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Abstract: After spinal cord injury (SCI), use chronic urinary catheters for bladder management is common, making
these patients especially vulnerable to catheter-associated complications. Chronic catheterization is associated with
bacterial colonization and frequent catheter-associated urinary tract infections (CAUTI). One determinant of infec-
tion success and treatment resistance is production of catheter-associated biofilms, composed of microorganisms
and host- and microbial-derived components. To better understand the biofilm microenvironment, we performed
proteomics analysis of catheter-associated biofilms and paired urine samples from four people with SCI with chronic
indwelling urinary catheters. We developed a novel method for the removal of adhered cellular components on cath-
eters that contained both human and microbial homologous proteins. Proteins from seven microbial species were
identified including: Escherichia coli, Klebsiella species (spp), Enterococcus spp, Proteus mirabilis, Pseudomonas
spp, Staphylococcus spp, and Candida spp. Peptides identified from catheter biofilms were assigned to 4,820
unique proteins, with 61% of proteins assigned to the biofilm-associated microorganisms, while the remainder were
human-derived. Contrastingly, in urine, only 51% were assigned to biofilm-associated microorganisms and 4,554
proteins were identified as a human-derived. Of the proteins assigned to microorganisms in the biofilm and paired
urine, Enterococcus, Candida spp, and P. mirabilis had greater associations with the biofilm phase, whereas E. coli
and Klebsiella had greater associations with the urine phase, thus demonstrating a significant difference between
the urine and adhered microbial communities. The microbial proteins that differed significantly between the biofilm
and paired urine samples mapped to pathways associated with amino acid synthesis, likely related to adaptation to
high urea concentrations in the urine, and growth and protein synthesis in bacteria in the biofilm. Human proteins
demonstrated enrichment for immune response in the catheter-associated biofilm. Proteomic analysis of catheter-
associated biofilms and paired urine samples has the potential to provide detailed information on host and bacterial
responses to chronic indwelling urinary catheters and could be useful for understanding complications of chronic
indwelling catheters including CAUTIs, urinary stones, and catheter blockages.
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Introduction to the bladder, and like all foreign bodies in the
urinary tract, incurs biofilm formation [3]. These
catheter-associated biofilms are complex or-
ganic microenvironments consisting of microor-

ganisms growing colonies within an extracellu-

Catheter-associated urinary tract infections
(CAUTIs) account for up to 40% of all nosoco-
mial infections and are therefore the most com-

mon cause of hospital-acquired infections [1].
While duration of catheterization is the most
important determinant of bacteriuria [2], the
presence of a catheter also perturbs host
defenses, provides direct access of pathogens

lar mucopolysaccharide matrix comprised of
host and microbial proteins and urinary solutes,
including magnesium and calcium ions. The
mechanisms driving the development of these
biofilms result from a combination of factors
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such as the catheter’s physical and chemical
properties as well as its insertion into the body.
For example, catheter surfaces have been
shown to have disordered and pitted topogra-
phies as well as surface charges that facilitate
bacterial adhesion [4, 5]. These characteris-
tics, combined with the constant supply of
nutrients from urine in an otherwise nutrient-
poor environment, enhance key regulatory
pathways involving interbacterial interactions,
nutrient scavenging, and appendage attach-
ment to surfaces. Further aiding this process is
the placement of the urinary catheter [6, 7]
(Flores-Mirales, A. et al. 2015, Nat Rev Mi-
crobiol; Pelling, H. et al. 2019, Appl Microbiol
Lett). Following implantation, the bladder is
often irritated, resulting in inflammation and
the release of host fibrinogen. The fibrinogen
adheres to the catheter and subsequently pro-
vides a niche food source for uropathogens
(e.g. Enterococcus faecalis) as well as offers
pili-mediated binding sites [6] (Flores-Mirales,
A. et al. 2015, Nat Rev Microbiol). Escherichia
coli is the most common infectious microor-
ganism detected in catheter-associated bio-
films [2]; followed by other frequently isolated
genera such as, Enterobacteriaceae, Entero-
cocci spp, coagulase-negative Staphylococc-
us, Pseudomonas aeruginosa, and non-fer-
menter Candida spp [8]. Within catheter-asso-
ciated biofilms, crystalline biofiims are of par-
ticular importance due to the common clinical
complications that they are associated with
during long-term urethral catheterization.
Crystalline biofilms are produced by microor-
ganisms equipped with ureases, which are
capable of hydrolyzing urea into carbon dioxide
and ammonia, thus increasing the pH of the
urine. Ultimately, this urine alkalization gener-
ates calcium crystals and magnesium pre-
cipitates that block the catheter lumen and out-
flow as well as protects the microbial commu-
nity against host immune responses. For exam-
ple, urea-splitting bacteria such as Proteus
mirabilis have unique importance in individuals
with chronic catheterization because of their
association with urinary stone formation, a dif-
ficult to manage catheter complication [9].

