(D) Gene Ontology pathway analysis was performed on genes upregulated in non-CF versus CF recipients with PsA with an FDR-adjusted p value cutoff of 0.05.
The blue bars indicate the percentage of genes in the pathway that were upregulated, and the red line denotes the negative log of the p value for that pathway.
(E) Select MSigDB Hallmark gene expression pathways were compared across the 4 groups with CF* PsA* as the referent. Z scores for the mean and standard
error of the sum of normalized counts for pathway genes in airway brushings are shown for each group (general linear models; *p < 0.05 and **p < 0.01).

CF status modified the association between PsA frequency and
CLAD-free survival, as the CF-PsA interaction term was associ-
ated with a decreased risk of CLAD or death (hazard ratio [HR]
0.55, 95% confidence interval [Cl] 0.30-0.99, p = 0.049). To
explore this interaction finding in detail, we examined the risk of
CLAD or death in age-adjusted models stratified by CF status (Fig-
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ure 1A). In the subset of recipients with CF, the increasing fre-
quency of PsA™ BAL cultures was not associated with a statistically
significant difference in CLAD or death risk (HR 0.74, 95% CI1 0.40-
1.40, p = 0.36). By contrast, among non-CF recipients, each PsA*
culture was associated with a hazard ratio of 1.34 (95% CI 1.04—
1.74, p = 0.025) for CLAD or death.
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During the study period, we prospectively collected airway
brushes from lung transplant recipients with PsA* cultures
from 9 CF and 6 non-CF individuals (Figure S1). These were
matched 1:1 with PsA™ cases based on microbiologic culture re-
sults and time to post-transplant, and we performed next-gener-
ation RNA sequencing (RNA-seq) to evaluate the host transcrip-
tome in these 30 unique lung transplant subjects. The subject
characteristics for these groups were well matched, although
the CF*PsA* and CFPsA™ groups less commonly underwent
bronchoscopy for surveillance, and subjects with CF were
more likely to have had prior PsA* airway cultures (Table S2).

We assessed the overall differences in the host transcriptome
using the multidimensional scaling (MDS) plot (Figure 1B). Sub-
jects with CF and PsA were distinct from the other groups pri-
marily along MDS component 1. However, non-CF subjects
with PsA overlapped with groups without PsA, suggesting that
the interaction between CF and PsA was the dominant signal.

Next, we assessed which genes were differentially expressed in
the PsA* airway brush samples stratified by CF status. There were
55 genes upregulated and 146 genes downregulated in the
CF*PsA* airway samples versus CF~PsA* referents (Figure 1C;
Table S3). We performed Gene Ontology (GO) pathway analysis
for these downregulated genes to characterize the nature of the
attenuated transcripts in the CF subjects with PsA. Predominantly,
pathways suppressed in CF subject airways with PsA were related
to immune function (Figure 1D). The GO pathway with the largest
difference in regulation was “response to interferon (IFN)-a.” (6/
21 genes, false discovery rate [FDR]-adjusted p =5 x 1079).

We also evaluated differential pathway responses using meta-
genes defined from curated gene sets.’”'® PsA culture positivity
in the context of non-CF lung transplant recipients was associated
with the increased expression of type 1 IFN genes, genes associ-
ated with allograft rejection, and multiple cell-cycle pathways,
including E2F transcription factors, G2/M checkpoint inhibitors,
and c-Myc gene targets (Figure 1E). Even though subjects in the
CF*PSA~ group demonstrated no evidence of acute cellular
rejection by histopathology (Table S2), they had airway signatures
of allograft rejection, including a signature of lymphocytic bron-
chitis (Figure S2B).?° By contrast PsA culture positivity in CF sub-
jects was associated with the suppression of cell-cycle pathways
and a trend toward the upregulation of Wnt-Bcatenin signaling
pathways. Hedgehog signaling, which may guard against airway
fibrosis,”' was upregulated in CF subjects without PsA.

CF Airway Epithelial Phenotype Is Distinct before and
after Transplantation
Although airway epithelial cells (AECs) are the predominant cell
type in airway brushings, it is difficult to discern their specific
contributions to gene expression changes from bulk RNA-seq
of airway brushings. To understand the changes in AEC gene
expression independent of direct stimulation from pathogens
orinfiltration of inflammatory cells, we cultured AECs from airway
brushings under air-liquid interface (ALl) conditions. This
approach also allowed comparison with pre-transplant (native)
states in the form of AEC derived from CF lung explants or
non-CF declined donor tissue.

