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Among the most fascinating virulence attributes of Candida is the ability to transition to a biofilm lifestyle. As a biofilm, Can-
dida cells adhere to a surface, such as a vascular catheter, and become encased in an extracellular matrix. During this mode of
growth, Candida resists the normal immune response, often causing devastating disease. Based on scanning electron microscopy
images, we hypothesized that host cells and proteins become incorporated into clinical biofilms. As a means to gain an under-
standing of these host-biofilm interactions, we explored biofilm-associated host components by using microscopy and liquid
chromatography-mass spectrometry. Here we characterize the host proteins associated with several in vivo rat Candida albicans
biofilms, including those from vascular catheter, denture, and urinary catheter models as well as uninfected devices. A conserved
group of 14 host proteins were found to be more abundant during infection at each of the niches. The host proteins were leuko-
cyte and erythrocyte associated and included proteins involved in inflammation, such as C-reactive protein, myeloperoxidase,
and alarmin S100-A9. A group of 59 proteins were associated with both infected and uninfected devices, and these included ma-
tricellular and inflammatory proteins. In addition, site-specific proteins were identified, such as amylase in association with the
denture device. Cellular analysis revealed neutrophils as the predominant leukocytes associating with biofilms. These experi-
ments demonstrate that host cells and proteins are key components of in vivo Candida biofilms, likely with one subset associat-
ing with the device and another being recruited by the proliferating biofilm.

Candida causes device-associated infections by adhering to a
surface and proliferating as a multicellular community within

an extracellular matrix (1, 2). These resilient medical infections
occur when microbes colonize foreign material, such as intravas-
cular or urinary catheters, dentures, and other implantable sub-
strates. Approximately half of the 2 million nosocomial infections
reported each year in the United States are associated with in-
dwelling device biofilms (3, 4). Unlike planktonic organisms, cells
of a biofilm demonstrate exquisite drug resistance, withstanding
up to 1,000-fold higher concentrations of antifungals (5–8). Be-
cause antifungal therapy is often ineffective in the biofilm setting,
treatment of device-associated Candida infections typically re-
quires device removal, which incurs additional morbidity and
costs (9).

Infection of medical devices involves a complex process of mi-
crobial adherence and proliferation as an adherent mono- or
polymicrobial biofilm. One distinct characteristic of biofilm for-
mation is the development of an extracellular matrix (10). Nu-
merous in vitro studies have divulged many of the fungus-derived
components of this material, including extracellular proteins and
carbohydrates (5, 7, 11–13). However, during the infectious pro-
cess, Candida biofilms are continuously exposed to various host
factors. Although the host is expected to play a role in this process,
the roles of specific proteins in biofilm propagation and matrix
deposition have not been investigated thoroughly. The composi-
tion of host-derived cellular and acellular material in Candida
biofilms has been a mystery.

This investigation explores the host contribution to Candida
biofilms in clinically relevant animal models representing the
most common Candida device infections (14–17). Exposure to
host cells and proteins is a dynamic process specific to the infec-
tious niche. For example, Candida vascular catheter biofilms are

exposed to the assortment of leukocytes, erythrocytes, platelets,
and proteins found in serum. On the other hand, the biofilms
associated with denture stomatitis are bathed in saliva. Likewise,
urinary catheter biofilms are exposed to urine. Many other factors
vary at these locales, including pH, nutrient availability, host de-
fenses, and proximity to epithelial or endothelial cell surfaces. Be-
cause of the heterogeneity of these niches, we chose to examine the
host contribution to biofilms in three animal models of infection.

In this report, we offer a comprehensive evaluation of the host-
derived components of in vivo Candida albicans biofilms. By in-
cluding three in vivo niches, we were able to identify the incorpo-
ration of a recurrent set of proteins, as well as subsets specific to
the individual environments. In addition, we analyzed uninfected
devices from each of the sites to detect the proteins uniformly
interacting with medical devices outside infection. The examina-
tion of both the host cells and proteins associating with these
biofilms provides insight into novel host-fungus interactions.