Between 20% and 50% of people with spinal
cord injury (SCI) use a chronic indwelling urin-
ary catheter for bladder management [10-12],
making these patients especially vulnerable to
CAUTIs and other complications such as stone
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formation, and catheter obstruction due to pro-
teinaceous and mineral encrustation. Approxi-
mately half of patients with chronic indwelling
catheters experience catheter blockage at
some time, while some patients experience
recurrent obstruction [13, 14]. Additionally,
recent attention has been brought to the fact
that current standard methods for detecting
UTIs rely on urine samples, which poses a
significant challenge because the dominant
microbial species existing in a planktonic state
often differ from those found in a biofilm [15,
16]. Relying solely on urine analyses presents
a bias towards planktonically growing cells
compared to adhered. This is not ideal because
catheter-associated UTIs are often preceded
by biofilm formation which includes predomi-
nantly attached cells rather than planktonic
[17]. Therefore, it is advantageous to under-
stand the most prevailing genera and species
that make up each of these communities to
ultimately assist in the diagnosis and reduction
of CAUTI infections.

Given the frequency of catheter-related compli-
cations in people with SCI, we sought to gain a
deeper understanding of the catheter biofilm-
and urine-associated features that might
underlie these pathologies. We chose to ana-
lyze paired urine and catheter biofilm speci-
mens using a novel catheter-associated extrac-
tion method in conjunction with shotgun pro-
teomics to evaluate host and bacterial features
in urine as well as biofilm of chronically cathe-
terized patients.

Materials and methods
Clinical sample collection

Participants in this study had SCI and accom-
panying neurogenic bladder requiring manage-
ment with chronic indwelling urinary Foley (14
Fr) catheters. Subjects were recruited from
October 2018 until April 2019 from the SCI/D
inpatient or outpatient service. They were ini-
tially identified by their attending physician and
if aggregable in principle to participate were
approached by the research personal for for-
mal enrollment in the study. All participants
answered a short survey about catheter-relat-
ed complications and participant demograph-
ics were obtained via chart review. All patients
signed an informed consent and HIPAA consent
for use of their data and catheter samples
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under an approved Veterans Affair Office of
Research and Development and Stanford Uni-
versity IRB research protocol (protocol number
44986). Inclusion criteria for participants
included those diagnosed with SCI, used a
chronic indwelling catheter with a history of
blockages, and were 18 years of age or older.
Individuals were excluded if diagnosed with
multiple sclerosis (MS) or amyotrophic lateral
sclerosis (ALS), bladder cancer, received antibi-
otics treatment for a UTI, were intermittently
catheterized for bladder management, or did
not use an indwelling catheter for bladder man-
agement. Catheters were routinely exchanged
using sterile technique every four weeks unless
there was a catheter blockage event, in which
case a catheter exchange was performed at
that time. Catheters were collected at the time
4-week exchange event along with accompany-
ing urine samples that were collected after the
new catheter was placed. Approximately the
distal three inches of the catheter were cut off
and placed directly into a sterile container as
soon as the catheter was removed from the
patient. Catheter and urine specimens were
stored at -20°C until analysis.