CXCL8 (human interleukin-8 [IL-8] gene) and LCN2 (antibacte-
rial peptide gene) mRNA transcription trended toward higher
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expression in native CF AECs as compared to non-CF. In addi-
tion, CF AEC secreted significantly more IL-8 and growth-regu-
lated oncogene-a. (GRO-a) (neutrophilic chemokines) in culture
supernatant versus non-CF AECs (Figure 2C). By contrast the
IFN-related genes MX1, OAS1, and STAT1 were not differentially
expressed pre-transplant (Figure 2B). We also stimulated cells
with heat-killed PsA and found that both CXCL8 and LCN2 had
greater upregulation in CF AECs as compared with non-CF
AEC cultures (Figure S3A).

We then compared AECs derived from airway brushings to
lung allograft recipients with and without CF. The differences in
neutrophilic protein secretion and antibacterial gene transcrip-
tion pre-transplant were no longer present in CF allograft AEC
(Figure 2A). Instead, we found relatively suppressed expression
of IFN-related genes MX17, OAS1, and STATT in the CF allograft
group (Figure 2B). Because these transcripts do not code for
secreted proteins, we assayed supernatant for other IFN-related
proteins (Figure 2D). CXCL-9 (monokine induced by IFN-vy)
secretion and the IFN-dependent tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) secretion were atten-
uated in allograft epithelium from CF individuals.?” Leukemia
inhibitory factor (LIF), a protein that counters the inflammatory
STAT1 phosphorylation activity induced by IFNs,**">° was found
in greater abundance in the CF group.

Type 1 IFN Promoters Are Hypermethylated in Allografts
from Subjects with CF

To investigate possible epigenetic mechanisms for differential
gene transcription by CF subjects before and after lung trans-
plantation, we performed DNA methylation analysis. The propor-
tion of methylated promotors within 50 Hallmark gene sets were
compared between AECs derived from CF (n = 5) and non-CF
(n = 12) allograft airway brushings (Table S4). Overall, we found
a small global increase in promotor methylation in CF recipients
(median B difference 4.5 x 107, p < 0.001). Across all 50 gene
sets, there was a negative correlation between the degree of pro-
motor methylation and the differences observed in metagene
transcription from the RNA-seq data (p = —0.43, p = 0.002),
which is consistent with the paradigm that promotor methylation
may contribute to the observed transcriptional suppression
observed in airways. Specifically, within the subset of genes in
the type 1 IFN response pathway, there was increased promoter
methylation when compared with the expected normal distribu-
tion (B difference 9.4 x 107, p = 0.002; Figure 3A). Within this
type 1 IFN gene set, statistically significant differences in promo-
tor methylation favored methylation in CF subjects, except for
one gene (Figure 3B). While a random sampling of genes showed
a distribution that matched the expected distribution, some
other pathways were found to be hypermethylated in CF sub-
jects, including G2/M and E2F cell-cycle pathways and allograft
rejection genes, mirroring some differences observed from the
gene expression patterns in non-CF recipients with PsA* cul-
tures (Figure S4).

Non-mucoid PsA Is More Common in Non-CF Subjects
and Is Associated with Increased CLAD or Death HR

To assess the contributions of PsA to the airway immune land-
scape, we compared the quantity and quality of PsA transcripts
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Figure 2. CF Airway Epithelial Phenotype Is Distinct before and after Transplantation

Airway epithelial cells were cultured ex vivo either from native lung explants (n =
5 non-CF) 1 year post-transplant for subjects with and without CF.

5 CF, n =5 non-CF) or from airway brushings performed on allografts (n=5CF, n=

(A and B) Neutrophilic transcripts LCN2 and CXCL8 (A) and interferon (IFN)-associated transcripts MX71, OAS1, and STATT1 (B), were quantified in cell lysates by
PCR. The expression of mRNA is shown as 29T values referenced to the housekeeping gene ACTB.
(C and D) Similarly, neutrophilic proteins IL-8 and GRO-«. (C) and IFN-associated proteins CXCL-9, TRAIL, and LIF proteins (D) were measured in supernatant. LIF

is negatively associated with IFN, while the CXCL-9 and TRAIL are reported t

o have a positive association. Box and whisker plots show median and range. (p

values for the Wilcoxon rank-sum test are shown above each CF-to-non-CF comparison, except where values were >0.1 from pooled duplicates.)

in airway brushings after transplantation. Even when PsA was
not detected by culture, CF lung allograft recipients had greater
abundance of PsA transcripts than non-CF recipients (p = 0.04;
Figure 4B), and PsA groups had a higher normalized abundance
of PsA transcripts (p = 2 x 107'®) than PsA culture-negative
groups. In the context of PsA* cultures, PsA was the dominant
organism in 43% of non-CF and 33% of CF subjects (p = 1).
However, we found a decrease in Shannon and Simpson mea-
sures of a diversity only in non-CF subjects with positive PsA cul-
tures (Figure 4A). We also assessed B diversity across these four
groups using UniFrac distances and by PERMANOVA, but we
did not find a characteristic difference in the compositions of
each group (Figure S3B).