Received 16 July 2015 Returned for modification 4 August 2015
Accepted 9 September 2015

Accepted manuscript posted online 14 September 2015

Citation Nett JE, Zarnowski R, Cabezas-Olcoz J, Brooks EG, Bernhardt J, Marchillo K,
Mosher DF, Andes DR. 2015. Host contributions to construction of three device-
associated Candida albicans biofilms. Infect Immun 83:4630 –4638.
doi:10.1128/IAI.00931-15.

Editor: G. S. Deepe, Jr.

Address correspondence to David R. Andes, dra@medicine.wisc.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAI.00931-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

4630 iai.asm.org December 2015 Volume 83 Number 12Infection and Immunity

http://dx.doi.org/10.1128/IAI.00931-15
http://dx.doi.org/10.1128/IAI.00931-15
http://dx.doi.org/10.1128/IAI.00931-15
http://iai.asm.org


MATERIALS AND METHODS
Organism and inoculum. C. albicans K1 was used for all studies (18). The
strain was stored in a 15% (vol/vol) glycerol stock at �80°C and main-
tained on yeast extract-peptone-dextrose (YPD) medium plus uridine
(1% yeast extract, 2% peptone, 2% dextrose, and 80 �g/ml uridine) prior
to experiments. Cultures were propagated overnight in YPD supple-
mented with uridine at 30°C on an orbital shaker at 200 rpm.

Animals. Specific-pathogen-free Sprague-Dawley rats weighing 350 g
(Harlan Sprague-Dawley, Indianapolis, IN) were used for all studies. An-
imals were maintained in accordance with the Association for Assessment
and Accreditation of Laboratory Animal Care criteria, and all studies were
approved by the institutional animal care committee.

In vivo venous catheter biofilm model. A rat jugular vein central
venous catheter infection model was used to mimic venous catheter bio-
film infections in patients (16, 19). Briefly, following a 24-h conditioning
period, the implanted jugular venous catheters were inoculated (106

cells/ml by hemocytometer counts). After 6 h, the inoculum was removed
and catheters were instilled with heparinized (100 U/ml) saline for a 48-h
growth period. For uninfected controls, an inoculum was not instilled.
Catheters from three animals were pooled for each condition.

In vivo rat denture model. A rat denture biofilm model was used as
previously described (15). Briefly, rats were immunosuppressed with cor-
tisone acetate (200 mg/kg of body weight subcutaneously) on the day of
inoculation. A stainless steel orthodontic wire (32 gauge) was threaded
across the hard palate. A metal spatula was placed on the palate, and
cold-cure temporary crown and bridge material was applied over the
cheek teeth, spatula, and wire. After solidification, the spatula was re-
moved and the hard palate was inoculated with C. albicans (108 cells/ml by
hemocytometer counts). The device was removed after a 48-h growth
period. For uninfected controls, an inoculum was not instilled. Gentami-
cin (80 mg/kg) was administered subcutaneously twice daily throughout
the course of the experiment. Rats were housed individually in metabolic
cages and were fed a liquid diet. Devices from three animals were pooled
for each condition.

In vivo rat urinary model. A rat urinary catheter biofilm model was
used as a model to mirror indwelling urinary catheter infections in pa-
tients (14). Briefly, animals received a single dose of cortisone acetate (250
mg/kg) subcutaneously. A silicone catheter threaded onto a guide wire
was inserted via the urethra into the bladder and adhered with surgical
adhesive and suture. The inoculum (108 cells/ml by hemocytometer
counts) was instilled for 2 h. For uninfected controls, an inoculum was not
instilled.

Animals received gentamicin (80 mg/kg) subcutaneously twice daily
and were given drinking water containing penicillin G sodium (0.9 mg/
ml) to prevent bacterial contamination. Catheters were harvested after a
48-h growth period. During the period of catheter placement, animals
were maintained in metabolic cages. Catheters from three animals were
pooled for each condition.

