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Microbial communities in the lungs of patients with cystic fibrosis
(CF) and chronic obstructive pulmonary disease (COPD) have been
shown to be spatially heterogeneous. Viral communities may also
vary spatially, leading to localized viral populations and infections.
Here, we characterized viral communities from multiple areas of the
lungs of two patients with late-stage CF using metagenomics, that
is, the explanted lungs from a transplant patient and lungs acquired
postmortem. All regions harbored eukaryotic viruses that may
infect the human host, notably herpesviruses, anelloviruses, and
papillomaviruses. In the highly diseased apical lobes of explant
lungs, viral diversity was extremely low, and only eukaryotic viruses
were present. The absence of phage suggests that CF-associated
microbial biofilms may escape top-down controls by phage preda-
tion. The phages present in other lobes of explant lungs and in all
lobes of postmortem lungs comprised distinct communities, and
encoded genes for clinically important microbial phenotypes,
including small colony variants and antibiotic resistance. Based on
the these observations, we postulate that viral communities in CF
lungs are spatially distinct and contribute to CF pathology by
augmenting the metabolic potential of resident microbes, as well
as by directly damaging lung tissue via carcinomas and herpesviral
outbreaks.
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Cystic fibrosis (CF) is the most common fatal autosomal recessive
disorder in white populations. Radiographic and immunological
studies demonstrated the spatial heterogeneity of disease severity
and clinical manifestations in the CF lung (1, 2). The apical lobes
typically suffer the most extensive deterioration and inflamma-
tory disease; the basal lobes exhibit more air trapping (1-3).
Recent studies of lung tissue from patients with CF and chronic
obstructive pulmonary disease (COPD) demonstrated that micro-
bial communities vary over the spatial landscape of the diseased
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lung (4, 5). However, these studies did not attempt to profile viral
communities in lung tissue.

Here we report on the spatial heterogeneity of viral commu-
nities within two sets of CF lungs: one pair of explanted lungs (i.e.,
the discarded lung tissue after a lung transplant) and one pair of
postmortem lungs. Viral communities were isolated and se-
quenced directly from lung tissue from spatially distinct areas.
This approach yielded deep sequencing data about a limited num-
ber of samples, presented here as two case studies. The resulting
viromes showed significant spatial heterogeneity, indicating that
common sampling methods (e.g., induced sputum) cannot reveal
the full nature of CF lung disease. In addition, phage communities
in the lungs may serve as a reservoir for antibiotic resistance
genes, complicating therapeutic regimens.

MATERIALS AND METHODS

All samples and patient data were collected in accordance with the Uni-
versity of California Institutional Review Board (HRPP 081500) and the
San Diego State University Institutional Review Board (SDSU IRB
2121). All tissues were collected, processed, and disposed of as described
in the San Diego State University Biological Use Authorization (BUA
09-03-001R). Figure 1 summarizes the procedures used in this study. A
more detailed discussion appears in the online supplement.

Viral metagenomes were submitted to the National Center for Bio-
technology Information (NCBI) under Genome Project Identification
Number 66313. Characteristics of the sequenced metagenomes appear
in Table E1 of the online supplement. Initial taxonomic assignments were
made by comparison to the nonredundant database at the NCBI. Viral
taxonomy was assigned based on tBLASTx similarities to a custom da-
tabase of all viral genomes from the NCBI and the phage proteomic tree
(http://www.phantome.org/) (E-value, <107°). Virome sequences were
compared with the Antibiotic Resistance Database, using BLASTx
(e-value, <107 over >80% of the query length) (7).

Metagenomic reads were mapped to genomes using BLAT and cov-
erage plots generated using Circos and the Integrated Genome Browser
(8, 9). Contigs were assembled with CAP3 (10). Open reading frames
in contigs were determined using Prodigal (11). Phylogenetic analyses
were performed using PhyML and MrBayes version 3.1 (12, 13). The
human papillomavirus (HPV), torque teno virus (TTV), and multidrug
efflux pump (MexF) contigs were submitted to Genbank under acces-
sion numbers JN231328, IN231329, and JN231330.

Species richness was estimated using Phage Communities from Contig
Spectra (PHACCs), and diversity between viromes was compared using
Maxiphi (14, 15). MaxiPhi results were combined using nonmetric multi-
dimensional scaling, with the percentage of nonshared genotypes as the
distance metric. Statistically significant differences were determined em-
pirically (please see METHODs in the online supplement for further details).