Comparing all of the PsA* BAL culture events, most isolates
were non-mucoid strains from non-CF subjects (53%). Cumula-
tively, CF subjects had similar numbers of mucoid and non-
mucoid strains, but mucoid PsA only accounted for 5% of the
PsA cultures in the non-CF cohort (Figure 4C; p = 0.01).

We reexamined the association between the number of PsA*
BAL cultures and CLAD-free survival across CF strata for mucoid
and non-mucoid PsA. As shown in Figure 4D, only non-mucoid
PsA in non-CF individuals was associated with a statistically sig-
nificant CLAD or death risk (HR 1.5, 95% CI 1.2-2.0, p = 0.006; p
values for other comparisons > 0.37).

To examine the potential impact of this mucoid dichotomy, we
cultured clinical isolates of mucoid and non-mucoid PsA from CF

4 Cell Reports Medicine 7, 100055, July 21, 2020

and non-CF lung transplant recipients, respectively. Normal hu-
man airway epithelial cells, differentiated under ALI conditions,
responded robustly to both strains of PsA in vitro, but there
was a trend toward greater induction of CXCL8 by the non-
mucoid PsA strain, while MX7 expression demonstrated a trend
toward attenuation by the mucoid PsA strain (Figure S3C).

DISCUSSION

While PsA infection was associated with decreased CLAD-free
survival in non-CF lung transplant recipients, this association
did not hold for CF lung transplant recipients. These findings
are consistent with reports in some'"?° but not all lung transplant
cohorts.?” However, comparisons between CF and non-CF re-
cipients are limited by the confounding of subject characteris-
tics, such as age and comorbidities. As an alternative approach,
we assessed for potential host and microbiome mechanistic cor-
relates of this protection. Brushes from the airway epithelium of
lung transplant recipients demonstrated suppression of type 1
IFN-related genes unique to CF recipients in the context of
PsA culture positivity. Cultured AEC demonstrated that these dif-
ferences are present ex vivo in the absence of microbes or other
cell types and are distinct from the native CF AEC phenotype.
Furthermore, DNA methylation analysis showed that promotor
methylation could explain some of these observed differences.
At the same time, non-CF lung transplant recipients with PsA
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Figure 3. Type 1 IFN Promoters Are Hypermethylated in Allografts from Subjects with CF
(A) Kolmogorov-Smirnoff (K-S) plot for expected DNA methylation distribution in promoters of genes related to the type 1 IFN-related gene comparing allograft
brush cells from CF (n = 5) and non-CF (IPF, n = 12) recipients. The pink line is the expected distribution and the green line is the observed distribution (K-S statistic

p = 0.002).

(B) Heatmap of the 12 differentially methylated IFN-related gene promoters showing relative hypermethylation of 11 promoters in CF allograft cells.

had decreased microbial o diversity and predominantly non-
mucoid strains of PsA, for which increased flagellin expression
and decreased antigen sequestration by alginate matrix could
result in enhanced immunogenicity. The combination of attenu-
ated host immune responsiveness and decreased antigenic
stimulation by mucoid PsA may explain how CF patients can
have favorable lung transplant outcomes despite PsA infection.

Type 1 IFNs play key roles in infection, autoimmunity, and allo-
graft rejection.?® In a cohort of kidney transplant recipients, type
1 IFN gene expression was increased in the context of antibody-
mediated rejection.?® Poly(1:C), a viral pathogen-associated mo-
lecular pattern mimic, can break tolerance and induce oblitera-
tive airway disease in a murine heterotopic tracheal transplant
model, while knockout of the type 1 IFN receptor abrogated
this effect.®° In a mouse model of intestinal graft-versus-host dis-
ease, knockout of IFN-a2 and -f receptors protected from intes-
tinal injury.®" An in vitro infection model using HelLa cells showed
the induction of type 1 IFN responses that lead to an increase in
self-peptide presentation by major histocompatibility complex
(MHC) class | complexes,® potentially linking it to deleterious
autoimmune or alloimmune consequences if extrapolated to
the context of transplantation. Consistent with the results pre-
sented here, PsA was shown to attenuate IFN responses to
rhinovirus in CF AECs, but not in normal human bronchial cells.**
Finally, the inhibition of type 1 IFN signaling attenuated dermal
fibrosis in a systemic sclerosis model, linking inflammation and
fibrosis via type 1 IFN signaling.>* Thus, the inhibition of alloim-
mune responses or direct protection from fibrosis could be a
link between the downregulation of type 1 IFN signaling in CF
lung transplant recipients and the relative protection from
CLAD in the context of PsA exposure.