Ex vivo coverslip biofilm model. Coverslips (13 mm; Thermonax
plastic for cell culture) were pretreated with heat-treated serum for 45 min
at 30°C in an attempt to incorporate exposure to proteins common to
most in vivo infection sites. C. albicans K1 cultures were enumerated by
use of a hemocytometer, and cells were resuspended in RPMI-morpho-
linepropanesulfonic acid (RPMI-MOPS) at 106 cells/ml. For each cover-
slip, 40 �l of the fungal inoculum was added to the surface. After 1 h of
incubation at 30°C, the inoculum was removed and medium (RPMI-
MOPS supplemented with 5% EDTA-treated human blood) was added.
Biofilms were grown for 24 h at 37°C on an orbital shaker at 200 rpm.

Scanning electron microscopy. Devices were processed for scanning
electron microscopy as previously described (16). Briefly, biofilms were
fixed overnight (4% formaldehyde, 1% glutaraldehyde in phosphate-
buffered saline [PBS]). Biofilms were then washed with PBS, treated with
1% osmium tetroxide, and washed again. Samples were dehydrated by a
series of ethanol washes and critical point drying. Specimens were

mounted on aluminum stubs and sputter coated with gold. Samples were
imaged in a scanning electron microscope (LEO 1530 or JEOL 6100).

Isolation of biofilm matrix proteins and device-associated proteins.
Biofilms and device-associated proteins were dislodged from infected and
uninfected devices by either flushing with phosphate-buffered saline or
gentle scraping. Devices and biofilms were gently sonicated at 42 kHz for
20 min (Branson 1510 ultrasonic cleaner sonicator), followed by sonica-
tion with a 1-cm by 5-cm probe in an Intrasonic processor (Cole Parmer,
Vernon Hills, IL) at an amplitude of 70 for 10 min (13). Soluble proteins
were harvested following three centrifugations (4,500 � g for 20 min).
Specific proteins were identified by liquid chromatography-mass spec-
trometry (LC-MS) as previously described (13). Briefly, trypsin-digested
matrix was analyzed by nano-LC–tandem MS (MS/MS) by using an Agi-
lent 1100 nanoflow system (Agilent, Palo Alto, CA) connected to a hybrid
linear ion trap-Orbitrap mass spectrometer (LTQ-Orbitrap; Thermo
Fisher Scientific, San Jose, CA) equipped with a nanoelectrospray ion
source (20). Raw MS/MS data were searched against a concatenated Rat-
tus norvegicus amino acid sequence database by using an in-house
MASCOT search engine (21). Identified proteins were further annotated
and filtered to 1.5% peptide and 0.1% protein false discovery rates with
Scaffold Q�, version 4.3.4 (Proteome Software Inc., Portland, OR), using
the protein prophet algorithm (22). In order to compare abundances of
proteins between samples, Scaffold’s unweighted spectrum counts nor-
malization method was applied, which sums mass spectra for each sample
(22). These sums were then scaled, and the scaling factor for each sample
was applied to each protein group and adjusted its “unweighted” counts
to normalized semiquantitative values, which were further used to con-
struct Voronoi tree maps as previously described (23).

Cellular staining. In vivo biofilms were harvested from the rat venous
catheter, rat denture, and rat urinary catheter models. Biofilms were
washed and dislodged by flushing of catheters with phosphate-buffered
saline and gentle scraping. For urinary catheter biofilms, cells were stained
by the thin prep-Papanicolaou method that is conventionally utilized for
urinary specimens at our institution. Cells were collected in CytoLyt so-
lution (Cytyc Corporation, a subsidiary of Hologic Corporation, Marl-
borough, MA). The sample was processed on a ThinPrep 2000 instrument
(Cytyc Corporation) using liquid-based methodology per the manufac-
turer’s instructions. Slides were subsequently stained by utilizing the Pa-
panicolaou method. For the vascular and denture model biofilms, sam-
ples were collected in phosphate-buffered saline and centrifuged for 5 min
at 1,600 rpm in a Thermo Scientific CL2 centrifuge (Thermo Fisher Sci-
entific Inc., Waltham, MA), followed by 10 min at 1,500 rpm on a Cyto-
spin 4 cytocentrifuge (Thermo Fisher Scientific Inc.). Samples were then
processed on a Sysmex SP1000-I (Sysmex Corporation, Kobe, Japan) au-
tomated slide preparer/stainer per the manufacturer’s instructions,
stained using the Wright method, and imaged by light microscopy. For
calculation of leukocyte-to-Candida ratios, the cells in high-power fields
were enumerated.

