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SUMMARY
In cystic fibrosis (CF) airways, Pseudomonas aeruginosa forms cellular aggregates called biofilms that are
thought to contribute to chronic infection. To form aggregates, P. aeruginosa can use different mechanisms,
each with its own pathogenic implications. However, how they form in vivo is controversial and unclear. One
mechanism involves a bacterially produced extracellular matrix that holds the aggregates together. Pel and
Psl exopolysaccharides are structural and protective components of this matrix. We develop an immunohis-
tochemical method to visualize Pel and Psl in CF sputum.We demonstrate that both exopolysaccharides are
expressed in the CF airways and that themorphology of aggregates is consistent with an exopolysaccharide-
dependent aggregation mechanism. We reason that the cationic exopolysaccharide Pel may interact with
some of the abundant anionic host polymers in sputum. We show that Pel binds extracellular DNA (eDNA)
and that this interaction likely impacts current therapies by increasing antimicrobial tolerance and protecting
eDNA from digestion.
INTRODUCTION

Cystic fibrosis (CF) is caused by mutations in the gene encoding

the CF transmembrane conductance regulator (CFTR), a mem-

brane anion channel (Stoltz et al., 2015). The vast majority of in-

dividuals with CF will eventually become chronically infected

with the Gram-negative pathogen Pseudomonas aeruginosa

(Lyczak et al., 2002; Moreau-Marquis et al., 2008). Persistence

of CF airway infections is associated with non-resolving inflam-

mation, accelerated lung disease, and earlier mortality (Gibson

et al., 2003; Lyczak et al., 2002). In vitro antibiotic susceptibility

of P. aeruginosa clinical isolates by itself does not predict treat-

ment outcomes (Somayaji et al., 2019). Thus, it is not clear which

host and microbiological factors influence antibiotic efficacy.

In the CF airways, P. aeruginosa is thought to reside as a bio-

film or aggregate of cells embedded in a polymer-rich matrix

(Bjarnsholt et al., 2009; Costerton et al., 1995; Singh et al.,

2000). Exopolysaccharides (EPSs) are key components of this

matrix (Flemming and Wingender, 2010; Pamp et al., 2007; Su-

therland, 2001). P. aeruginosa is capable of producing at least

three distinct matrix EPSs: alginate, Psl, and Pel (Franklin
This is an open access article under the CC BY-N
et al., 2011). Alginate is the primary EPS used by mucoid strains.

Nonmucoid clinical and environmental isolates vary the amount

and type of EPSs that they produce (Colvin et al., 2012; Ma et al.,

2006). Psl is a neutral polymer containingmannose, glucose, and

rhamnose in a repeating pentameric unit (Byrd et al., 2009).

In vitro, Psl facilitates surface adherence and proinflammatory

signaling in lung epithelial cells (Byrd et al., 2010) and inhibits op-

sonization and bacterial killing by phagocytes (Mishra et al.,

2012). Pel, a polycationic polymer composed of partially acety-

lated glucosamine and galactosamine (Jennings et al., 2015),

can bind extracellular DNA (eDNA) via an ionic binding mecha-

nism (Jennings et al., 2015) and play an additional protective

role by enhancing resistance to aminoglycoside antibiotics (Col-

vin et al., 2011). Whether in vivo P. aeruginosa aggregates pro-

duce Pel and Psl, or any other features of the matrix described

in vitro, remains unknown.

However, recent reports suggest that in vitro findings

regarding P. aeruginosa aggregate formation may not apply

to aggregates produced during chronic infection (Bjarnsholt

et al., 2013). For example, some studies found that functions

that contribute to aggregate formation in vitro are not required
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to produce aggregates under conditions that mimic the

CF environment. Staudinger et al. (2014) showed that

P. aeruginosa growing in a viscous medium in vitro could

produce aggregates independent of EPS production. These

aggregates exhibited many of the phenotypic attributes asso-

ciated with matrix-mediated aggregation. Subsequently, Secor

et al. (2018) demonstrated that a polymer-rich environment

(like that found in the CF airways) could drive bacterial aggre-

gation through a passive mechanism termed depletion aggre-

gation. Depletion aggregation occurs in environments where

bacterial aggregation reduces the entropy of the system by

providing more space for the polymers. Collectively, these

data call into question the relevance of some in vitro biofilm

findings to chronic CF airway infections and highlight the

importance of studying aggregates generated in the human

disease environment.

In this study, we apply immunohistochemistry (IHC) using an-

tibodies specific to Pel and Psl EPSs to directly visualize the

P. aeruginosa biofilm matrix in CF sputum. We provide evidence

that Pel and Psl are produced in the CF airways.We demonstrate

that Pel is partially acetylated and has a positive charge at CF-

relevant airway pH. This charge allows Pel to bind an abundant

host component of the airways, eDNA. The presence of Pel-

bound eDNA increased tolerance to aminoglycoside antibiotics.