Methylation of promoter region DNA can sterically inhibit RNA
transcription. We identified multiple pathways for which promo-
tors were relatively hypermethylated in AECs from CF lung trans-
plant recipients, including the IFN-o gene set. Such inhibition
could result from chronic stimulation, as has been previously
observed.®® Alternatively, bacteria can influence the transcrip-
tional landscape of a cell by various epigenetic mechanisms,

including methylation, histone acetylation, and altering the activ-
ity of chromatin-binding proteins that may confer an evolutionary
advantage.®® For example, Listeria monocytogenes secretes a
virulence factor that influences the chromatin repressor
BAHD1 and, subsequently, transcription of IFN-stimulated
genes.®” Even extracellular bacteria such as PsA have been
shown to be capable of altering the host epigenome by inter-
fering with histone phosphorylation and acetylation.*® While we
were not able to assay histone modification in this cohort, this
would be another plausible mechanism for how AEC could adopt
a hyporesponsive phenotype. It is also possible that downregu-
lation of type | IFN signaling may reflect recipient immune
exhaustion from chronic colonization or CF-specific differences
in lymphocyte function.*®

A key finding is that native and allograft AECs maintain the
phenotype obtained in vivo when they are grown in culture
without direct microbial or circulating (i.e., classical immune
cells) host factors. In general, primary airway cells maintain their
phenotype for at least four passages ex vivo.*>*" Our own un-
published data show that inflammatory responses due to micro-
bial stimulation are maintained for at least two passages ex vivo.

In our cohort, non-CF individuals with PsA also had reduced
microbial o diversity. Low microbial diversity can result from
the overgrowth of a dominant pathogen and is typically associ-
ated with true infection (as opposed to colonization) and worse
clinical outcomes. Pre-transplant, lower diversity is associated
with the development of chronic infection over time in CF pa-
tients.® However, in this study, CF patients with PsA had pre-
served a. diversity. Also, mucoid PsA was common in CF lung
transplant recipients, while non-CF recipients had mostly non-
mucoid PsA. CF patients are often infected with non-mucoid
PsA early in life and transition from non-mucoid to mucoid strains
by their early teens.? Conversely, mucoid PsA lung infections are
highly unusual in non-CF individuals. Notably, PsA abundance
was greater in CF patients, even when not detected by culture.
The presence of mucoid PsA before and after transplant sug-
gests recolonization, likely from the sinotracheal tract. Clinically,
mucoid strains are typically accompanied by higher morbidity
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/‘2")(‘2("'Q‘JVQ"’\?~ 'QQ’XQ"QQVQQV 7 @ Q"y <2"’*‘\?~ strains cultured from CF and non-CF transplant re-
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mating equations (GEE)-adjusted linear model, p =
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PsA type Group (D) Age-adjusted Cox proportional HR and 95% Cl
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a 53 % ] strata for increasing number of positive PsA cult
9 _ . O | + . g positive cultures.
2 60 . Non-Mucoid 5 61 === CF+ Mucoid HR = 1 (solid gray line).
S el -4~ CF+ Non-Mucoid
] —
3 P =0.01 N | -= CF-Mucoid
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<JE 29 % § while we attempted to control for age in
a ° 20% ° our analysis statistical adjustments, com-
3 8 2 parisons between CF and non-CF allo-
1S < graft recipients are limited by the lack of
] 5% — .
z O overlap in age between the two groups.
0- Other transcriptomic pathways may be

CF Non-CF 0 1
Transplant Indication

and mortality as compared to non-mucoid phenotypes.*? How-
ever, mucoid PsA variants have decreased infectivity, resulting
from the loss ofimmunogenic virulence factors and development
of an exopolysaccharide matrix that facilitates biofilm formation
and immune evasion.***> When comparing mucoid to non-
mucoid PsA strains in vitro, we did not observe a statistically sig-
nificant difference in AEC immune responses. However, we used
heat-killed PsA, which may have denatured virulence factors or
counteracted the effect of the alginate matrix, diminishing the
apparent differences between strains.

Conclusion

We observed a distinct epithelial immunophenotype after lung
transplantation in CF patients, characterized by type 1 IFN
pathway suppression, and possibly secondary to DNA hyperme-
thylation. This immune suppression may be beneficial for CF
recipient allografts in the presence of PsA. Future studies of
PsA clinical management should thus consider the potential
detrimental effects of eradicating a mucoid PsA-dominated
microbiome.