http://www.phantome.org/
mailto:d.willner@uq.edu.au
www.atsjournals.org

128 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 46 2012

(\- c Gross tissue dissection f /
at UCSD hospital 4

Right Middle

Right Middle
Lingula Lingula

Right Lower eft Lower

Left Lower
Posterior

Ex-plant

Left Lower
Anterior

l Post-mortem

Initial processing
and DNA extraction

Sub-sectioning at
SDSU laboratory

Amplification

- Bioinformatics
and Sequencing

Viral 1) Homogenization X o -De-replicationffiltration
metagenomes 2) Viral isolation/ Phi29 amplification _piersity estimation
concentration (CsCl) ™~ ™ i ™ -Taxonomic assignment
) 3) QC: microscopy 454 Titanium -Screen for antibiotic
(5 areliteans and PCR EIEEILY resistance genes

4) CTAB/Formamide

Microscopy DNA extraction

Frozen
tissue stock

Figure 1. Flow chart for lung dissection and subsequent sample pro-
cessing. PCR, polymerase chain reaction; SDSU, San Diego State Uni-
versity; UCSD, University of California at San Diego.

RESULTS

Clinical Background

Chest radiographic studies from the explant lung donor showed
classic features of CF, with more severe disease occurring in the
apical lobes (see Figure E1 in the online supplement). The CAT
scan of the donor at age 44 years, 2 months before transplantation,
showed extensive mucus plugging and cystic and bronchiectatic
changes that were most severe in the upper lobes (Figures E1B
and E1C). For purposes of comparison, the posttransplant image
of the newly implanted non-CF lungs is also depicted in Figure
E1D. In contrast, the postmortem lung donor’s CAT scans showed
extensive bronchiectasis and severe mucus plugging in all regions
(Figures E1F-E1H). A limited postmortem examination of the
chest revealed that the central airways, including the trachea, were
almost completely obstructed with thick, purulent mucus.

Sputum cultures showed that both patients were chronically col-
onized with multiply antibiotic-resistant mucoid and nonmucoid
strains of Pseudomonas aeruginosa (Figures E1A and E2E), as
well as fungi. Both patients were previously culture-positive for
Streptococcus spp., Micrococcus spp., and nonfermenting Gram-
negative rods. Sputum samples from the explant donor also grew
Klebsiella ozaenae, Stenotrophomonas maltophilia, and Achromo-
bacter spp. Sputum cultures from the postmortem donor were
intermittently positive for methicillin-sensitive Staphylococcus
aureus and diphtheroids.

Both patients experienced intermittent pulmonary exacerba-
tions over the course of their available history, and demonstrated
a decline in FEV{% over time, typical of patients with CF (Fig-
ures E1A and E1E). The explant donor was routinely treated
with ceftazidime and tobramycin (Figure E1A). Piperacillin was
administered during the year before transplantation. In addition,
the postmortem patient experienced periodic pancreatitis and
was routinely treated with tobramycin and meropenem (Figure
E1E), and intermittently with ceftazidime, ciprofloxacin, nafcillin,
and piperacillin.

Characterization of Viral Communities in CF Lungs

Sections were excised from both lungs to sample the right upper,
middle, and lower lobes, as well as the left upper and lower lobes

and lingula (Figure 1). The resultant 1.25 million reads, repre-
senting 360 megabase pairs of sequences, were distributed
among the various lobes, as shown in Figure 2A. The virome
sequences were compared with the nonredundant database at
NCBI, using tBLASTx (e-value, <107°). Between 36-88% of
the virome sequences were unknown, an amount is comparable
to the percentage of unknown sequences reported for other viral
metagenomes (6, 16) (Figure 2A). In total, 138 viral taxa were
identified in the explant lungs. Individual lobes each contained 6—
53 taxa (Figure E2B). Similarly, 72 viral taxa were detected in the
postmortem lung, with 545 taxa identified in each lobe (Figure
E2B). The domain of the host for each of the identified viral taxa
was inferred from their best BLAST similarity (Figure 2B).

Most of the viruses identified were classified as phages (i.e.,
viruses that infect bacteria) (Figure 2A). Phages of known CF
pathogens were identified in all lobes of the explant lungs, ex-
cept for the left upper lobe (LUL) and right upper lobe (RUL)
(Figures 2C and E2A), where no phage could be detected.
Phages of Pseudomonas spp. and Burkholderia spp. were found
in all other lobes. Staphylococcus phages were found in the
lingula and basal lobes only. In the postmortem lungs, where
microbial communities were dominated by P. aeruginosa (5),
most of the phages identified were related to known Pseudomo-
nas phages (Figures 2C and E2A). The right middle lobe
(RML) virome contained sequences with significant similarity
to phage Pfl, a filamentous phage associated with the small
colony variant phenotype of P. aeruginosa (17) (Figure E4).
In addition, phages of Burkholderia spp. and Haemophilus
influenzae were identified in the RUL and RML, respectively.

Viruses that infect eukaryotic cells were also found in both
pairs of lungs. In the explant lungs, herpesviruses were identified
in four lobes. Sequences similar to adenoviruses were found in
the lower lobes and lingula (Figure E2A). In the postmortem
lungs, all lobes contained herpesvirus sequences. Adenoviruses
were identified in the RUL and RML (Figure E2A).