Moreover, the ability of Pel to bind eDNA protects the polymer

from DNase digestion. Collectively, our data indicate that, in

CF, a subpopulation of P. aeruginosa produces aggregates ex-

pressing Pel and/or Psl EPSs. This finding is significant. It shows

that aggregate growth in vivo is consistent with the biofilm mode

of growth as defined by in vitro laboratory research. Our work

also suggests that Pel produced by aggregates likely diminishes

the efficacy of themost commonly used current CF therapeutics:

inhaled tobramycin and DNase. Thus, patient-to-patient differ-

ences in EPS production by bacterial aggregates could help

explain the heterogeneous responses to these therapies in the

clinic.

RESULTS

CF isolates of P. aeruginosa have the genetic capacity
for Pel and Psl production
Sputum samples were collected with consent from eight CF pa-

tients at the University of Washington (UW) Adult CF Clinic. Five

sputum samples (hereafter indicated as P1–P5) were identified

to contain P. aeruginosa using culture-based techniques. Three

control sputum samples (C1–C3) did not contain detectable

levels of P. aeruginosa. Clinical descriptions of patient samples

are listed in Table S1.

We verified the presence or absence of P. aeruginosa in

sputum samples using endpoint PCR with P. aeruginosa-spe-

cific primers. We probed sputum samples for the presence of

genomic DNA harboring pel or psl genes (Figure S1). We found

that all sputum samples that contained P. aeruginosa also tested

positive for pel genes and that psl genes were detected in four of

five samples, suggesting that the genetic capability of sputum

pathogens to produce these EPSs varies between patients. As

expected, pel and psl genes were not detected in the control

samples.
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Pel and Psl are associated with P. aeruginosa

aggregates in CF sputum
We next sought to determine whether EPSs were being pro-

duced in sputum samples. Toward this end, we used IHC with

antibodies directed specifically to the Pel and Psl EPSs. These

antibodies were validated and optimized by spiking EPS-pro-

ducing cells into sputum samples lacking P. aeruginosa (Figures

S2A and S2B). We then applied our IHC assay to sputum sam-

ples obtained from people with CF that we had documented to

containP. aeruginosa (Figure 1). All samples contained abundant

neutrophils in which the multi-lobed nuclei stained dark blue due

to the hematoxylin counterstain, which is consistent with an

intense inflammatory response in the CF airways that fails to

clear the infection (Cantin et al., 2015). Visualization of

P. aeruginosa in these samples showed abundant single cells

and small aggregates as well as a few larger aggregates. Pel,

Psl, or both were associated with P. aeruginosa clusters and de-

tected in all of the clinical specimens containing P. aeruginosa

(see P. aeruginosa aggregates in sputum indicate heterogeneity

in aggregate size and matrix composition). Dual staining of Pel

and P. aeruginosa illustrated some aggregates in which the ma-

trix extends beyond cell clusters, similar to in vitro biofilms (Fig-

ure 1A). In many cases, some of the larger aggregates appeared

to consist of several smaller clusters separated by matrix mate-

rial (Figure 1B, second panel from left).

P. aeruginosa aggregates in sputum indicate
heterogeneity in aggregate size and matrix composition
Abundant single cells andsmall aggregates, aswell as a few larger

aggregates, were visible (Figure 1C). Cluster size analysis of

P. aeruginosaaggregateswasconductedonfive sputumsamples

and compared with biofilm aggregates of clinical and environ-

mental isolates of P. aeruginosa (PAO1, PA14, MSH3, and

19660) cultivated in vitro under continuous flow as described by

Colvin et al. (2012). Overall, in vivo aggregates in sputum are

smaller than aggregates commonly observed in in vitro studies

(Figure 1D). The upper limit of sputum aggregates was �300 mm

(compared with 150 mm for flow cells), with the most abundant

number of aggregates in the smallest size range (<20 mm). By

contrast, flow cell aggregates were more uniform in size.

Analysis of IHC images by visual inspection showed the pres-

ence or absence of Pel and Psl in sputum samples (Figures 2A

and 2B). Pel was detected in all five P. aeruginosa-positive

sputum samples tested (P1–P5). Psl was detected in three of

five P. aeruginosa-positive sputum samples (P1, P3, and P5).

Pel and Psl were not detected in controls without

P. aeruginosa (C1–C3). Detection of Pel and Psl in sputum by

IHC was consistent with PCR results. Gram-positive cocci,

which were presumably Staphylococcus, did not stain with

P. aeruginosa, Pel, or Psl antibodies (Figure S2C). In addition

to detecting Pel and Psl by visual inspection, we sought to objec-

tively quantify the antibody signal using VisioPharm image anal-

ysis software. A global quantification of antibody signal across

the entire slide could be used to determine the presence/

absence of the target antigen for controls (Figure S2B) and

most sputum samples (Figure 2C). Quantification with Visio-

Pharm has its limitations. The main limitation is that it is chal-

lenging to detect polysaccharides in samples with only a few



Figure 1. Characteristics and observations

of the in vivo biofilm matrix

(A) Dual IHC staining of a sputum aggregate

showing Pel (brown) and P. aeruginosa (green).

(B and C) Representative IHC images of Pel, Psl,

and P. aeruginosa (Pa) antibodies (brown) applied

to sequential slices of Pa-positive sputum. He-

matoxylin counterstain is blue. A neutrophil is

highlighted (arrow).

(B) Images showing larger Pa cell cluster that ap-

pears to consist of several smaller clusters.