Limitations of Study

These data were generated at a single center and thus may not
be generalizable to other centers where patient characteristics
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evident with larger sample numbers
and/or greater read depth. Our in vitro
data exclude many cell types from the
allograft milieu, and co-culture with clas-
sical immune cells could reveal other
interesting and nuanced interactions that we have not reported
here. Last, our epigenetic analysis only included DNA methyl-
ation and other mechanisms, like histone acetylation should be
considered in future analyses.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

Heat-Killed P. aeruginosa laboratory strain InvivoGen Catitlrl-hkpa

PAO1

Mucoid P. aeruginosa clinical strain UCSF Microbiology Acc#F24698
P. aeruginosa clinical strain UCSF Microbiology Acc#S59951
Biological Samples

Airway explant tissue UCSF Department of Pathology IRB 10-02253
Airway brush samples UCSF Dep. of Medicine IRB 13-10738
Chemicals, Peptides, and Recombinant Proteins

Rho kinase inhibitor, Y-27632 Selleck Chem Cat# S1049
QlAzol QIAGEN Cat#79306
TRIzol Invitrogen Cat#15596026
Trypsin-EDTA 0.25% ThermoFisher Cat#25200056
Protease from Streptomyces griseus Type Millipore Sigma Cat#P5147
XIvV

Tryptic Soy Broth BD-Bacto Cat#211825
Critical Commercial Assays

miRNeasy Mini Kit QIAGEN Cat#217004
SuperScript cDNA Synthesis Kit Invitrogen Cat#11904018
Tagman Gene Expression Master Mix Applied Biosystems Cat#4369542
Human Cytokine/Chemokine Array 65-Plex Eve Technologies Cat#HD65
Panel

NEBNext RNA First Strand Synthesis New England BioLabs Cat#E7525
Module

NEBNext Ultra® Second Strand Synthesis New England BioLabs Cat#E7550
Module

NEBNext Ultra® Il DNA Library Prep Kit for New England BioLabs Cat#E7645
lllumina

GenElute Mammalian Genomic DNA Millipore Sigma Cat#G1N70
Miniprep Kit

QlAshredder QIAGEN Cat#217084
Human Cytokine/Chemokine Array Eve Technologies Cat#HD71
Human Adipokine Array 5-Plex Eve Technologies Cat#HDADKS

Infinium MethylationEpic Array

lllumina

Cat#WG-317-1002

Deposited Data

Airway Epithelial Transcriptome in Lung
Transplant Recipients with Cystic Fibrosis
and/or Pseudomonas

Mendeley Data

https://doi.org/10.17632/89nzfyvkvc.1

Experimental Models: Cell Lines

Primary cell cultures derived from See Biological Samples above n/a
explanted tissue

Experimental Models: Organisms/Strains

Pseudomonas aeruginosa See Bacterial and Virus Strains above n/a
Oligonucleotides

Cxcl8 Hs00174103_m1 ThermoFisher Cat#4331182
Lcn2 Hs01008571_m1 ThermoFisher Cat#4331182
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mx1 Hs00895608_m1 ThermoFisher Cat#4331182
Oas1 Hs00973637_m1 ThermoFisher Cat#4331182
Actb Hs01060665_g1 ThermoFisher Cat#4331182
Stat1 Hs01013996_m1 ThermoFisher Cat#4331182
Other

ALl Transwell® Inserts Corning Life Sciences Cat#3460

RESOURCE AVAILABILITY

Lead Contact
Requests for information or resource sharing can be directed to the Lead Contact, John Greenland (John.Greenland@ucsf.edu).

Materials Availability
There are restrictions to the availability of our bacterial strains due to the lack of an external centralized repository for its distribution
and our need to maintain the stock. We are glad to share clinical Pseudomonas strains with reasonable compensation by requestor
for its processing and shipping, and we may require a payment and/or a completed Materials Transfer Agreement if there is potential
for commercial application.

Primary airway cells from this study are unavailable because they were consumed by experiments for this study.

Data and Code Availability

The RNASeq and DNA methylation datasets generated during this study are available at Mendeley Data under https://doi.org/10.
17632/89nzfyvkvc.1. Transcriptomic count data are provided in GEO data matrix format. Raw DNA methylation data are provided
as in EPIC report format. Analytic code is available from the corresponding author upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human Subjects
We included lung transplant recipients from an ongoing longitudinal cohort (Figure S1, detailed summary demographic data in Table
S1) at the University of California San Francisco. Lung transplant candidates were approached for study enrollment at the time of
listing or as soon as possible following lung transplant. All subjects provided informed consent for medical record review, research
airway brushing during bronchoscopy, or both (UCSF Department of Medicine IRB 13-10738). Post-transplant immunosuppression
followed institutional protocols, with basiliximab and methylprednisolone induction. During the first 3 months, prednisone was dosed
at 20 mg daily and tacrolimus dosed to 10 to 14 ng/mL trough concentrations. For month 3-6, prednisone was tapered to 0.2 mg/kg
daily and tacrolimus targeted 10 to 12 ng/mL. Prednisone was then tapered to 0.1 mg/kg by 12 months and tacrolimus adjusted to 8
to 10 ng/mL. Mycophenolate mofetil targeting 2 g daily in divided doses was started post-operatively. Immunosuppression was
tailored to address side effects.*®

