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Candida albicans-Staphylococcus aureus Polymicrobial Peritonitis
Modulates Host Innate Immunity
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Despite advances in medical device fabrication and antimicrobial treatment therapies, fungal-bacterial polymicrobial peritonitis
remains a serious complication for surgery patients, those on peritoneal dialysis, and the critically ill. Using a murine model of
peritonitis, we have demonstrated that monomicrobial infection with Candida albicans or Staphylococcus aureus is nonlethal.
However, coinfection with these same doses leads to a 40% mortality rate and increased microbial burden in the spleen and kid-
ney by day 1 postinfection. Using a multiplex enzyme-linked immunosorbent assay, we have also identified a unique subset of
innate proinflammatory cytokines (interleukin-6, granulocyte colony-stimulating factor, keratinocyte chemoattractant, mono-

cyte chemoattractant protein-1, and macrophage inflammatory protein-1a) that are significantly increased during polymicro-
bial versus monomicrobial peritonitis, leading to increased inflammatory infiltrate into the peritoneum and target organs.
Treatment of coinfected mice with the cyclooxygenase (COX) inhibitor indomethacin reduces the infectious burden, proinflam-
matory cytokine production, and inflammatory infiltrate while simultaneously preventing any mortality. Further experiments
demonstrated that the immunomodulatory eicosanoid prostaglandin E, (PGE,) is synergistically increased during coinfection
compared to monomicrobial infection; indomethacin treatment also decreased elevated PGE, levels. Furthermore, addition of
exogenous PGE, into the peritoneal cavity during infection overrode the protection provided by indomethacin and restored the
increased mortality and microbial burden. Importantly, these studies highlight the ability of fungal-bacterial coinfection to
modulate innate inflammatory events with devastating consequences to the host.

I n nature, microorganisms rarely exist as single-species commu-
nities but instead exist within multispecies consortia, where mu-
tually beneficial, parasitic, and antagonistic interactions may de-
velop (1). Although many recent research efforts have focused on
using molecular techniques to survey various species located at
biological sites, relatively little is known about the behavior of
these communities and, more importantly, how such interactions
may impact the human host. Critically, several recent studies have
suggested that amplified pathogenic phenotypes may emerge dur-
ing infection with multiple microbes, leading to infectious syner-
gism, defined as enhanced virulence during polymicrobial versus
monomicrobial disease (2-5).

One human infection that is characterized as often being poly-
microbial in nature is peritonitis (6, 7). Peritonitis is an inflam-
matory disease of the lining of the abdominal wall and organs and
is most frequently caused by infectious processes resulting from
bowel perforation, laparotomy surgery, intestinal hernias, and,
most commonly, insertion of medical devices, such as peritoneal
dialysis (PD) catheters (8). Crucially, it has been documented that
PD-mediated polymicrobial peritonitis results in higher inci-
dences of relapsing infection, catheter loss, a permanent switch to
hemodialysis (HD), and mortality than monomicrobial peritoni-
tis, especially peritonitis involving fungi (9-11). Indeed, perito-
neal infections involving fungi, namely, the Candida species, are
becoming increasingly common in the hospital setting (12). A
permanent switch from PD to HD not only negatively impacts
patient lifestyle but also results in a significant accumulation of
financial burden to the medical community (13). If acute cases of
peritonitis are left untreated or misdiagnosed, infecting microor-
ganisms can migrate from local infectious foci into the blood-
stream via innate barrier dysfunctions resulting from aggressive
host inflammatory responses; hematogenous seeding of microbes
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often induces full-blown systemic sepsis (14-16). Despite appro-
priate antimicrobial treatment, sepsis remains a worldwide con-
cern, with mortality rates extending over 60% in severe cases (17).
Therefore, a more comprehensive understanding of the etiologi-
cal agents contributing to polymicrobial peritonitis is warranted
in order to develop targeted therapeutic approaches and improve
patient quality of life and outcome.