(C) Images showing heterogeneity in Pa cell clus-

ter size.

(D) Size distribution of Pa aggregates in sputum

samples (P1–P5) and in vitro flow-cell biofilms

from reference Colvin et al. (2012).
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aggregates staining. For these reasons, the global quantification

method likely results in an underestimation of EPS detection.

Within sputum samples, most P. aeruginosa aggregates stained

positive for Pel, Psl, or both (Figure 2D). In the samples that we

tested, Pel staining is more prevalent than Psl staining. Overall,

our analysis indicates all sputum samples contained at least

one EPS and that the expression of Pel and Psl can vary between

patients.

Cellular orientation within clusters suggests
aggregation occurs by an EPS-mediated polymer-
bridging mechanism
Bacterial aggregation can occur by different mechanisms:

restricted motility (Staudinger et al., 2014), depletion aggrega-
Ce
tion (Dorken et al., 2012; Schwarz-Linek

et al., 2010; Secor et al., 2018), and

polymer bridging (Strand et al., 2003).

The morphology of aggregates in the

sputum samples can be used to distin-

guish between different mechanisms

of aggregation (Secor et al., 2018).

Non-motile cells produce aggregates

that are densely packed and uniformly

distributed throughout the aggregate,

compared with polymer bridging in

which aggregates have a higher cell

density in the center with fewer cells to-

ward the edges (Staudinger et al.,

2014). In depletion aggregation, rod-

shaped bacteria laterally align to mini-

mize aggregate surface area (Figure 2E,

bottom left) (Secor et al., 2018),

compared with the less ordered orien-

tation of cells aggregated by polymer

bridging (Figure 2E, bottom right). IHC

reveals that P. aeruginosa cells in

sputum are not laterally aligned

and that the cell density is greater to-

ward the center of most clusters (Fig-

ure 2E, top). The cellular packing and

orientation of P. aeruginosa within ag-
gregates in sputum are consistent with a polymer-bridging

mechanism.

Pel is highly deacetylated and aggregates CF-relevant
polymers and sputum in a pH-dependent manner in vitro

The evidence that Pel and Psl are produced by P. aeruginosa in

the CF airways raises the possibility that these EPSs might

mediate functionally important interactions with host-derived

airway components. Of particular interest is Pel, which is polyca-

tionic and could potentially contribute to interactions in airways

that are rich in host-derived anionic constituents. Our previous

work showed that Pel was enriched in 1,4-glycosidic linkages

of N-acetylgalactosamine (GalNAc) and N-acetylglucosamine

(GlcNAc) sugars (Jennings et al., 2015). Deacetylation of Pel
ll Reports 34, 108782, February 23, 2021 3



Figure 2. IHC indicates presence and localization of Pel and Psl in CF sputum

(A) Representative IHC images of Pel, Psl, and Pa antibodies (brown) applied to sequential slices of sputum with Pa (P1) and sputum without Pa (C2).

(B) Qualitative detection of Pel or Psl in sputum by visual inspection. +, detected; �, not detected.

(C) Global quantification of the area of antibody signal/total area of sample for sputum samples.

(D) Fraction of aggregates within a sputum sample with Pel or Psl. ND, aggregate not detected; Total, number of aggregates.

(E) Representative image showing morphology of Pa aggregates in sputum is consistent with a polymer-bridging mechanism.
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Figure 3. Pel is highly deacetylated and ag-

gregates CF-relevant polymers in a pH-

dependent manner

(A) NMR structural analysis of Pel is consistent

with a 50% acetylated polymer of GlcNAc and

GalNAc. The 13C-CPMAS spectrum of Pel was

acquired and compared with poly-b-1,4-GlcNAc

(inset). Biological replicate spectra shown in Fig-

ure S3C.

(B) Pel, but not Psl or alginate, binds eDNA. Su-

pernatant from PBADpel culture combined with

salmon sperm DNA forms a large aggregate (ar-

row) at pH 6.3, where Pel is positively charged.

Aggregation did not occur for supernatant from

PBADpsl or alginate solution or no polysaccharide

control (Dpel Dpsl).

(C) Pel aggregates CF sputum at pH 6.3 (arrow).

(B and C) Representative images shown for clarity.

Triplicate biological replicates behaved similarly.
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sugars by the enzyme PelA results in its overall positive charge

(Colvin et al., 2013).

Previous attempts to apply solution NMR to Pel were hindered

by the polymer’s limited solubility. To assess the degree of de-

acetylation, we applied solid-state NMR to Pel from a Pel-over-

producing strain (PAO1 DwspF Dpsl PBADpel), herein designated

as PBADpel (Jennings et al., 2015). The 13C cross-polarization

magic-angle spinning (13C-CPMAS) NMR spectrum of Pel was

acquired (Figures 3A and S3C) and contained peaks consistent

with GlcNAc/GalNAc (Vårum et al., 1991). To determine the

extent of Pel deacetylation, the CP contact time was arrayed,

which permitted quantitative peak integration (Figures S3A and
Ce
S3B). This experiment determined that

there is �0.5 acetyl group per sugar.

The extent of deacetylation of Pel is

greater than that observed for poly-N-

acetylglucosamine (PNAG) produced by

Staphylococcus spp. (10%–20% deace-

tylated) (Little et al., 2014).