RESULTS
Imaging of C. albicans in vivo, in vitro, and ex vivo biofilms. In
vivo microbial biofilms are composed of adherent microbes en-
cased in a matrix (1, 24, 25). This extracellular matrix is especially
pronounced during in vivo biofilm formation. Examination of a
biofilm formed on the surface of a rat vascular catheter revealed a
dense, fibrillar coating covering yeast and hyphae (Fig. 1). In con-
trast, the extracellular material on in vitro biofilms appeared to be
less abundant and more granular than fibrillar. Struck by this dif-
ference in biofilm structure, we considered the possibility that
host proteins may contribute to the biofilm maturation process in
vivo. To explore the possibility of host components incorporating
into Candida biofilms, we added blood components to our in vitro
coverslip model, mimicking a vascular catheter infection. Imaging
of the ex vivo model showed a stark contrast to the in vitro biofilm
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grown on a coverslip (Fig. 1). Numerous host cells were associated
with the biofilm. A thick, acellular layer of matrix enveloped the
biofilm, similar to that observed for the in vivo biofilm model,
suggesting that biofilms incorporate both host proteins and cells
during maturation.

Mammalian host proteins are integrated into C. albicans
biofilms for three in vivo niches. For examination of the extra-
cellular matrix composition of in vivo Candida biofilms, we chose
to include three rat models of C. albicans biofilm infection that
closely mimic common clinical scenarios (14–16). Mature bio-
films formed on the surfaces of these devices, including a vascular
catheter, urinary catheter, and denture device, contained abun-
dant extracellular matrix material as visualized by scanning elec-
tron microscopy (Fig. 2). Proteins of the extracellular matrix were
analyzed by liquid chromatography-mass spectrometry-based
proteomics. We used this unbiased approach to capture the in-
volvement of host proteins by searching against a Rattus norvegi-
cus amino acid sequence database. Proteomic analysis of the den-
ture, urinary catheter, and venous catheter models identified 132,
213, and 139 biofilm-associated host proteins, respectively (see
Table S1 in the supplemental material). The protein abundance
varied considerably by site. For the denture biofilm, the most abun-
dant proteins included Amyl1 (amylase), BPI fold-containing pro-
teins (antimicrobial peptides), and hemoglobin. Keratin, fibrinogen,
and hemoglobin were highly represented in the urinary catheter bio-
film. For the vascular catheter biofilm, hemoglobin, albumin, and
various alpha globulins were the most abundant proteins.

We also examined host proteins associating with uninfected
devices for each of the niches. Analysis of device-associated pro-
teins revealed 279, 457, and 382 proteins for the denture, urinary
catheter, and venous catheter models, respectively (see Table S1 in
the supplemental material). The identification of numerous pro-
teins in the absence of infection is consistent with imaging of the
devices. By scanning electron microscopy, host cells and debris
were adherent to devices without biofilm infection (Fig. 2).
Voronoi tree maps were constructed to depict changes in protein
abundance in the proteomes of uninfected and Candida-infected
medical devices (Fig. 3) (23). These diagrams showed a marked
difference between host proteins associating with C. albicans-in-
fected and uninfected devices for each anatomic location.