All subjects who consented for records review and underwent bronchoscopy with BAL were included in our longitudinal cohort to
assess CLAD-free survival. Subjects undergoing for-cause (e.g., symptomatic) or surveillance bronchoscopy (scheduled at 2, 4, 8,
12, 26, 52, and 78 weeks post-transplant) were eligible for an additional research airway sampling after post-transplant week 6, at the
bronchoscopy provider’s discretion. For example, in cases with acute symptoms or clinical instability, providers may have elected to
forgo research brushing to ensure adequate time to obtain transbronchial biopsies. From this longitudinal brushing cohort, we
selected nested case-control cohorts for transcriptome and metagenome comparisons, and DNA methylation array. Study enroll-
ment is depicted in Figure S1).
CLAD or Death Hazard Assessment
All consenting lung allograft recipients with pulmonary function test (PFT) during the study period, including those only with consent
for medical records review, were included in this analysis. CLAD cases were determined based on irreversible decline of > 20% in
FEV,.*” Two investigators then reviewed PFT data for each CLAD case and excluded cases with diagnostic uncertainty or alternative
causes for FEV4 decline. Death was determined from UCSF and UNOS records. PsA positive cultures were abstracted from medical
records. Mucoid status was determined by clinical labs based on visual inspection. Demographic summary, including age and
gender information, is displayed in Table S1.
Transcriptome & Metagenome Analysis
All available airway brushes from lung transplant recipients with CF (with or without PsA) and non-CF (with PsA) were included. Con-
trols (non-CF subjects without PsA) were matched based on microbiologic culture results and time-post transplant. When multiple
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brushing samples were available per subject, only the first was included. Age, gender and other demographic data are included in
Table S2.

DNA Methylation Analysis

All available one-year brushings that yielded epithelial cell cultures from subjects with CF were included. Controls, also from one-year
brushings with cell cultures, were selected from subjects with IPF and matched based upon donor-age in 1:2 ratio. Demographic
information, including age and gender are available in Table S4.

Primary Cell Cultures

At the time of necropsy (non-diseased lungs) or lung transplant (CF affected lungs), airways were isolated from deidentified subjects
under UCSF Department of Pathology IRB 10-02253 and processed as described below. Other than lung health status, no other iden-
tifying information was available from the tissue repository.

Pseudomonas aeruginosa Strains

A retrospective medical records search was performed to find laboratory-confirmed P. aeruginosa (PsA) lung infections among the
UCSF lung transplant longitudinal cohort with cryopreserved and banked bacteria. We identified 1 mucoid PsA from a CF lung trans-
plant recipient (UCSF Microbiology Laboratory accession #F24698) and 1 non-mucoid PsA from a non-CF recipient (accession
#S59951). Live bacteria were cultured then heat-killed as described below.

METHOD DETAILS

Airway Brushing

Following bronchoalveolar lavage and prior to transbronchial biopsies for clinical purposes, airway brushing was performed using
ConMed #129 2-mm brushes in distal airways under fluoroscopic guidance. Airway brushes were immediately placed in 700 ul Qiazol
and frozen at —20°C for up to 24 hours prior to vortexing and removal of brush. Qiazol with lysed airway cells was then passed through
a QlAshredder prior to long-term storage at —80°C.

RNA-seq Host Transcriptome and Microbiome

RNA was extracted from airway brushes using the QIAGEN miRNeasy Mini Kit following manufacturer’s instructions and then reverse
transcribed with NEBNext RNA First Strand Synthesis and Ultra® Second Strand Synthesis Modules. Library construction was per-
formed with NEBNext Ultra® Il Library Prep Kit according to described methods*® on an Agilent Bravo liquid handling instrument.
Depletion of abundant sequences by hybridization (DASH) was employed to selectively deplete human mitochondrial cDNA, thus
enriching for both microbial and human protein coding transcripts.”” The final RNA-seq libraries underwent 150 nucleotide
paired-end lllumina sequencing on a Novaseq 6000.

Clinical Pseudomonas Strain Culture and Quantification

UCSF Microbiology Department supplied blood agar plates with Pseudomonas aeruginosa: One mucoid and one non-mucoid strain
each harvested from the airways of separate lung transplant recipients (CF and non-CF individuals respectively). One colony was
taken from each dish and placed into 20ml of tryptic soy broth and grown overnight in 37°C and 250rpm shaking incubator. Spec-
trophotometry was used to quantify organism numbers per ml of culture media. Bacteria were centrifuged and broth discarded. Pellet
was washed with sterile PBS and centrifuged again, supernatant discarded. Finally, the cell pellet was resuspended to 10'° bacteria/
ml of PBS. Aliquots of 1ml were heat-killed at 65°C for 45 minutes. Heat-killing was verified by streaking 1ul of cells onto blood agar
and incubating in 37°C for 3 days checking for growth every 24hr. Based on preliminary experiments to generate an optimal IL-8
signal, heat-killed bacteria were diluted to 6-10%/ml in sterile culture media for epithelial stimulation experiments.