Two of the most commonly isolated organisms from peritoni-
tis episodes are the polymorphic fungus Candida albicans and the
ubiquitous bacterial pathogen Staphylococcus aureus (18). Despite
representing two distinct phylogenetic domains, S. aureus and
Candida spp. share several pathogenic traits, most notably, their
ability to cause an array of human diseases, form biofilms on a
variety of surfaces, and develop rapid resistance to antimicrobials
(19, 20). Importantly, we have previously identified a unique as-
sociation between these two pathogens, with S. aureus primarily
adhering to the hyphal forms of C. albicans during polymicrobial
biofilm growth (21, 22). We have also shown that C. albicans and
S. aureus can modulate one another’s proteomic profile during in
vitro biofilm growth, including the expression of several defined
and putative virulence factors (22). In addition to peritonitis, C.
albicans and S. aureus can be coisolated from a number of infec-
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tions, including catheter infections, wounds, septicemia, ventila-
tor-associated pneumonia, keratitis, and oral infections, such as
denture stomatitis (23).

Although previous studies with these pathogens have demon-
strated that fungal-bacterial peritoneal infections result in infec-
tious synergism during coinfection in mice, the precise mecha-
nisms leading to this phenotype and the effects on the host
immune response were not defined (24). The “gold standard”
model for testing the effects of chronic peritonitis and subsequent
sepsis is the cecal-ligation puncture (CLP), in which the cecum is
ligated below the ileocecal valve and then pierced with a sterile
needle to release the cecal contents into the normally sterile peri-
toneal cavity (25). This technique has some limitations however,
including the inability to distinguish the contribution of individ-
ual microbial species to disease, nonstandardized dosing of the
infectious inoculum, and incapacity to mimic acute disease. Tra-
ditional CLP mimics bowel perforation, overwhelming the host
with an infection predominated by Gram-negative bacteria, and
may overshadow the important contributions of the Gram-posi-
tive bacteria and fungi in polymicrobial peritonitis pathogenesis
(26). To that end, we have optimized a murine model of peritoni-
tis to assess the differential pathological effects in the host during
polymicrobial versus monomicrobial infection with two com-
monly isolated peritonitis pathogens, C. albicans and S. aureus.
Ultimately, findings from these studies will aid in the development
of novel treatment strategies for an increasingly recognized num-
ber of polymicrobial diseases and may more broadly apply to the
immunopathogenesis of other mixed fungal-bacterial infections.

MATERIALS AND METHODS

Strains and growth conditions. The methicillin-resistant S. aureus strain
NRS383 used in all experiments was obtained from the Network on An-
timicrobial Resistance in S. aureus (NARSA) data bank. NRS383 is posi-
tive for the toxic shock syndrome toxin (st) and 8-toxin genes. Frozen
stocks were obtained at —80°C and streaked onto Trypticase soy agar
(TSA) containing 20 g/ml nafcillin at 37°C prior to use. A single colony
was transferred to 5 ml of Trypticase soy broth (TSB) containing 20 .g/ml
nafcillin and shaken at 37°C overnight. On the following day, the over-
night culture was diluted 1:100 in fresh TSB containing 20 pg/ml nafcillin
and shaken at 37°C for 3 h until the culture reached the log phase of
growth. The C. albicans strain used in these experiments was DAY185, a
prototrophic control strain that has HISI, URA3, and ARG4 genes rein-
serted into strain BWP17, an auxotrophic derivative of strain SC5314
(27). Frozen stocks were obtained at —80°C and streaked onto yeast pep-
tone dextrose (YPD) agar prior to use. A single colony was transferred to
20 ml of YPD broth and shaken at 30°C for 20 h. Prior to infection, both
organisms were rinsed 3 times by centrifugation in sterile phosphate-
buffered saline (PBS; pH 7.4), counted on a hemocytometer, and diluted
in sterile PBS to prepare standardized inocula.