We reasoned that proteins abundant in all three niches may

play a role in establishing, maintaining, or mounting an immune
response to clinical biofilm infections. We found a subset com-
prised of 14 host proteins that were more abundant during C.
albicans biofilm infection and were conserved among all three
niches (Table 1 and Fig. 4). Diverse functional categories were
represented in this group. Red blood cell- and heme-related pro-
teins were identified, including hemoglobin, transferrin, and hap-
toglobin. Also, inflammatory and leukocyte-associated proteins
were highly represented, including myeloperoxidase, C-reactive
protein, and alarmin S100-A9 (a subunit of calprotectin). In ad-
dition, the finding of histones, actin, and myeloperoxidase in this
subset suggests the presence of neutrophil extracellular traps
(NETs), although these proteins may be deposited by other means
as well (26).

We next examined the host proteins present on both unin-
fected and biofilm-infected devices for each niche. We reasoned
that this subgroup of host proteins may be important for initiation
of biofilms on medical devices. A total of 58 host proteins recurred
for each of the 6 conditions tested (see Table S2 in the supplemen-
tal material). Matricellular and coagulation proteins were highly
represented and included fibrinogen, plasminogen, fibronectin,
and vitronectin. Red blood cell- and heme-associated proteins
were found in this group as well (hemoglobin, peroxiredoxin-2,
carbonic anhydrase, transferrin, and haptoglobin). Numerous
leukocyte-associated and inflammatory proteins were present in
this subset, consistent with an inflammatory response to the de-
vice alone. Included in this group were myeloperoxidase, neutro-
philic granule protein, cathelicidin antimicrobial peptide, C-reac-
tive protein, alarmin S100-A9, alpha-1-antiproteinase, and
complement factors (C3 and C9).

The final subset of host proteins analyzed included those less
abundant in the infected devices than in the uninfected control
devices. This group included 69 proteins with diverse functions
(see Table S3 in the supplemental material). One of the striking
features of this subgroup was the presence of complement factors,
including C3, C4, C8, and C9. This suggests that complement is
deposited on uninfected devices but is much less abundant during
biofilm infection. One possibility is that factors may be activated
and degraded during infection.

Incorporation of host cells into in vivo C. albicans biofilms.
To identify biofilm-associated host cells, in vivo biofilms were dis-

FIG 1 Host factors promote C. albicans biofilm matrix deposition. Candida biofilms were collected from an in vivo rat vascular biofilm infection model or were
grown in vitro or ex vivo (in the presence of blood). Images were obtained by scanning electron microscopy to visualize the matrix. This extracellular material,
marked by arrows, encased the in vivo biofilms as well as the ex vivo biofilms but was less abundant on in vitro biofilms. Bar, 10 �m.

Nett et al.

4632 iai.asm.org December 2015 Volume 83 Number 12Infection and Immunity

http://iai.asm.org


lodged, collected, stained, and imaged. Vascular catheter biofilms
were processed by Cytospin centrifugation and stained with
Wright stain. The predominate host cell types associated with the
vascular catheter biofilm were red blood cells and leukocytes (Fig.
5A). Based on their characteristic polymorphic nuclei, the major-
ity of the incorporated leukocytes were neutrophils. Examination
of the denture biofilms by this method revealed the presence of
numerous epithelial cells associated with these oral biofilms (Fig.
5B). Although leukocytes were observed as well, the architecture
of these cells was not as well preserved during processing. How-
ever, the appearance of these cells was most consistent with neu-
trophils as the predominant leukocytes associating with the den-
ture biofilms. To examine the host cells of the urinary catheter
biofilms, the Papanicolaou stain was selected for its ability to pre-
serve and distinguish cells in the urinary environment. Host cells,
including urothelial cells and neutrophils, were found to associate
with the urinary catheter biofilm (Fig. 5C and D). The thin prep-
aration technique used with the Papanicolaou stain resulted in a
more distinct separation of biofilm components, exhibited by sep-
aration of neutrophils from fungal components (Fig. 5D). For
each of the biofilm niches, the relative abundance of host cells was
significantly lower than the fungal burden. The ratios of leuko-
cytes to Candida cells were 1:75, 1:12, and 1:15 for the vascular
catheter, denture device, and urinary catheter models, respec-
tively. Given the differences in staining techniques, comparisons

among device niches should be interpreted with caution. How-
ever, neutrophils were consistently found accompanying the bio-
films and were the only immune cell type identified.