Catheter and urine sample preparation

We performed shotgun proteomics on urinary
catheter biofiims and paired urine samples
from four people with SCI using a label-free pro-
teomics approach. Proteins were removed by
modifying two previously reported extraction
protocols [18, 19] and optimizing them for
catheter associated biofilms. Specifically, 0.5
inch catheter segments, void of urine, were
incubated in 4 mL of 2% sodium dodecyl sul-
fate solution (SDS, Thermo Fisher Scientific) (%
weight/volume) containing 1X protease inhibi-
tors (Sigma-Aldrich) and sonicated with a
Branson probe sonicator (Fisher Scientific) for
30 minutes at a frequency of 40 kHz. The
extracted protein material was then sonicat-
ed to shear DNA and RNA for 3 cycles of 15
seconds with the amplitude set to 40%. The
extracted proteins were quantified by using a
Bicinchoninic acid (BCA) protein assay (Thermo
Scientific). For each sample, a 25 pg aliquot of
protein was prepared for shotgun proteomic
analysis by reducing disulfide bonds on cyste-
ines with 5 pL of 200 mM Tris (2-carboxyethyl)
phosphine (TCEP) (Sigma-Aldrich) in a 100 uL
sample volume and incubated at 65°C for 1.5
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hours. Then, free sulfhydryl groups were capp-
ed with 7.5 yL 200 mM iodoacetamide (Acros
Organics) and incubated for 45 minutes at
room temperature in the dark. Proteins were
precipitated with 1 mL of cold acetone (Fisher
Scientific) and stored at -20°C overnight. The
precipitated proteins were pelleted by centri-
fuging samples at 14,000 g for 10 minutes at
4°C, acetone was removed, and pelleted pro-
teins were left to dry down for 5 minutes at
room temperature. Proteins were digested with
1 pg of sequencing grade modified trypsin
enzyme (Thermo Fisher Scientific) in 50 L of
50 mM ammonium bicarbonate digestion
buffer and incubated at 37°C overnight. The
resulting tryptic peptides were dried down
using a speed vacuum and reconstituted in 50
puL of 0.1% formic acid (Fisher Scientific) in
HPLC MS grade water (Fisher Scientific) for LC/
MS analysis.

For paired urine analyses, samples were aspi-
rated from patient catheters after removal. 15
mL of urine was concentrated 10-fold to 1.5
mL by using a 4 mL Amicon centrifugal filter
(Sigma Aldrich). A 100 uL aliquot of the con-
centrated urine was used to performed shot-
gun proteomics following a mini S-trap proto-
col provided by the manufacturer (Protifi).
Briefly, 100 uL of 10% SDS solution was added
to each sample and sonicated with a probe
sonicator using the same conditions described
above. Extracted proteins were reduced with
10 uL of 200 mM TCEP solution, incubated for
1.5 hours at room temperature and alkylated
with 15 pL of 200 mM iodoacetamide in the
dark at room temperature for 45 minutes. The
lysate was then acidified with 20 yL of 12%
phosphoric acid, diluted 7-fold using S-trap
binding buffer consisting of 90% methanol
and 100 mM Triethylammonium bicarbonate
(TEAB), and loaded onto the S-trap column.
Following a series of washes, proteins were
digested with 2 pg of trypsin in 50 mM ammo-
nium bicarbonate buffer and incubated over-
night at 37°C. Peptides were eluted with 80
pL of 0.2% formic acid followed by a second 80
pL aliquot of 0.2% formic acid in 50% acetoni-
trile. Samples were dried down using a speed
vacuum and then dissolved in 50 yL of 0.1%
formic acid in water for LC/MS analysis.

For proteomic analysis of non-catheter-derived
urine samples, three pools of normal human
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urine were purchased from Innovative Re-
search. 5 mL of each pool was centrifuged at
3000 g for 5 min and then concentrated using
an Amicon filter. Ammonium bicarbonate was
then added to each aliquot and subsequent
reduction, alkylation, and trypsin digestion was
performed as described above.

LC/MS analysis

A Dionex Ultimate Rapid Separation Liquid
Chromatography system (Thermo Fisher Sci-
entific) was used to load 3 yL of the reconsti-
tuted tryptic peptides onto a C18 trap column
(Thermo Fisher Scientific) with the flow rate set
at 5 uL/min for 10 minutes. Tryptic peptides
were separated by reversed-phase chroma-
tography on a 25 cm C18 analytical (New
Objective) packed with Magic C18 AQ resin
(Michrom Bioresources). Peptides were eluted
by changing the mixture of mobile phase A
(0.1% formic acid in water) and mobile phase B
(0.1% formic acid in acetonitrile). The gradient
program entailed holding mobile phase B at 2%
for the first 10 minutes, followed by a gradual
ramp to 35% over the next 100 minutes, and
then an increase to 85% over 7 minutes with a
5 minute hold. The analytical column was re-
equilibrated for 10 minutes prior to each sam-
ple injection. The flow rate throughout the gra-
dient was set to 0.5 yL/min, and each sample
was analyzed in triplicate. Eluted peptides were
analyzed using a LTQ Orbitrap Elite mass spec-
trometer (Thermo Fisher Scientific). The top
10 most abundant ions per MS1 scan were
selected for higher energy collision induced dis-
sociation using a 35 eV voltage in a data-
dependent mode. MS1 resolution was set to
60,000, FT AGC target was set at 1e6, and the
m/z scan range was set from m/z=400-1800.
MS2 AGC target at 3e4 and dynamic exclusion
was enabled for 30 seconds.