Murine model of peritonitis. All experiments involving animals were
approved by the Louisiana State University Health Sciences Center
(LSUHSC) Institutional Animal Care and Use Committee. Mice were
given access to food and water ad libitum. In most experiments, groups
(n = 5 or 10) of 6-week-old outbred Swiss Webster mice were injected
intraperitoneally (i.p.) using a 27-gauge (1/2-in.) needle with either 0.2 ml
of saline, 0.2 ml of 3.5 X 107 CFU/ml C. albicans alone (7 X 10° CFU
total), 0.2 ml 4 X 10® CFU/ml S. aureus alone (8 X 107 CFU total), or 0.2
ml containing 3.5 X 10" CFU/ml C. albicans and 4 X 10® CFU/ml S. aureus
(7 X 10° and 8 X 107 CFU of each microbe, respectively; 8.7 X 10 CFU
total). In some experiments, mice were inoculated with 8.7 X 107 CFU of
C. albicans or S. aureus alone in 0.2 ml PBS to serve as monomicrobial
controls for the increased microbial load encountered during coinfection.
After inoculation, mice were initially observed over a 5-day time course
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for morbidity (hunched posture, inactivity, ruffled fur) and mortality.
Because most polymicrobe-induced mortality occurred within 24 h, in
subsequent experiments, mice were euthanized at 1 day postinoculation.
In some experiments, mice were sacrificed at 8 h postinfection to assess
the infection at an early time point. Peritoneal cavities were lavaged by
injection of 2 ml of sterile saline containing 0.1% fetal bovine serum
(FBS), followed by gentle massaging of the peritoneal cavity. Peritoneal
lavage fluid was then removed using a pipette inserted into a small incision
in the abdominal cavity. Kidneys and spleens were removed and placed
into either 1 ml sterile PBS containing EDTA-free protease inhibitors
(Roche, Basel, Switzerland) or 10% phosphate-buffered formalin for his-
tological analysis. Tissues were then weighed and mechanically homoge-
nized (Pro Scientific, Oxford, CT) prior to CFU or cytokine analysis.

Effect of indomethacin on microbial growth in vitro. C. albicans and
S. aureus were grown as described above. On the following day, overnight
cultures were diluted 1:100 in fresh medium containing 50 wg/ml indo-
methacin and 0.28% dimethyl sulfoxide (DMSO) or 0.28% DMSO alone
to serve as controls. Because the average peritoneal volume of a Swiss
Webster mouse is approximately 2 ml, the concentrations of indometha-
cin and DMSO were chosen to reflect the physiologically delivered final
concentrations. Cells were grown with shaking as described above, and
100-p.l aliquots were removed each hour in triplicate and read spectro-
photometrically at 600 nm.

Indomethacin treatment. Indomethacin was prepared freshly as a
concentrated stock (35 mg/ml) in DMSO and diluted to a working con-
centration of 1 mg/ml in sterile PBS (final DMSO concentration, 2.3%). A
sham treatment containing only 2.3% DMSO in PBS was also prepared.
Groups of mice were intraperitoneally administered 0.1 ml (roughly 5
mg/kg of body weight) of indomethacin or vehicle control 4 h prior to and
8 h after infection. All other procedures were performed as described
above.

Exogenous PGE, administration. Mice were treated exactly as de-
scribed above for indomethacin treatment, except that at 1 h prior to and
9 h after infection mice received an i.p. injection of 1 g 16,16-dimethyl
prostaglandin E, (PGE,; Cayman Chemical, Ann Arbor, MI) in 100 pl
PBS. Mice not receiving PGE, were injected i.p. with 100 pul PBS to serve as
the control.

CFU analysis. Microbial burdens in the kidneys and spleens were enu-
merated by serial dilution plating of the homogenate onto YPD contain-
ing 20 pg/ml nafcillin and 2 pg/ml vancomycin (for C. albicans enumer-
ation) and TSA containing 20 pg/ml nafcillin and 2.5 pg/ml amphotericin
B (for S. aureus enumeration) via the drop plate method (28). Plates were
incubated overnight at 37°C and left on the benchtop for 5 days to mon-
itor the outgrowth of potentially slow-growing colonies. All CFU counts
were then expressed as the number of CFU per gram of homogenized
tissue; the limit of detection was approximately 10> CFU per gram tissue.