DISCUSSION

Numerous host factors have been shown to influence fungal
biofilms (27–32). In vitro studies have often included proteins
and other factors to mimic the niche site infection (1). Exam-
ples include the incorporation of synthetic urine medium to
mimic a urinary catheter infection or the addition of saliva to
simulate oral biofilm conditions (33–35). However, investiga-
tions have not systematically analyzed biofilms to determine
the array of mammalian factors involved in the host-biofilm
interaction. Here we employed three animal models of Candida
biofilm infection to identify biofilm-associated host proteins
and cells. Despite the diversity of the surrounding milieus
(blood, urine, and saliva), a group of host proteins was found
recurrently among the biofilm models. We propose that this
group likely encompasses protein subsets that possess both
pro- and antibiofilm purposes.

One of the striking groups of proteins observed across all
three in vivo niches, in the presence and absence of biofilm
infection, was a subset of red blood cell- and heme-related
proteins (see Table S2 in the supplemental material). Based on
proteomic analysis and scanning electron microscopy images,

FIG 2 Imaging of C. albicans-infected and uninfected devices. Devices were collected from rat biofilm infection models (vascular catheter, urinary catheter, and
denture) in the presence or absence of C. albicans biofilm infection. Extracellular material and host cells on devices were visualized by scanning electron
microscopy. Bar, 10 �m.

Host Contributions to C. albicans Biofilms

December 2015 Volume 83 Number 12 iai.asm.org 4633Infection and Immunity

http://iai.asm.org


it appears likely that a layer of red blood cells is deposited on
uninfected devices and that these cells may remain intact or
become disrupted (Fig. 2). For cells that are disrupted, hemo-
globin is recycled or degraded via haptoglobin or peroxire-
doxin (36). In addition to the ubiquitous distribution of these
proteins, a subset was also more abundant in the infected de-
vices (Table 1). By scanning electron microscopy, it appears
that red blood cells incorporate into the biofilm during the

maturation process (Fig. 1). Iron scavenging is an important
virulence trait for many pathogens, including Candida. C. albi-
cans was recently shown to possess two distinct heme-binding
proteins which facilitate iron acquisition from hemoglobin
(37). Our studies suggest that hemoglobin is abundant on the
surfaces of medical devices. This accessibility to iron may be
one reason that device-associated biofilms are so resilient in the
presence of host defenses and treatment. The findings also

FIG 3 Host proteins associate with C. albicans-infected and uninfected devices. Proteins were collected from the extracellular matrix of C. albicans biofilm-
infected devices, analyzed by liquid chromatography-mass spectrometry, and searched against a Rattus norvegicus amino acid sequence database. For uninfected
samples, proteins associating with the device surface were similarly analyzed for each niche. Abundances were compared using Scaffold’s unweighted spectrum
normalization, and data are presented as Voronoi tree maps reflecting relative abundances.
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point to the relevance of including blood components in ex vivo
studies of Candida biofilms.

Matricellular proteins were among the host protein categories
represented in Candida biofilms from all the clinical niches. These
proteins, including vitronectin, fibronectin, and fibrinogen, were
associated with both infected and uninfected devices across each
model system. Matricellular proteins, such as fibronectin, have
previously been shown to deposit on medical device surfaces (38–
42). The current study confirms the presence of these host pro-
teins on devices from various niches and points to the similarities
between the biofilm infection models and common device-asso-
ciated clinical infections. C. albicans is known to interact with
these ubiquitous matricellular proteins through specific interac-
tions, which may enhance tissue invasion and contribute to viru-
lence (43–54). Given the evidence for the likely involvement of
these proteins in Candida pathogenicity, pioneering biofilm in-
vestigations have emphasized the importance of a host condition-
ing fluid for optimal biofilm formation and the need to account
for the proteins in in vitro biofilm models (29, 35, 55–58). How-
ever, little is known about how assimilation of host proteins may
affect biofilm structure and function, perhaps even fostering bio-
film development.