Peptide identification, quantification, data pro-
cessing and statistical analysis

For each LC-MS run, the resulting raw data file
was searched using Byonic 2.11.0 (Protein
Metrics, San Carlos, CA) against the curated
Swiss-Prot database of the six most common
bacteria attributed to catheter-acquired urinary
infections [20] (E. coli: 2018; 23,110 entries,
Klebsiella spp.: 2018; 1,808 entries, Entero-
coccus spp.: 2018; 596 entries, P. mirabilis:
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2018; 608 entries, Pseudomonas spp.: 2018;
11,854 entries, and Staphylococcus spp.:
2018; 13,420 entries) as well as the most com-
mon causes of fungal infections [21] (Candida
spp.: 2018; 1,493 entries and the human re-
ference proteome 2017; 20,496). Database
search parameters included trypsin digestion
with a maximum of two missed cleavages, the
MS1 precursor mass tolerance set to 10 ppm,
and the fragment mass tolerance of 0.5
Da. Fixed cysteine carbamidomethylation
(+57.021 Da) and variable methionine oxida-
tion (+15.994 Da) and asparagine deamina-
tion (+0.984 Da), were also specified. Peptide
identifications were filtered to exclude those
with a > 1% false discovery rate (FDR) and
those identified by less than two spectra.
Peptides identified in only one of the two data-
bases were also removed to be conservative.
All proteins of each species with non-homolo-
gous peptides were analyzed using an in-house
R script using the three technical replicates
from each experimental condition. Quantitative
information was extracted from MS1 spectra
of all identified peptides using an in-house R
script based on the MSnbase package [22] as
the AUC of the extracted ion current (XIC) of all
remaining peptides after the alignment of the
chromatographic runs. The protein abundanc-
es were calculated in two ways. To perform a
global comparison between species: protein
abundances were calculated in terms of iBAQ,
as the log of the sum of the intensities of every
identified peptide divided by the number of
identifiable peptides, with two missed cleav-
ages and within a m/z range from 400 to
1800 Th. To compare protein levels between
samples, the quantitative information was
expressed as Z-scores at protein level as
described previously [23], in which the log2
ratios, calculated comparing the AUC of the
peptides in each sample against the average
signal across all the samples, are considered
using their corresponding statistical weight,
calculated at the spectrum level, according to
the WSPP model [23]. Peptide quantities are
then rescaled and standardized to a normal
distribution N(0,1). The validity of the null
hypothesis at each of the levels (spectrum,
peptide and protein) was checked by plotting
the cumulative distributions. The final sta-
tistical comparison was performed using a
Student’s-t test.
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Gene enrichment analysis and functional
treemap

Statistically significant human proteins were
used to test for enrichment of biological path-
ways by performing an overrepresentation
analysis using the Reactome pathway annota-
tion database (65 Released 2019-12-22) [24].
Pathways were considered as a significant
when they included four or more proteins with
a FDR lower than 1% based on Fisher’s Exact
test. To characterize the biological functions
related to microorganism proteins detected in
the biofilm, we annotated the entire list of pro-
teins using TIGRfam [25], and quantified the
total contribution of the proteins to main class
using the average of iBAQ values. Data avail-
able upon request within the limits of approval
and oversight from the Department of Veterans
Affairs.

Results
Participant data

Four adult men with cervical or upper thoracic
level SCI (injury duration 354 days-8 years)
who used a chronic indwelling urinary catheter
were recruited for the study. Three of the par-
ticipants used a transurethral Foley catheter
and one participant used a suprapubic cathe-
ter. Two participants reported a history of fre-
quent (more than once a month) or constant
(weekly or more) catheter blockage events
while the other two participants reported rare
catheter blockage (a few times a year). All four
participants reported rarely requiring antibiotic
therapy for UTIs. None of the participants had a
symptomatic UTI at the time of urine and cath-
eter sample collection.