Based on the high degree of deacetyla-

tion determined from NMR, we reasoned

that Pel would bind anionic polymers in

the CF airways (Fischer andWiddicombe,

2006). The pH of the CF airways is mildly

acidic (pH 6.0) (Coakley et al., 2003) and

would impart a positive charge on Pel,

facilitating the formation of ionic interac-

tions. In addition, we had evidence that

Pel can bind to both DNA and mucin,

which are some of the most abundant

anionic polymers in CF sputum (Button

et al., 2012; Mrsny et al., 1996; Shak

et al., 1990). To follow up on these obser-

vations, we wanted to verify that it was

Pel that bound eDNA and not any other

exopolymers that P. aeruginosa pro-

duces. Therefore, we analyzed the ability

of the additional P. aeruginosa EPS Psl
and alginate to interact with eDNA. As previously reported, pH-

dependent aggregation (due to binding) was observed when

positively charged Pel was mixed with salmon sperm DNA (Fig-

ure 3B). No aggregation was observed with alginate, Psl, or a

polysaccharide-free control (Dpel Dpsl) at either pH tested. Pel

and Psl immunoblots suggest Pel and Psl supernatants had

similar amounts of polysaccharide (Figure S3D). Next, we sought

to determine whether Pel could directly aggregate macromole-

cules present in sputum recovered from a person with CF. We

found that Pel aggregated sputum in a pH-dependent manner,

while no aggregation was observed for Psl or a polysaccha-

ride-free control (Dpel Dpsl) (Figure 3C).
ll Reports 34, 108782, February 23, 2021 5



Figure 4. Pel-eDNA interactions enhance bacterial tolerance to

aminoglycoside antibiotics and resist nuclease digestion

(A) Pel-dependent biofilms retain more eDNA than Psl-dependent biofilms.

Representative confocal microscopy images of extracellular DNA stained with

propidium iodide (yellow) and biomass stained with SYTO62 (cyan). Scale bar,

30 mm.

(B) eDNA enhances tolerance to tobramycin (TOB) in a Pel-dependentmanner.

Plots show viable bacterial counts from static biofilms treated with TOB

compared with no antibiotic controls. Results are the mean ± SD (n = 3), p

value = 0.0048 and 0.0049 for Pel and Psl, respectively.

(C) Pel protects DNA from nuclease digestion. Image shows Pel-DNA aggre-

gates after 48-h DNase digestion. Ethidium-bromide-stained agarose gel

shows DNA (blue) from sonicated Pel-DNA aggregate and soluble portion. Re-

solubilizing the aggregates by increasing the pH to disrupt ionic interactions

enables digestion with DNase. Representative images shown for clarity. Bio-

logical replicate behaved similarly.
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Pel interactions with host-airway components reduce
P. aeruginosa’s susceptibility to antibiotic and
mucolytic treatments
CF airways are rich in eDNA, which can be incorporated into the

P. aeruginosa biofilm matrix (Moreau-Marquis et al., 2008;

Walker et al., 2005). To determine whether the biofilm matrix

composition impacts the ability of aggregates to incorporate

eDNA, we tested in-vitro-grown biofilms using either Pel- or

Psl-rich matrices in growth medium supplemented with salmon

sperm DNA. Propidium iodide (PI) staining of eDNA showed

that biofilms overexpressing Pel incorporated large amounts of

DNA throughout the biofilm matrix, while DNA observed in Psl

overexpression biofilms was near background levels (Figure 4A).

We then assessed whether Pel-bound eDNA might influence

antibiotic susceptibility. Colvin et al. (2011) demonstrated that

Pel enhances tolerance to the aminoglycoside antibiotic tobra-

mycin, while Psl did not affect susceptibility. Protection only

occurred with the charged antibiotic tobramycin and not the

neutral antibiotic ciprofloxacin. We cultivated static Pel- or Psl-

rich biofilms inmedium supplemented with or without eDNA (Fig-

ure 4B). We found that Pel-rich biofilms supplemented with

eDNA showed decreased susceptibility to tobramycin. This is

consistent with the observation that eDNA increases tolerance

to aminoglycosides (Chiang et al., 2013).

A feature of EPS interactions is that they protect polymers

from enzymatic degradation (Reichhardt et al., 2018). One com-

mon treatment for CF patients is the application of aerosolized

recombinant human deoxyribonuclease I (rhDNase I) to digest

eDNA that, in turn, reduces sputum viscosity and improves

airway clearance and lung function (Frederiksen et al., 2006;

Shak et al., 1990). Thus, we explored whether Pel-eDNA interac-

tions might protect the DNA from nuclease digestion. To test

this, Pel-eDNA aggregates were formed by mixing supernatant

from a Pel-overproducing culture with salmon sperm DNA and

adjusting the pH to 6.3 to induce aggregation. We found that

Pel-DNA aggregates resisted digestion with DNase I even after

extended digestion (Figure 4C). Re-solubilizing the aggregates

by sonication or increasing the pH to disrupt ionic interactions

between Pel and eDNA rendered the eDNA DNase sensitive.