During dissection of the explant lung, cysts were apparent in the
anterior portion of the left lower lobe (LLLA). The virome
sequences from the LLLA yielded an approximately X15 cover-
age of the HPV49 genome (Figure 3A). Assembly yielded an
approximately 7.5-kb contig that was identical to the HPV49 ge-
nome over 99% of its length. Papillomaviruses were not detected
in any other lobe of either set of lungs.

Sequences with tBLASTx similarities to TTV were identified in
the RML of the postmortem lung. These sequences provided an
approximately X14 coverage of a TTV-like genome (Figure 3B).
Assembly yielded a 4.2-kb contig that was most similar at the
nucleotide level to TTV3 (BLASTn; E-value, 0.0; 87% similarity
over the entire contig length). This TTV-like contig was predicted
to contain five open reading frames (ORFs), according to positive
strand translation (Figure 3C). A phylogenetic analysis of the
predicted ORF1 confirmed that this virus was most closely related
to TTV3 (Figure E3).

Spatial Distribution of Viral Diversity

Viral community diversity was estimated using PHACCS, a com-
putational approach that does not rely on similarities to known
sequences (14). The apical lobes of the explanted lungs demon-
strated an extremely low number of viral genotypes, that is, ap-
proximately three genotypes per lobe (Figure ESB). This is the
lowest viral diversity observed to date in any ecosystem. In con-
trast, the basal lobes were estimated to contain on the order of
10 viral genotypes. This is consistent with the identification of far
fewer viral taxa in the apical lobes than in the rest of the lung. In
the postmortem lungs, viral diversity was more evenly distributed,
with 14-105 predicted viral genotypes per lobe (Figure ESB).
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Figure 2. General characteristics of lung viromes. (A) Number of base
pairs of sequenced viral DNA per lobe, and percentage of known/
unknown sequences in each lobe. (B) Predicted host domains for known
sequences in each lobe are shown as the percentage of annotated viral
sequences attributed to a particular domain. (C) Predicted hosts of
phages identified in each lobe. Ling, lingula; LLL, left lower lobe; LLLA,
left lower lobe, anterior; LLLP, left lower lobe, posterior; LUL, left upper
lobe; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe.

The MaxiPhi program was used to estimate the interlobe sim-
ilarities within both the explant and postmortem lungs (15).
Multidimensional scaling, based on the percentage of viral gen-
otypes shared, revealed that viral communities in spatially
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Figure 3. Eukaryotic viruses in the cystic fibrosis lung. (A) Human papillo-
mavirus (HPV) genome. The left lower lobe of the explant lung provided an
approximately X15 coverage of HPV49. (B) Torque teno virus (TTV), with
an approximately X 14 coverage in the virome from the right middle lobe
(RML) of the postmortem lung. (C) Anellovirus. ORF, open reading frame.

closer lobes were more similar than those in anatomically dis-
tant lobes (Figure ES and Table E2). Overall, lobes of the post-
mortem lungs shared a higher proportion of viral genotypes
than those in the explant lungs, and fewer lobes were signifi-
cantly different from each other (Table E2).

Identification and Spatial Distribution of Antibiotic
Resistance Genes

Antibiotic resistance (AR) genes were identified in the viromes
by comparison to the Antibiotic Resistance Database (7). In the
explant lungs, no sequences similar to AR genes were found in



130 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 46 2012

Post-mortem

m Aminoglycoside m Beta-lactamases m MLS )
Multi-drug efflux pumps m Tetracycline m Vancomycin m Other

Figure 4. Spatial distribution of antibiotic resistance genes in the
viromes from the explant (A) and postmortem (B) lungs.

the RUL or LUL, the two lobes where no phage sequences were
detected (Figure 4A). In the other lobes, less than 1-2% of the
total virome showed a similarity to AR genes. The LLLA was
enriched in sequences corresponding to aminoglycoside resistance
and Class B B-lactamases (metallo—B-lactamases). In the right
lower lobe (RLL), most AR sequences were related to resistance—
nodulation—cell division (RND) multidrug efflux pumps, including
two components of the P. aeruginosa MexE-MexF-OprN RND
pump for fluoroquinolones and chloramphenicol. Metagenomic
sequences from the explant RLL were assembled, and the resul-
tant 3-kb contig contained a complete mexF gene sequence. Phy-
logenetic analysis indicated that this contig was most similar to the
MexF transporter of Legionella pneumophila strains Corby and
Philadelphia (Figure E6). The mexF gene is located in a 100-kb re-
gion of the L. pneumophila genome, termed an “efflux island” that
also contains phage, transposon, and transfer RNA genes, suggest-
ing this island is mobile and can potentially undergo phage-
mediated lateral gene transfer (18).