Metaproteomics analysis of catheter biofilms
and urine

Tryptic peptides of catheter-associated biofilms
and paired aspirated urine were analyzed using
liguid chromatography - tandem mass spec-
trometry (LC-MS/MS) with three technical
replicates per sample. The raw data were
searched using Byonic (2.11.0 version) against
the curated Swiss-Prot database of the most
common bacteria associated with catheter-
acquired urinary infections [20]. After a con-
servative removal of homolog peptides, the

210

spectra acquired from the catheter biofilm and
urine samples were assigned to a total of
4,820 and 4,554 proteins, respectively (Figure
1A). Protein levels were quantified based on
iBAQ values, demonstrating that many proteins
are found at high abundance, and that in-
termediate and low abundance proteins can
also be readily detected with confidence.
Additionally, proteins could be distinguished by
their source or origin as well as host or micro-
bial (Figure 1A). In the biofilm, there were a
higher number of microorganism proteins
(2,939) compared to human proteins (1,881).
Contrastingly in the aspirated urine, there were
a higher number of human proteins (2,114)
compared to microorganism proteins (2,440)
(Figure 1B, top).

Quantified metaproteomic data allowed as-
sessment of the relative proportions of the
microorganisms in catheter biofilms and dem-
onstrated that they differed from those found
in the urine (Figure 1B, bottom). The predomi-
nant microorganismal proteins found in the
catheter biofilms were E. coli and Klebsiella
spp, with 28% and 21% of all protein signal
(human plus microorganisms) detected, res-
pectively. In the urine, E. coli and Klebsiella
spp only accounted for 17% and 13% or pro-
teins, respectively. Conversely, the most com-
mon microbial proteins in urine were Pseu-
domonas spp and Candida spp with 30% and
13% of the total protein signal, respectively,
compared to only 23%, and 4% in the catheter
biofilms. Furthermore, of the percentage of
proteins assigned to microorganisms in the bio-
film and paired urine, we identified protein
masses associated individual microbial spe-
cies for each patient (Figure 1B, bottom), show-
ing a low variability between the four patients
analyzing meaning a high consistency of the
microorganism’s populations detected. Finally,
we tested three pools of urine samples collect-
ed from individuals without catheterization,
showing that human protein content accounts
to up 97% of the identified peptides and more
than 90% of the total MS signal detected
(Figure 1C).

Differences between urine and catheter bio-
film microorganism proteins

To understand the differences observed
between protein profiles in the urine and cathe-
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Figure 1. Summary of Identified Proteins. A. Cumulative protein masses annotated by source of origin expressed in
terms of log,, of iBAQ. B. Protein distribution by human (yellow) vs microorganism (purple) populations in catheter
biofilms (left) and urine (right). The bottom bar graphs show percentage of proteins assigned to microorganism in
catheter and urine. C. Bar graphs of protein mass for individual matched catheterized patient urine and biofilm
(catheter) samples, and three urine samples collected from non-catheterized patients, broken down by source of

origin.

ter-associated biofilms, we analyzed the rela-
tive quantification of the non-homologous pep-
tides from the four microorganism species
whose proportions changed most significantly:
E. coli, Klebsiella spp, Pseudomonas spp, and
Candida spp. Across the four individual patient
samples, we were able to detect 15 proteins
belonging to E. coli, 22 proteins from Klebsi-
ella spp, 2 proteins from Candida spp, and 44
proteins from Pseudomonas spp that could be
quantified in at least 80% of the technical and
biological replicates, were identified with more
than one peptide, and were significantly differ-
ent between urine and biofilm samples (P <
0.01 based of Student’s-t test) (Figure 2).

In the proteins derived from Candida spp, we
detected decreased levels of Tufl and ORC1 in
the paired urine samples compared to the cor-
responding catheter biofilms. Tufl is a transla-
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tion elongation factor whose levels decrease in
stationary phase cells [27]. Similarly, ORC1, a
component of the origin recognition complex
(ORC) that binds origins of replication and is
critical to initiation of the cell cycle, was also
significantly decreased in urine samples. ORC1
has a role in both chromosomal replication and
mating type transcription silencing by similarity
of yeast (S. cerevisiae) Orc1p.