Taken together, the data suggest that Pel-eDNA interactions

will not only promote tobramycin tolerance but also shield aggre-

gates from disruption by nucleases.

DISCUSSION

A key unanswered question in the field of CF microbiology re-

lates to why aggressive antibiotic treatments are ineffective at

eradicating established P. aeruginosa infections. These chronic

infections persist even after initiation of highly effective CFTR

modulator therapy (Hisert et al., 2017); thus, a better under-

standing of how P. aeruginosa eludes killing by both host im-

mune factors and antibiotics remains a critical area of research.

Physical disruption of P. aeruginosa aggregates in laboratory

experiments can restore susceptibility to killing with antibiotics

(Alhede et al., 2011) and cells of the immune system (Jensen

et al., 1992; Kharazmi, 1991). Thus, understanding mechanisms

that promote cellular aggregation is an important focus of

research efforts.
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To investigate whether aggregates observed in CF have fea-

tures of a matrix-dependent mechanism of formation, we devel-

oped a method to directly visualize the biofilm matrix in CF

sputum using IHC with antibodies targeting Pel and Psl polysac-

charides. Our results illustrate that in vivo aggregates found in CF

appear to share some of the properties of commonly studied

in vitro biofilms.We found evidence that both Psl and Pel are pro-

duced and can be found associated with these aggregates. The

directional orientation and packing of P. aeruginosa cells within

aggregates is consistent with aggregation by the bridging of ma-

trix polysaccharides. Additional findings indicate that aggregate

matrix composition can vary from patient to patient with some

containing Pel and others containing both Pel and Psl. Our

work is consistent with aggregation in the CF airways being

mediated by a bacterially produced matrix of Pel and/or Psl.

There are several limitations of this study. First, IHC was the

primary line of evidence used for the detection of Pel and Psl.

We undertook significant efforts to ensure that the antibodies

were specific to their target antigens by applying appropriate

controls and showing that the presence/absence of IHC targets

was consistent with DNA evidence from PCR. In addition to

detection of Pel and Psl by IHC, the presence of matrix polysac-

charides was also supported by the observation of cells aggre-

gating by a bridging mechanism of matrix polysaccharides as

opposed to a matrix-independent mechanism. Second, sputum

sample sizes were small and limit the extension of our results.

The vast majority of P. aeruginosa aggregates found in sputum

appear to produce Pel or Psl. It is possible that some in vivo ag-

gregates do not contain Pel or Psl, but they were not detected in

our small patient cohort. Finally, there is evidence that mucoid

strains can also produce Pel and Psl. Whether alginate produced

by aggregates from patients harboringmucoid strains influenced

Pel and Psl staining and localization is unclear.

Evidence that P. aeruginosa produces Pel during infection is

potentially significant. At a CF-airway-relevant pH, Pel retains a

positive charge and can interact with many of the abundant,

negatively charged, host-derived compounds found in the air-

ways, such as eDNA. We show two mechanisms by which Pel-

eDNA complexes could impact disease. First, Pel-dependent

biofilms sequester eDNA in the matrix, which increases toler-

ance to the aminoglycoside antibiotic tobramycin. This is consis-

tent with a study that showed eDNA could mediate antibiotic

tolerance to biofilm aggregates (Wilton et al., 2015). Second,

Pel binding to eDNA protects it from DNase digestion. Currently,

a major therapeutic used to treat CF is called Pulmozyme, which

consists primarily of aerosolized, inhaled DNase and is meant to

reduce airway secretion viscosity by degrading the eDNA-rich

airway secretions.

This study sheds light on the nature of aggregation in vivo. Our

findings are supportive of a role for Pel and/or Psl in aggregation

of P. aeruginosa in disease. In vitro, Pel is only expressed when

P. aeruginosa is grown as a biofilm, where it promotes cellular

aggregation (Colvin et al., 2011). However, our results do not

rule out the possibility that multiple mechanisms might

contribute to the aggregation of P. aeruginosa in different

areas/environments within the CF airways. In addition to bacte-

rial cells, Pel is also capable of aggregatingmucin, eDNA, andCF

sputum. We also show that eDNA-Pel interactions have the po-
tential to reduce the efficacy of two therapeutics commonly used

in clinic: Pulmozyme (DNase) and tobramycin. Collectively, our

work supports the matrix-driven aggregation hypothesis and

suggests that targeting matrix-host compound interactions

may be an important step toward improving currently used treat-

ments in the clinic.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Pseudomonas aeruginosa antibody, guinea

pig polyclonal, isotype IgG

GeneTex GTX41031; RRID:AB_424383

Bacterial and virus strains

PAO1 DwspF Dpel PBADpsl - arabinose-

inducible psl operon

Irie et al., 2012 N/A

PAO1 DwspF Dpsl PBADpel - wspF,

nonpolar mutation; pslBCD, polar mutant of

the psl operon; arabinose-inducible pel

operon

Colvin et al., 2013 N/A

PAO1 DwspF Dpsl Dpel - wspF, nonpolar

mutation; pelA, polar mutant of the pel

operon; pslBCD, polar mutant of the psl

operon

Borlee et al., 2010 N/A

Chemicals, peptides, and recombinant proteins

Sodium alginate Sigma-Aldrich W201502; CAS: 9005-38-3

DNA, salmon sperm USB 14377

Congo red Sigma-Aldrich C6767

SYTO 62 red fluorescent nucleic-acid stain Thermo Fisher S11344

Propidium iodide (PI) Thermo Fisher BMS500PI

Triton X-100 detergent Roche 11332481001; CAS: 9002-93-1

Harris hematoxylin Leica Biosystems 3801562

GoTaq Flexi DNA polymerase Promega M8291

DNase I, recombinant RNase-free Sigma-Aldrich 4716728001

Proteinase K New England Biolabs P8107S

Critical commercial assays

QIAamp DNA Microbiome Kit QIAGEN 19091

Oligonucleotides

Pa-rplU-F:

CGT CAC GAC AAG GTC CGC

Secor et al., 2015 N/A

Pa-rplU-R:

GGC CTG AAT GCC GGT GAT C

Secor et al., 2015 N/A

pelA-F:

CCT TCA GCC ATC CGT TCT

Colvin et al., 2011 N/A

pelA-R:

TCG CGT ACG AAG TCG ACC TT

Colvin et al., 2011 N/A

pslA-F:

CTG CCC TCA CCT TTC GCC

This Study N/A

pslA-R:

GGA AGG ATC AGC TGC G

This Study N/A

Software and algorithms

Igor Pro WaveMetrics https://www.wavemetrics.com/products/

igorpro

Velocity Quorum Technologies www.quorumtechnologies.com

Prism GraphPad https://www.graphpad.com:443/

VisioPharm Image Analysis Software VisioPharm https://www.visiopharm.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to, and will be fulfilled by, the corresponding author Dr. Matthew Par-

sek (parsem@u.washington.edu).

Materials availability
This study did not generate unique reagents.

Data and code availability
This study did not generate unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains and Growth Conditions
Bacterial strains and primers used in this study are listed in the Key Resources Table (Borlee et al., 2010; Colvin et al., 2011, 2013; Irie

et al., 2012; Secor et al., 2015). Planktonic cultures were routinely cultivated on Jensen’s chemically defined medium at 37�C with

constant shaking (225 rpm) unless otherwise indicated. Jensen’s medium (pH 7.3) contained NaCl (85.6 mM), K2HPO4 (14.4 mM),

sodium glutamate (92 mM), valine (24 mM), phenylalanine (8 mM), glucose (70 mM), MgSO4 (1.33 mM), CaCl2 (0.14 mM), FeSO4

(0.0039 mM), and ZnSO4 (0.0085 mM). The first five ingredients were mixed, the pH was adjusted to 7.3, and the resulting solution

was subsequently autoclaved. Jensen’s medium was supplemented with glucose and metals after autoclaving. Biofilms were

cultivated on glucose minimal media (pH 7), which was made by modifying the Jensen’s glucose recipe as follows: the glucose con-

centration was reduced to 0.3 mM, ammonium sulfate was added (15.1 mM final concentration), and the amino acids valine, phenyl-

alanine, and glutamic acid were removed. Media for induced strains was supplemented with arabinose at 0.5% (vol/vol).

Sputum Sample Collection and Processing
Spontaneously expectorated sputum specimens were collected at the University ofWashington (UW) Adult Cystic Fibrosis Clinic and

kept on ice (0.5 - 4 hours) until processing. Informed consent was obtained from all subjects, and the study was approved by the UW

Human Subjects Division. Patient identification number, age, forced expiratory volume (FEV1), clinical lab microbiology, and cystic

fibrosis transmembrane conductance regulator (CFTR) genotype are indicated in Table S1. Sex and gender identity for patients is not

known. For each sputum sample, part was fixed in formalin for IHC analysis, part was used to extract bacterial DNA, and the remain-

ing sample was frozen at �20�C.

METHOD DETAILS

Detection of Pel and Psl Genes in Sputum
Bacterial DNA was extracted directly from fresh expectorated sputum using a QIAamp DNA Microbiome Kit (QIAGEN) to reduce

contamination with human DNA. Endpoint PCR was used to confirm clinical findings that sputum samples were P. aeruginosa pos-

itive or negative and to determine if pel or psl genes were present. PCR was performed using GoTaq� Flexi DNA polymerase (Prom-

ega) according to the manufacturer’s instructions with primers specific for Pel (pelA-F, pelA-R), Psl (pslA-F, pslA-R), and

P. aeruginosa (PA-rplU-F, PA-rplU-R) (see Key resources table). An annealing temperature of 61�C was used for each of the PCR

reactions.

IHC
IHC targeting Pel, Psl, and P. aeruginosa was performed by the Histology and Imaging Core Facility at UW. Following expectoration,

sputum samples were placed in 50 mL conical vials containing 10% formalin. Fixed specimens were embedded in paraffin and

sectioned. 5 mm sections were collected and placed onto charged slides, deparaffinized and rehydrated through graded ethanol.