Airway Epithelial Cell Culture

Airway epithelial cell culture techniques were based upon published techniques.*® For pre-transplantation in vitro experiments: Seg-
ments of human bronchus were harvested from 5 explanted CF lungs and 5 explanted non-CF lungs. Bronchi were washed 3 times in
cold PBS with antibiotics and 5mM dithiothreitol to digest mucus, rinsed in PBS with antibiotics, and then submerged in 0.1% pro-
tease in PBS with antibiotics overnight at 4°C. The following day, protease was aspirated, 5% FBS in DMEM added, and the container
was shaken vigorously to loosen epithelial cells from the airway scaffold tissue. The remaining bronchial tissue was removed, cells
were centrifuged at 300xg and 4°C for 6 minutes and supernatant discarded. Cell pellet was resuspended in 0.05% trypsin-EDTA and
pipetted repeatedly until the cell suspension was uniformly cloudy and no visible cell clumps remained. The suspension was neutral-
ized with 5% FBS in DMEM, flirted through 100um cell strainer and centrifuged again. The supernatant was discarded and pellet
resuspended in 5% FBS in DMEM and cell concentration counted. Cells (5-10°%/cm2) resuspended in 5% FBS in DMEM were plated
onto 6-mm, 0.4-um cell culture Transwell® inserts coated with human placental collagen (20 ng/cm2), and 5% FBS in DMEM was
added to the basal compartment. Cultures were placed in 37°C, 5% CO2 incubator. The next day, media was removed from both
compartments, cells were washed in PBS, and ALI-media (see components table below) was added to the basal compartment
only. Media was changed every 2-3 days until experimentation at day 28.
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For post-transplantation in vitro experiments: Airway epithelial cells were obtained from 5 CF recipients and 5 non-CF recipients by
sterile brushing during a surveillance bronchoscopy (asymptomatic monitoring) 12 months after transplantation procedure. The cells
were agitated from the brush into sterile ALI-media and centrifuged as above. Supernatant is discarded and cell pellet resuspended
in 0.25% tryspin-EDTA for 5-10 minutes at room temperature. Three volumes of DMEM or ALI with 5% FBS added to quench trypsin
and centrifuged again. Supernatant discarded and cell pellet resuspended in ALI with 10 uM rho kinase inhibitor (promoting growth from
very small numbers of cells) and plated onto a collagen-coated culture dish (size and volume depending on number of cells). Cells were
grown in 37°C, 5%C02 incubator and media changed every 2-3 days until about 80% confluent. Cells were washed once with 2-5 mL of
PBS then incubated with 0.25% trypsin-EDTA in 37°C for 5 minutes. Cells and trypsin were removed into a conical tube and 3 volumes
of DMEM with 5% FBS used to quench trypsin. Cells were centrifuged and supernatant discarded. Cell pellet was resuspended in ALI-
media, counted, and plated as in cells from explanted tissue. Remaining methods match the explanted tissue protocol above.

ALI Component Concentration
LHC Basal Medium 50% of medium
DMEM high glucose with pyruvate 50% of medium
Glutamine 2mM

Bovine serum albumin 0.5mg/ml
Bovine pituitary extract 0.24mg/ml
Insulin 5pg/ml
Transferrin 10pg/mi
Hydrocortisone 0.1uM
Triiodothyronine 0.01uM
Epinephrine 2.7uM
Recombinant human EGF 0.5ng/ml
Retinoic acid 0.05uM
Phosphorylethanolamine 0.5uM
Ethanolamine 0.5uM

Zinc sulfate 3uM

Penicillin, Streptomycin

100U/ml, 100pg/ml

Selenium 0.03uM
Manganese 0.001uM
Silicone 0.5uM
Molybdenum 0.001uM
Vanadium 0.005uM
Nickel sulfate 0.001uM
Tin 0.0005pM
Ferrous sulfate 1.5uM
Magnesium chloride 0.6mM
Calcium chloride 0.11mM

ALI Cell Bacterial Exposures

Once epithelial cells were grown in ALI conditions for 28 days, selected wells were exposed to heat-killed P. aeruginosa (HKPA):
PAO1, clinical mucoid strain, or clinical non-mucoid strain (see Key Resources Table). Apical surfaces were washed with 100ul of
warm PBS and then the PBS was discarded. ALI media was used to dilute HKPA strains to 6-10%/ml. For controls, plain ALI-media
was used. Control or a HKPA dilution were applied to cultures, 100ul in apical compartment and 600ul in basal compartment. Cul-
tures were incubated for 24hr then supernatants from apical and basal compartments collected and immediately frozen in —80°C.
Cells were harvested with TRIzol reagent and then stored at —80°C until RNA extraction.