Cytokine analysis. After aliquots were removed for CFU analysis, the
remaining homogenate was centrifuged at 2,500 rpm for 15 min at 4°C.
The supernatant was carefully removed, filter sterilized with a 0.45-pum-
pore-size syringe filter to remove tissue debris, and stored at —80°C prior
to use. Cytokines were measured using a Bio-Rad Bioplex Pro 23-plex
group I mouse cytokine kit and customized 5-plex kits (Bio-Rad, Hercu-
les, CA) according to the manufacturer’s protocol. The group I mouse kit
measures the following cytokines and chemokines: interleukin-la (IL-
la), IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70,
IL-13, IL-17A, eotaxin, granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), gamma
interferon (IFN-v), keratinocyte chemoattractant (KC), monocyte che-
moattractant protein-1 (MCP-1), macrophage inflammatory protein-la
(MIP-1at), MIP-13, RANTES, and tumor necrosis factor alpha (TNF-a)
(assay range, 0.74 pg/ml to 84 ng/ml). The protein concentration of each
homogenate supernatant was measured by the bicinchoninic acid assay
(Pierce). All homogenates were diluted to 500 pg of total protein in Bio-
plex sample buffer prior to analysis, and all cytokine concentrations are
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expressed as pg/ml. Only cytokines showing significant modulation be-
tween monomicrobial and polymicrobial infection were reported.

Histological analysis. Formalin-fixed tissues were sent for histolog-
ical preparation and were paraffin embedded, sliced, and stained with
hematoxylin-eosin (H&E) or periodic acid-Schiff (PAS) (Morphology
Imaging Core, LSUHSC). Slides were visualized by standard light mi-
croscopy.

Neutrophil analysis. Neutrophils in both peritoneal lavage fluid and
in the spleen and kidneys were identified and quantitated by differential
staining and/or immunostaining. Recovered lavage fluid was centrifuged
at 500 X gfor 5 min at4°C, and the cell pellet was resuspended in 1 ml PBS.
The cells were centrifuged again as described above and finally resus-
pended in 500 pl PBS containing 5% FBS. Cells were adhered to Vecta-
bond-treated (Vector Laboratories, Burlingame, CA) glass slides by cyto-
spin (2-min spin at 1,000 rpm). Cells were allowed to air dry at room
temperature and then immediately fixed in ice-cold acetone for 5 min.
Slides were immediately stained or stored at —20°C until needed. Neutro-
phils were counted on prepared slides by staining with Diff-Quick reagent
(IMEB Inc., San Marcos, CA) or immunostained with fluorescein isothio-
cyanate (FITC)-conjugated rat anti-mouse lymphocyte antigen 6-G
(Ly6G) antibody (Biolegend, San Diego, CA) and counterstained with
DAPI (4',6-diamidino-2-phenylindole; Vector Laboratories) for visual-
ization of neutrophils as previously described (64). Similarly, unstained
histological slices of kidneys and spleens were deparaffinized, washed, and
immunostained with an Ly6G or isotype control antibody and counter-
stained with DAPI as described above. Slides were visualized by standard
light microscopy, or fluorescence was captured on an Olympus Fluoview
1000 confocal microscope usinga DAPI/FITC filter set. Ten random fields
were examined, and the numbers of neutrophils were counted and aver-
aged per animal.

Prostaglandin quantitation. Recovered lavage fluid was centrifuged
at 500 X g for 5 min, and the supernatant was transferred to clean micro-
centrifuge tubes. PGE, is rapidly converted to its 13,14-dihydro-15-keto
metabolite in vivo, so a colorimetric prostaglandin E metabolite compet-
itive enzyme immunoassay (EIA) was used to measure PGE, as a function
of its breakdown product, according to the manufacturer’s directions
(Cayman Chemicals, Ann Arbor, MI). This assay is highly sensitive and
detects as little as 2 pg/ml of PGE metabolites.