The signal-to-noise ratio for each antibody was optimized by varying the antigen retrieval and primary antibody concentration. An-

tigen retrieval was performed with citrate buffer at pH 6 for 10minutes followed by blocking with endogenous peroxidase activity with

3.0% hydrogen peroxide for 5 minutes. The sections were incubated with rabbit anti-Pel antisera, rabbit anti-Psl antisera, guinea pig

anti-Pseudomonas aeruginosa antisera (GeneTex) or rabbit non-specific control IgGs. Antisera for P. aeruginosa, Pel, and Psl was

applied at 1:5000, 1:60, and 1:2000 dilutions, respectively. Sections were washed, incubated with secondary antibodies conjugated

to horseradish peroxidase. Counter-staining was performed using Harris hematoxylin (Leica Biosystems).

Antibodies for IHC were validated using positive and negative controls. Negative controls consisted of sputum without

P. aeruginosa. PCR confirmed that negative controls did not contain P. aeruginosa, pel or psl genes. To create positive controls,

100 ul of a 16-hour culture of a Pel or Psl overproducing strain cultivated in Jensen’s minimal media was spiked into sputum without

P. aeruginosa (Figures S2A and S2B). The sputumwith culture was allowed to stand for an hour at room temperature prior to fixing in

formalin for IHC analysis. Sputum without P. aeruginosa did not demonstrate robust staining with Pel or Psl antibodies. Some
Cell Reports 34, 108782, February 23, 2021 e2
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non-specific binding to abioticmaterial and host cells was observed in controls and could be distinguished frommatrix stainingwhich

co-localized with anti-P. aeruginosa staining of cell aggregates. Sputum exogenously spiked with cultures that overproduce Pel or

Psl showed the presence of rod-shaped bacteria associated with Pel and Psl staining. Variability was noted between sputum sam-

ples both in composition and staining. Some samples contained large amounts of saliva, while others relatively little. The

P. aeruginosa antibody (GeneTex) targeted P. aeruginosa outer membrane protein fraction and could not be applied to some

P. aeruginosa-containing samples due to high background staining.

Polysaccharide Isolation for NMR
Crude preparations of Pel and Psl polysaccharides were prepared by harvesting the supernatant from strains engineered to over-

produce Pel or Psl in the presence of arabinose. Jensen’s medium was inoculated with 1 mL of overnight culture of the Pel overex-

pression strain PAO1 DwspF Dpsl PBAD pel or Psl overexpression strain PAO1 DwspF Dpel PBAD psl (Jennings et al., 2015). Cultures

were grown for 20 h at 37�C with constant shaking. To obtain secreted Pel or Psl, the supernatant was harvested by centrifugation

(8,300 x g for 15 min at 20�C).
Secreted Pel polysaccharides from culture supernatant were precipitated for 1 h at 4�C with ethanol (final concentration 75% v/v).

The precipitate was washed three times with 95%–100% (v/v) ethanol, resuspended in 20mL of buffer (1 mMCaCl2 and 2mMMgCl2
in 50 mM Tris, pH 7.5), and treated with 100 mg DNase I (Sigma Aldrich) overnight at 37�C, followed by 100 mg of proteinase K (NEB)

overnight at 37�C. Sodium dodecyl sulfate (SDS) was added to the enzyme-treated samples at a final concentration of 4% (w/v) and

heated to 95�C for 10 min. The polysaccharide sample was centrifuged at 8,300 x g for 15 min at 20�C, and the resulting pellet was

resuspended in water. The water washing step was repeated until the SDS was removed. The polysaccharides were precipitated

again for 1 h at 4�C with ethanol (final concentration 75% v/v). The samples were extensively dialyzed against water (100 kDa mo-

lecular-weight cut off), and then flash-frozen and lyophilized for NMR analysis.

Solid-state NMR
All solid-state NMR experiments were performed using an 89-mm wide-bore Varian magnet at 11.7 T (499.12 MHz for 1H, 125.52

MHz for 13C, and 50.58 MHz for 15N) and an 89-mm wide-bore Agilent magnet at 11.7 T (500.92 MHz for 1H, 125.97 MHz for 13C,

and 50.76 MHz for 15N), Varian/Agilent consoles, and home-built four-frequency transmission-line probes with a 13.66 mm long,

6-mm-inner-diameter sample coil and a Revolution NMR MAS Vespel stator. Samples were spun in thin-wall 5-mm-outer-diameter

zirconia rotors (Revolution NMR, LLC) at 7,143 ± 2 Hz, using a Varian MAS control unit. The temperature was maintained at �10�C.
For all NMR experiments,p-pulse lengths were 7 ms for 1H and 10 ms for 13C. Proton-carbon cross-polarization occurred at 50 kHz for

1.5 ms unless otherwise noted. Proton dipolar coupling was performed at 90 kHz with TPPM modulation. The chemical shift of 13C

spectra was referenced to external adamantane. Multi-peak fitting and integration was performed in software written for Igor Pro

(WaveMetrics, Lake Oswego, OR, USA).

To confirm the polysaccharide composition and to assess the degree of deacetylation, we applied solid-state NMR to Pel from an

overproducing strain PBADpel (Jennings et al., 2015). The
13C cross-polarization magic-angle spinning (13C-CPMAS) NMR spectrum

of secreted Pel was acquired. To determine the extent of Pel deacetylation, the cross-polarization (CP) contact time was arrayed,

which permitted quantitative peak integration.