Based on these interesting findings in Candida
spp, we performed an ortholog annotation of
all proteins in Figure 2 from E. Coli, Klebsiella
spp, and Pseudomonas spp into TIGRfam [25]
and quantified the total contribution of every
protein to Main Class using the average of
iBAQ values (Figure 3). Based on this analysis,
we observed significant differences in several
pathways in the bacterial species. In E. coli, the
protein signatures suggested a large increase
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Figure 2. Heat map of microorganism proteins that differ significantly between urine and catheter biofilms (P < 0.01, Np > 1). The intensity of the color represents
the concentration change (log,) from -4 (blue) to 4 (red), determined by label-free quantification.
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Figure 3. Treemap of orthogonal protein classification according to TIGRFAM of the three populations of microorgan-
isms that differ most between paired catheter (left) and urine (right) specimens based on protein mass.

in amino acid biosynthesis in microorganisms
in the urine compared to the same bacteria in
catheter biofilms (Figure 3). Notably, we ob-
served that the glutamine synthetase enzyme,
gInA, levels were significantly increased in the
urine compared to catheter biofilms. A treemap
of E. coli proteins found in catheter biofilms
compared to urine shows alterations in numer-
ous pathways. The biofilm proteins show en-
richment for energy metabolism, protein syn-
thesis, regulatory functions, transcription,
and purine/pyrimidine nucleoside biosynthesis
(Figure 3).

For Klebsiella spp, the treemap (Figure 3)
comparing catheter biofilm and urine differed
significantly from that of E. coli in that fewer
bacterial pathways differed significantly be-
tween the urine and catheter-associated bio-
film. The biological functions for Klebsiella spp
enriched in the urine included energy metabo-
lism, and protein synthesis and are consistent
with a sustained growth of Klebsiella spp. in
urine. We also observed increased urinary lev-
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els Klebsiella spp groL (Figure 2), which pre-
vents misfolding and promotes the refolding
and proper assembly of unfolded polypeptides
generated under stress conditions. In catheter
biofilms, there was enrichment for proteins
related with protein synthesis and DNA metab-
olism. Interestingly, catheter biofilms showed
high levels of fadB (Figure 2), fatty acid oxida-
tion complex subunit alpha. This enzyme is
involved in the aerobic and anaerobic degrada-
tion of long-chain fatty acids via the beta-oxida-
tion cycle and suggests that Klebsiella spp
could use fatty acids as an energy source in the
biofilm, and it was also reported in other infec-
tive microenviroments such as lung surfactant
biofilms [28].

For Pseudomonas spp, we observed enrich-
ment of proteins related with protein synthesis
in catheter biofilms compared to urine (Figure
3), including the ribosomal proteins rplO, rplS,
rplV, rpsG, and romD (Figure 2). Like Klebsiella
spp, there were fewer pathways that differed
between urine and the catheter biofilm, and
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these were mostly observed in the catheter bio-
film and showed increased protein biosynthetic
pathway activation. As in E. coli, there were
increases in amino acid biosynthesis pathways
in the urine compared to the biofilm. For exam-
ple, in the urine, high levels of hisZ were
observed, an enzyme required for the first step
of histidine biosynthesis. In addition, urinary
proteins showed high levels of Pseudomonas
spp glmS, which catalyzes the first step in hex-
osamine metabolism, a key process in N-linked
protein glycosylation that initiates bacterial cell
envelope biosynthesis [29].

Human proteins and pathways in urine and
catheter biofilms

Combining the human derived proteins from
the catheter biofilms (1,881 unique proteins)
and urine samples (2,114 proteins), we were
able to quantify 2,801 unique human proteins.
After removing homologs, we identified 84
proteins that differed significantly between
catheter biofilms and urine using similar criteria
to those used for bacterial proteins; namely,
present in at least 80% of the MS analyses,
identified with two or more peptides, signifi-
cant (P < 0.01) based on Student's T test
(Figure 4A, 4B). Interestingly, the majority of
the human proteins with different levels
between sample types were identified in the
catheter biofilms, rather than in the urine. An
overrepresentation analysis using the Rea-
ctome pathway annotation database (65
Released 2019-12-22) [24], identified nine
functional categories of proteins (FDR < 0.01),
each with five or more proteins (Figure 4C).
From highest to lowest enrichment, these
pathways include: RUNX regulated genes
involved in differentiation of hematopoietic
stem cells (HSCs), antigen processing-cross
presentation, apoptosis, platelet degranula-
tion, response to elevated platelet cytosolic
Ca2+, neutrophil degranulation, M phase,
innate immune system, and cellular responses
to stress. These proteins characterize several
types of host response to the catheter, as a
foreign body in the urinary tract, as well as host
response to the accompanying bacterial coloni-
zation/infection.