Supernatant Protein Analysis

At the end of experiments, 100ul of basal media was used to wash the apical compartment of each well then pooled back with the
basal supernatant. Supernatants were frozen immediately and stored at —80°C until analysis. Samples were shipped overnight on
dry ice to Eve Technologies for analysis by BioPlex 200 HD71 multiplex immunoassay after determination of sample dilution require-
ments on a single sample.
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RT-PCR

Cells were harvested at the end of experiments with TRIzol. Total RNA was prepared using the miRNeasy Mini kit according to man-
ufacturer’s protocols. RNA concentration was determined by NanoDrop spectrophotometer. Using 500ng of RNA, cDNA was syn-
thesized using SuperScript First-Strand Synthesis System following manufacturer’s protocol. RT-PCR was performed on QuantStu-
dio 7 Flex using TagMan reagents and commercially available primer-probes (see Oligonucleotides in the Key Resources Table) with
an input of 1ul of cDNA per reaction. Cycle thresholds (Ct) for transcripts of interest were normalized to Actb housekeeping gene (dCt)
within each sample and expression shown as 279t

QUANTIFICATION AND STATISTICAL ANALYSIS

CLAD or death hazard assessment

We examined the interaction between CF as a transplant indication and the frequency of PsA-positive BAL culture events, adjusted
for recipient age, gender, and transplant indications other than CF using Cox proportional hazards models in the “survival” pack-
age.®’ Cumulative exposure to PsA as a function of time from transplant was used as a time-dependent covariate. The interaction
term was PsA exposure * CF status. To explore this interaction finding in detail, we examined risk of CLAD or death in age-adjusted
models stratified by CF status, and examined mucoid and non-mucoid PsA separately. Results were visualized using the “predict.-
coxph” function with risk score type with 95% confidence intervals derived as 1.96 * standard error.

Host transcriptome analysis

RNA sequences were aligned to the human genome (NCBI GRC h38) using STAR,*” and coding RNAs were grouped by ENTREZ
symbol. Kruskal’s non-metric multidimensional scaling plots were created using the “MASS” library. Global gene expression differ-
ences between groups were calculated by PERMANOVA using the “vegan” library. Differential gene expression and normalization
was performed using “DESeq2,” using a false discovery rate-adjusted p value cutoff of 0.05. A heatmap of differentially expressed
genes in PsA+ brushes was created using “pheatmap.” Pathway analysis was performed using the Gene Ontology Biologic Process
pathways through “goanna.” Similar pathways were grouped for readability. Metagenes scores were calculated using MSigDB Hall-
mark Gene set collections as the z-score derived from sum of variance stabilizing transformation-normalized gene counts by sub-
tracting the mean and dividing by the standard deviation. Differences in metagene score were determined by generalized linear
modeling.

Airway epithelial cell gene expression and protein quantification
We compared quantitative PCR and protein concentrations between CF and non-CF samples using two-tailed Wilcoxon rank-sum
tests, without adjustment for multiple comparisons.

DNA methylation analysis

Airway epithelial cells were cultured to confluence for a single passage prior to DNA extraction by GenElute Mammalian Genomic
DNA Miniprep Kit. DNA methylation was determined by lllumina Infinium MethylationEPIC BeadChip Kit. Preprocessing was per-
formed using RnBeads.*® Differential promotor methylation was determined between CF and IPF AEC using unpaired Student’s t
test. Comparisons between observed and expected t-statistic distributions within Hallmark gene sets were determined by Kolmo-
gorov-Smirnov tests.

Pathogen Detection Bioinformatics
Detection of host transcripts and airway microbes leveraged the open-source ID-Seq pipeline®* that incorporated subtractive align-
ment of the human genome (NCBI GRC h38) using STAR,*? quallity filtering using PRICESeqfilter and removal of additional non-fungal
eukaryotes, cloning vectors and phiX phage using Bowtie2.”® The identities of the remaining microbial reads were determined by
querying the NCBI nucleotide (NT) and non-redundant (NR) protein databases using GSNAP-L and RAPSEARCH?2, respectively. Mi-
crobial alignments were aggregated to the genus-level and only those microbes aligning to both NT and NR databases were utilized in
subsequent downstream pathogen versus commensal analyses. Pathogen counts were normalized using DESeg2. MDS and PERM-
ANOVA were performed as above to assess beta-diversity. Alpha-diversity was compared using Simpson and Shannon metrics us-
ing the “physeq” package.”®

Association between CF and mucoid status was determined by generalized estimated equation-adjusted logistic regression model
(GEE) with Mucoid status as the dependent variable and subject identifier as the cluster variable.

All statistical analyses were performed in R version 3.6.0.
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