Several proteins involved in immune response and leukocyte
function were identified in the subset of abundant proteins con-
served among the biofilm niches (Table 1). The presence of my-
eloperoxidase and neutrophilic granule protein is consistent with
the incorporation of neutrophils or factors released from neutro-
phils. Indeed, examination of the cellular components of biofilms
revealed neutrophils as the major leukocytes present in each of the
rat biofilm infections (Fig. 5). However, compared to a previous
investigation of nonbiofilm Candida infection, a relatively small
number of neutrophils per Candida cell was identified (59). Prior
investigations have described leukocytes associating with Candida
biofilms (31, 60). In an oral mucosal biofilm model, neutrophils
were found to form aggregates near the biofilm surface and even to
migrate throughout the biofilm (60). In observing peripheral
blood mononuclear cells interacting with in vitro C. albicans bio-
films, Chandra et al. demonstrated that not only did the leuko-
cytes not inhibit the biofilm but the cells actively produced factors
that augmented biofilm formation (31). The current investigation

extends these findings to show that leukocytes, including neutro-
phils, associate with medical device biofilms at multiple clinical
sites of infection.

Little is known about the activation status of the neutrophils.
Representation of the components of NETs (myeloperoxidase,
histone H2A, neutrophilic granule protein, and actin) in the bio-
film matrix samples suggests the release of NETs (Table 1) (26).
Since both yeast and hyphal forms of Candida have been shown to
induce the release of NETs (NETosis) when incubated with neu-
trophils (61), it is quite plausible that NETs may be elicited by the
biofilm mode of growth as well. However, numerous potential
components of NETs were also found in association with unin-
fected devices, which indicates the possibility of their release in
response to the device alone. On microscopic evaluation of the
host cells adherent to an uninfected urinary catheter, fibrillar con-
tents were observed in association with cells, consistent with the
process of NETosis (Fig. 2).

Clinically, Candida biofilms resist the host immune response.
Removal of Candida-infected devices is recommended, even for
patients with intact immunity (9). In vitro studies corroborate a
difference in immune responses to biofilm and planktonic Can-
dida, but little is known about this mechanism (30, 31, 62, 63). The
present study identifies alarmin S100-A9 as a protein abundant
among all three device-associated biofilms. Alarmins S100-A8 and
S100-A9 have previously been shown to be induced by C. albicans
infection in a vaginal model (64). These alarmins appear to pro-
mote neutrophil chemotaxis, with a limited impact on the infec-
tious burden (65). Further investigation may be warranted to de-
termine if a similar mechanism of neutrophil response is involved
in device-associated Candida infection as well.

We considered the possibility that leukocytes other than neu-
trophils were recruited to the Candida biofilms. We postulated
that these cell types may be present in smaller numbers or may be
more difficult to detect by the cellular isolation and staining pro-
cesses used. Therefore, we searched the host proteomes for the
presence of proteins unique to specific leukocyte groups. Our

TABLE 1 Host proteins abundant during C. albicans biofilm infection
in rat venous catheter, rat urinary catheter, and rat denture models

Protein Gene
Accession
number

Actin, cytoplasmic 1 Actb P60711
Alpha-actinin-4 Actn4 Q9QXQ0
Band 3 anion transport protein Slc4a1 F8WFT7
C-reactive protein Crp P48199
Haptoglobin Hp P06866
Hemoglobin subunit beta-1 Hbb P02091
Hemoglobin subunit beta-2 Hbb2 P11517
Histone H2A.J H2afj A9UMV8
Peroxiredoxin-2 Prdx2 P35704
Protein Itih4 Itih4 D3ZFC6
Protein LOC100909666 LOC100909666 F1LNM4
Protein Mpo Mpo D3ZYH8
Protein S100-A9 S100a9 P50116
Serotransferrin Tf P12346