Discussion

To better understand the bacterial and host
factors associated with chronic indwelling cath-
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eters, we applied a label-free shotgun pro-
teomics to paired catheter-associated biofilms
and urine samples in four people with SCI. We
were able to provide a comprehensive cata-
logue of both human and microbial protein sig-
natures with 4,820 unique proteins found in
the catheter biofilm and 4,554 proteins found
in the urine samples. Specifically, in the cathe-
ter biofilm, 61% of the proteins (2,940) were
assigned to biofilm-associated microorgan-
isms, whereas in the urine, only 51% of the
proteins (2,440) were annotated as a biofilm-
associated, thereby indicating a greater num-
ber of human proteins in the urine compared to
biofilm (Figure 1B). These results align with a
study that utilized metaproteomics to elucidate
host and pathogen protein expression during
CAUTIs from suprapubic catheters [30]. They
similarly found a greater number of unique pro-
teins associated with the biofilm (1,064) com-
pared to urine (896) and that the biofilm had a
larger number of microbial-associated proteins
(612) compared to urine (387). While these
results are in agreement with our work, the
studies differ in that only 2 cm of the distal por-
tion of suprapubic catheter tips were analyzed
in patients with asymptomatic UTls, in contrast
to this study, which analyzed 3-inches of the
catheter tip in patients with suprapubic as well
as urethral catheters with no UTlI symptoms.
Additionally, our results not only aligned with
catheter associated biofilms, but also oral bio-
films. For example, a study that evaluated host-
biofilm interactions in an oral infection model
using proteomic profiling, found a greater con-
centration of microbial-associated proteins in
oral biofiims compared to human proteins.
Likewise, they found that more human-derived
proteins resided in gingival tissue alone than
when present with a biofilm [31]. Establishing
the distribution of human and microbial pro-
teins within biofilms and urine enhances our
ability to know where these cellular compo-
nents localize as well as aids the identification
of microbial hotspots.

Bioinformatics analysis allowed species-specif-
ic mapping to identify seven different microor-
ganisms with high confidence. By quantifying
protein levels, we were able to determine the
relative contribution of microorganisms and the
hosts to the proteins in the urine and biofilm, as
well as perform pathway analysis to understand
the state of the organisms and the nature of
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Figure 4. Proteins with significant differences in levels between catheter-associated biofilms and paired urine samples. (A) Heatmap of human proteins (P < 0.01,
Np > 1) with higher levels in catheter-associated biofilms compared to urine, and (B) higher levels in urine compared to catheter-associated biofilms. (C) Overrepre-
sentation analysis demonstrating functional pathways according to Panther Pathways. Significant Panther Pathways (FDR < 0.05), according to Fisher’s Exact test
and corrected using FDR with four or more proteins.
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the host response. In addition, comparison of
the biofilm and paired urine protein outputs
identified pathways differentially active in the
urine and biofilm and could provide insights
into selective pressures in each of these micro-
environments. Our approach demonstrated the
feasibility of in-depth proteomics analysis,
revealing the diversity of proteins in the biofilm
and allowing classification of functional path-
ways in the host and microorganisms underly-
ing biofilm composition.