In the postmortem lungs, AR sequences were found in all lobes
(except the lingula), and represented 1-27% of total viromes
(Figure 4B). Nearly all of the putative AR genes in the LUL
were similar to ribosomal RNA [adenine-N-6-]-methyltransferase
(ermC), which confers resistance to macrolide-lincosamide-
streptogramin antibiotics. No sequences similar to B-lactamases
were identified in the LUL, whereas B-lactamases accounted for
most of the AR sequences in the RML and left lower lobe. This
patient had been treated with a variety of B-lactam antibiotics
that could have driven the acquisition of a larger repertoire of
resistance genes via lateral gene transfer (19).

DISCUSSION

Viral Diversity and CF Lung Disease

Previous studies found that regional differences in the severity of
CF lung disease are more pronounced in stable patients, and that
the apical regions are the most affected (2). Consistent with this
finding, the apical lobes in the explant lungs suffered the most
severe disease (Figures 2B and 2C). These lobes also demon-
strated the lowest viral diversity, and harbored no detectable
phages. The polysaccharide matrix of biofilms has been hypoth-
esized to present a barrier that protects susceptible bacteria
from top-down control by phage predation (20). Our data sup-
port this hypothesis, and suggest that the apical lobes of patients
with stable CF may house a unique viral community character-
ized by extremely low richness and the absence of phage.

The less diseased basal lobes and lingula of the explant lungs
demonstrated higher viral diversity, including phages of known

CF pathogens, thus suggesting that some phage predation occurs
in these more functional regions. The transitory binding of en-
vironmental viruses probably accounts for the greater diversity
observed and the presence of more viral genotypes not shared
with other lobes. The binding may be attributable to increased
air trapping in the basal lobes, as previously observed (1). The
severity of disease in the postmortem lungs was more similar
throughout, accompanied by pervasive viral infection and a more
uniform distribution of viral taxa. A recent study using sputum
samples demonstrated that microbial species richness is corre-
lated with lung function, and that CF-associated microbial com-
munities consist of core (i.e., resident) and satellite (i.e., transient)
taxa (21). Our results indicate that the same model could apply
to viral communities in CF lung tissue.

Viral Infections of Host Tissue

Both sets of lungs exhibited disseminated herpesvirus infection as
well as other highly localized eukaryotic viral infections. Herpes-
viruses were detected in CF and non-CF lung tissue, and were pre-
viously identified as core constituents of the respiratory virome
(15, 22). Although herpesviruses have been linked to complica-
tions in lung transplant patients, the roles they play in the pro-
gression of CF lung disease, if any, are largely unknown (23).

Infection with HPV49 was observed in the LLLA of the ex-
plant lung in conjunction with evident cysts. HPV was not found
in any other sample. Papillomaviruses are ubiquitous human
commensals, but also cause diseases of the skin, genital tract,
and respiratory tract (24). HPV infections in the airways can
lead to recurrent respiratory papillomatosis (RRP), which in
rare cases leads to cysts in the lung itself, especially in the lower
lobes (25). Papillomaviruses were detected in lung carcinomas
in several studies (26), but causal associations have not been
determined. HPV49 was not previously linked to lung carcino-
mas or RRP (27). However, the unique immunological state of
the CF lung might allow for infection, persistence, and cyst
formation by nonrespiratory papillomaviruses, and the explant
patient may have had an undiagnosed papilloma or carcinoma.

The RML of the postmortem lungs contained sequences that
were most closely related to TTV3. Although TTV and other
anelloviruses were found to be associated with respiratory dis-
ease, bronchiectasis, and loss of lung function, whether TTV
plays a specific role in CF remains unknown (28).

Spatial Heterogeneity of Phage-Encoded
Antibiotic Resistance

Phages were previously implicated in the rampant transfer of an-
tibiotic resistance genes in vivo, and the transduction of antibi-
otic resistance by phages has also been demonstrated in vitro
(29, 30). The varied distribution of phage-encoded antibiotic
resistance genes observed here demonstrates that CF lungs
are spatially heterogenous with respect to the presence of clin-
ically relevant factors. Previous studies found that treatment
based on the common practice of randomly picking bacterial
colonies cultured from sputum and assessing their antibiotic
resistance is often unsuccessful (31). In addition, the dispersal
of aerosolized antibiotics such as tobramycin was shown to
be uneven in the lungs, which may create isolated antibiotic-
resistant niches (32). Phages likely maintain a reservoir of
antibiotic-resistance genes that can be mobilized and dissemi-
nated. Notably, the administration of antibiotics has been
shown to induce phage and phage-mediated lateral gene trans-
fer (33). Thus, even if infection by a particular host is cleared
from a lobe, phage may reintroduce antibiotic-resistant genes
from other regions or hosts.
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