FIG 4 Host proteins are abundant during C. albicans biofilm infection. Pro-
teins were collected from the extracellular matrix of C. albicans biofilm-in-
fected devices, analyzed by liquid chromatography-mass spectrometry, and
searched against a Rattus norvegicus amino acid sequence database. For unin-
fected samples, proteins associating with the device surface were similarly an-
alyzed for each niche. Abundances were compared using Scaffold’s un-
weighted spectrum normalization. Data are presented as a Venn diagram
depicting the number of proteins more abundant during infection for each
niche.
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analysis did not detect CD3, the major antigen of T cells, or CD68,
an antigenic marker of monocytes (66). Eosinophil peroxidase, a
marker of eosinophils, was not represented in the samples. In
contrast, neutrophil-associated proteins, including myeloperoxi-
dase and neutrophil granular protein, were present in each of the
host proteomic data sets. Note that the current studies did identify
lymphocyte cytosolic protein 1 (lcp1) associating with infected
urinary and vascular biofilms. This protein has been identified to
associate with multiple cell types and has been used as a nonspe-
cific leukocyte marker in other species (67). Taken together, the
proteomic analysis was consistent with our cellular microscopy
data showing neutrophils associating with Candida biofilms.

There are several similarities among the three models utilized
for these experiments. The models all involve biofilm growth on
an artificial, implanted device in a rat. In addition to variation in
the site of infection, the models differ in terms of immunosup-
pression. To establish a consistent Candida biofilm, animals with
either urinary catheters or denture devices received both cortico-
steroids and antibiotics. This treatment was not necessary for the
vascular catheter infection given the high propensity of Candida
to adhere to the catheter surface and the sterility of the blood. It is
possible that these factors may have an impact on the host pro-
teome as well. However, uninfected devices received the same cor-
ticosteroid and antibiotic treatments, so the influence of these
factors should be minimal in comparisons between infected and
uninfected devices.

The roles of many of the proteins associating with the Candida
biofilm matrix are difficult to predict. Moonlighting proteins may
be involved in the host response to biofilm infection. It is also
possible that their interaction with the biofilm may be nonspecific,
with the biofilm acting as a web to collect host proteins for extra-
cellular deposition. Upon examination of the proteome of an in
vitro C. albicans biofilm matrix, Thomas et al. found many simi-
larities between the proteomes of planktonic supernatants and
biofilm matrix (11). This suggests that proteins secreted or re-
leased from dying cells may become incorporated into biofilms. It
is possible that a similar process is in place in vivo to nonspecifi-
cally capture host proteins to form the biofilm matrix. Such a
process may serve to scavenge proteins for construction of a pro-
tective extracellular matrix and to conserve the energy that would
otherwise be needed for Candida to assemble and export them. In
fact, in this study and a prior investigation, the vast majority of in
vivo Candida biofilm matrix proteins were of host origin (13). For
example, Candida-derived proteins accounted for only 1.4% of
the vascular catheter biofilm extracellular matrix.

These studies indicate a close relationship between C. albicans
biofilms and host components. Defining the host components of
biofilms offers new insight into biofilm pathogenesis and host-
fungus interactions. However, the functional relevance of the in-
dividual proteins largely remains unknown. The current study
provides the foundation to explore the impact of host proteins on
device-Candida or Candida-Candida adhesion. The study sug-

FIG 5 Host cells associate with C. albicans biofilms in vivo. C. albicans biofilms were collected from a rat vascular catheter model (A), a rat denture model (B),
and a urinary catheter model (C and D). Following removal from the device, catheter and denture biofilms were loaded on a Cytospin centrifuge, and slides were
processed with Wright stain. Urinary catheter biofilms were examined following thin preparation and Papanicolaou staining. Line arrows in panels A, B, and D
mark neutrophils. The block arrow in panel B highlights an epithelial cell. The block arrow in panel C highlights a urothelial cell.
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gests that erythrocytes and neutrophils interact with Candida bio-
films, ultimately incorporating into the structure. Further studies
are needed to determine the role of these cells during biofilm
infection. The identification of host factors in Candida biofilms
provides the framework for future host-pathogen interaction
studies designed to identify novel drug targets and to augment the
immune response against biofilms.
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