Polymer Binding Assay
To determine if P. aeruginosa EPS other than Pel could ionically bind exogenous DNA, a method was used similar to that outlined in

Jennings et al. (2015). Sodium alginate (5 mg/ml, Sigma W201502) and culture supernatant (1.5 ml) from Pel or Psl overproducing

strains and a Dpel Dpsl deletion mutant were combined with salmon sperm DNA (5 mg/ml, USB 14377). Samples were vortexed,

placed on a rotator for at least 20 minutes and drawn through a 22-gauge needle to ensure that polymers were fully in solution.

To induce aggregation, the pH of the EPS/DNA solution was adjusted to 6.3 or 7.3 by the addition of 1 N HCl. Congo Red

(Sigma-Aldrich, C6767, 40 mg/ml final concentration) was added to enhance visualization of aggregates, although unstained samples

behaved similarly.

To test for interactions between Pel and sputum, supernatant from Pel and Psl overexpression strains and a Dpel Dpsl deletion

mutant (1.4 ml) was mixed with homogenized sputum (0.1 ml). The pH of the corresponding solutions was adjusted to 6.3 and 7.3.

DNase Digestion of Pel/DNA Aggregates
To determine if Pel/DNA aggregates resisted nuclease digestion, Pel/DNA aggregates were formed bymixing supernatant from a Pel

overexpression culture with 5 mg/ml DNA and lowering the pH to 6.3. Aggregates were physically removed and placed in a buffer

(1 mM CaCl2 and 2 mM MgCl2 in 50 mM Tris, pH 7.5) with or without DNase I (Sigma-Aldrich, 20 mg/ml). Digestion was carried

out at 37�C for 1 hour or up to 48 h. Congo Red was added prior to imaging. Half of the aggregates were broken-up by sonication

in 50 ml of water. The sonicated aggregate and the soluble portion of the enzyme digest reaction was run on a 1% agarose gel to

detect DNA in the samples.
e3 Cell Reports 34, 108782, February 23, 2021
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Flow-Cell Biofilm and Confocal Microscopy
Biofilms were cultivated in flow cell chambers essentially as described by Jennings et al. (2015). Flow cells were inoculated from a

mid-log LB culture that was diluted with glucose minimal media to an optical density at 600 nm of 0.01. Strains that aggregated in

mid-log phase were homogenized before dilution for inoculation. Cells were allowed to attach under static conditions to an inverted

flow cell for 1 h before induction of flow. Biofilms were grown on glucose minimal media supplemented with or without exogenous

salmon sperm DNA (USB) at 40 mg/ml for 2 d at room temperature under a constant flow rate (10 mL/h). Biofilms were stained for

15min with Syto62 red fluorescent nucleic-acid stain (5 mM; ThermoFisher) for biomass and PI (30 mM; ThermoFisher) for eDNA. After

staining, flow cells were washed with media at 10 mL/h for 5 min and then visualized on a Zeiss LSM 510 scanning confocal laser

microscope. Image analysis was conducted using Velocity software (Quorum Technologies). Microscopy images were artificially

colored as follows: Syto62 biomass, cyan; and PI eDNA, yellow.

Antimicrobial Tolerance in Biofilm Assay
Static biofilms were used to measure the effect of eDNA on the sensitivity of PBAD pel and PBAD psl to tobramycin (Sigma). 48-well

plates containing LBwith andwithout exogenous DNA at 100 mg/mlwere inoculatedwith exponentially growing PBADpel andPBAD psl

cells. Biofilms were cultivated statically for 8 hours at 37�C. At which point, the spent medium was decanted, and biofilms were

washed once with phosphate buffered saline solution (PBS) followed by replacement with medium supplemented with or without

tobramycin (50 mg/ml). Biofilmswere incubated with antibiotic for 30min at 37�C followed by removal of medium andwashing of cells

with PBS. After the second washing, biofilms were treated with 0.5% Triton X-100 detergent (Roche) and shaken at room temper-

ature for 30 minutes to dislodge cells from the plate surface. Viable bacterial counts were determined by making serial dilutions into

PBS and dropping 10 ml dilutions onto LB agar plates. Colony forming units were counted after overnight incubation at 37�C.

QUANTIFICATION AND STATISTICAL ANALYSIS

Antibiotic Susceptibility
The statistical significance of the effect of DNA on antibiotic susceptibility was determined in Prism (GraphPad) using an unpaired,

nonparametric Mann-Whitney test to calculate approximate p-values comparing conditions with and without exogenous DNA. The

mean ± SD of three experiments (n = 3 for each experiment) were calculated. A p-value less than or equal to 0.05 was considered

significant.

IHC Image Analysis
IHC slides were scanned and visualized on a Hamamatsu NanoZoomer Digital Pathology (NDP) System. Images of IHC slides were

captured by microscopy. Biofilm aggregate size was estimated in sputum samples containing P. aeruginosa by measuring the

longest diameter or length directly on scanned IHC slides on aggregates greater than 4 mm. The presence of Pel and Psl in sputum

was determined by visual inspection and quantification of antibody signal using VisioPharm image analysis software. A global quan-

tification of antibody signal across the entire slide was normalized to total specimen area.
Cell Reports 34, 108782, February 23, 2021 e4
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