Comparison of biofilm and urinary protein
reveals differences in pathways that might sug-
gest mechanisms activated by bacteria to facili-
tate survival in the different environments. For
example, both E. coli and Pseudomonas spp.
showed an enrichment for amino acid biosyn-
thesis when present in the urine compared to
catheter biofilm. This is of particular interest
because although nitrogen is present at high
concentrations in urine in form of urea, E. coli
and most Pseudomonas spp, lack the urea-
splitting enzyme, urease, thus restricting their
ability to access urine as a nitrogen source.
Furthermore, the urine showed high levels of
gImS, which a key enzyme in the synthesis of
the bacterial cell envelope [29], an observation
consistent with the inability of the bacterial
species to use urea as a source of nitrogen
[29]. In conditions of low bioavailable nitrogen
and amino acids, such as in urine, microorgan-
isms activate amino acid synthesis pathways
as a survival strategy. As seen in our results,
amino acid biosynthesis was significantly
enriched in the urine samples along with the
activation of nitrogen-regulated genes such as
gInA in E. coli [32] and hisZ in Pseudomonas
spp. This result was also observed in a study
that tracked global gene expression profiling of
E. coli during biofilm growth in human urine
[33]. Similar to our work, genes associated with
amino acid biosynthesis, cell membrane bio-
genesis, and carbohydrate metabolism were
down regulated in E. coli strains during biofilm
growth. In biofilms, these enzymes are ex-
pressed at much lower levels, and the change
likely represents a more favorable microenvi-
ronment where the cells can shift their meta-
bolic pathways from amino acid synthesis to
protein production in order to support synthe-
sis of biofilm matrix proteins.
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Comprehensive classification of the proteins in
catheter biofilms has been used to a limited
extent. Comprehensive analyses of biofilm and
urine proteomes using LC-MS/MS approaches
and metaproteomics have been carried out on
small numbers of patient samples [30, 34, 35].
In a recent study by Yu et al., profiles of nine
patient samples revealed similar numbers of
host and bacterial proteins as observed in our
study, as well as the presence of multiple micro-
bial species in biofilms. In addition, analysis of
the proteomic data revealed several important
factors in bacterial success, including modula-
tors of transitional metal ions, persistence of
multiple bacterial species, mixed acid fermen-
tation in resident bacteria, adaptations to a
hypoxic milieu and epithelial adherence path-
ways [36]. With improvements in technology as
well as development of comprehensive datas-
ets for microorganismal and human proteins,
as well as new analytic approaches that facili-
tate blending of these datasets and parsing
data, there are opportunities for in-depth clas-
sification of catheter-associated biofiims. In
addition, comparison of paired biofilm and
urine samples could generate insights and test-
able hypothesis for understanding the selective
pressures and adaptive responses of both the
microorganisms and host to growth in these
environments. This could provide insights into
the role biofilms in bacterial persistence, infec-
tions, and clinical complications such as CAUTI,
catheter encrustation, and catheter plugging.

Our study has shortcomings that should be
noted. The small sample size of the study limits
the conclusions that can be drawn regarding
bacterial adaptation and host responses.
However, the study does demonstrate that
large amounts of meaningful data can be gen-
erated that allows for robust pathway analysis.
Our study was limited to available databases
for seven available microbial species, and we
therefore could not characterize the full micro-
bial diversity. As microbial protein databases
expand and improve, more comprehensive
analyses will be possible. Since this was a
proof-of-concept study, we also did not perform
validation of microbial type with other approach-
es, such as 16S RNA sequencing, nor did we
attempt to validate individual protein expres-
sion by another means. In future studies, criti-
cal pathways and microbe identity will need to
be confirmed before firm conclusions can be
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made about functional aspects of the microen-
vironment, bacterial adaptions, or clinical utility
of proteins, such as for predictive biomarkers.

Despite these shortcomings, we established a
method for comprehensive analysis of cathe-
ter-associated biofilms using shotgun pro-
teomics. This method can be applied to study
catheter-associated complications in patients
with catheter blockages due to mucoid or crys-
talline biofilm as well as provides a basis for
investigating catheter-associated urinary tract
infections. Future directions include deploying
this method in discrete cohorts of patients with
these catheter-based complications.

Conclusion

In summary, proteomic analysis of paired urine
and biofilms in people with SCI with chronic
indwelling urinary catheters revealed the com-
plexity of bacterial and host proteins that com-
prise catheter biofilms and demonstrate the
ability of LC-MS/MS to characterize these fac-
tors, including bacterial speciation, and quanti-
fication. In addition, analysis of protein path-
ways that differ between the urine and biofilm
proteome can provide insights into the bacteri-
al adaptions to these particular environments.
Complex proteomic analysis could be applied to
diverse patients with discrete catheter-associ-
ated complications including UTI, encrustation,
urinary tract stones, and obstruction to under-
stand the factors underlying these important
clinical events and provide biomarkers of risk
for their occurrence. Improved understand-
ing could facilitate development of new
approaches for preventing and treating these
complications.
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