Statistics. All experiments used groups of 5 mice and were repeated in
duplicate. All assays were repeated in triplicate, and the results were aver-
aged. For cell staining experiments, all slides were prepared from each
animal in duplicate, and 10 fields were counted per slide. Overall mortality
was determined as significant using Fisher’s exact test if P was =0.05.
Because the data generated from these studies were nonparametric (Sha-
piro-Wilks normality test, P < 0.05), the Mann-Whitney U test was used
to analyze the significance of differences between the monomicrobial and
polymicrobial infection groups. Statistical comparisons with a P value of
=0.05 were considered statistically significant. Values were plotted or
denoted as the median, and error bars represent interquartile ranges.

RESULTS

Coinfection enhances mortality and microbial burden. Coinfec-
tion with multiple microbes has been shown to result in enhanced
pathogenicity compared to infection with the same microbes in-
dividually (2, 4). Therefore, we have optimized a murine model of
polymicrobial peritonitis to study the effects of C. albicans-S. au-
reus coinfection on host survival and the associated immune re-
sponse. Mice infected with either C. albicans (Fig. 1, light gray) or
S. aureus (Fig. 1, black) alone exhibited no mortality (100% sur-
vival) at up to 5 days postinoculation and appeared as healthy as
the control group receiving only a saline injection (Fig. 1, white).
However, coinoculation with the same doses of C. albicans and S.
aureus (Fig. 1, striped) resulted in only 40% survival by day 2
postinoculation. Aside from mortality, coinfected mice also ap-
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FIG 1 C. albicans-S. aureus coinfection results in mortality by day 1 post-
inoculation. Mice were injected intraperitoneally with 7 X 10° CFU of C.
albicans (light gray bar), 8 X 10”7 CFU of S. aureus (black bar), or the same
doses of each pathogen simultaneously (8.7 X 107 CFU total; striped bar).
Mice injected with sterile saline only served as controls (white bar). Mice
infected with 8.7 X 107 CFU of C. albicans alone (dark gray bar) or S. aureus
alone (hashed bar) served as monomicrobial controls. Overall mortality in
the coinfected group was found to be statistically significant using Fisher’s
exact test (P < 0.05; n = 10).

peared moribund (inactivity, hunched posture) and exhibited
conjunctivitis-like symptoms. Coinoculated mice received equiv-
alent concentrations of each pathogen used in the monomicrobial
inoculations, resulting in an increased total number of microbes
compared to the number in those infected with either C. albicans
or S. aureus alone. To account for this discrepancy, mice were
inoculated with C. albicans (Fig. 1, dark gray) or S. aureus (Fig. 1,
hashed) at the same total dose of organisms received during coin-
fection (8.7 X 107 CFU). These monomicrobial inoculations, us-
ingan increased microbial load, also resulted in no mortality at up
to 5 days postinfection. Cumulatively, these results demonstrate
that enhanced mortality in this model is attributable to inocula-
tion with both pathogens (and not simply the increased microbial
burden received during coinoculation) and occurs rapidly, within
approximately 24 h of initial infection.

It has been well documented that both the kidney and spleen
support the growth of C. albicans or S. aureus during monomicro-
bial systemic infection (29, 30). Thus, in order to assess the level of
microbial burden associated with monomicrobial versus polymi-
crobial infection, we enumerated the CFU in the kidney and
spleen by standard microbiological culture on differential me-
dium. In mice infected with C. albicans alone, only 1 out of 10
mice had detectable CFU in the kidney (Fig. 2A, closed squares),
and no detectable CFU was found in the spleen (Fig. 2B, closed
squares). Mice infected with S. aureus alone had a median of 1 X
10* CFU in the kidney (Fig. 2A, closed triangles) and 1 X 10* CFU
in the spleen (Fig. 2B, closed triangles). Strikingly, coinoculation
with the same doses of C. albicans and S. aureus resulted in a
dramatic increase in both C. albicans and S. aureus culture-posi-
tive kidney infections compared with monomicrobial inoculation
(60% versus 10% and 80% versus 50%, respectively) (Fig. 2A).
This corresponds to a median 4-log-unit increase of C. albicans
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FIG 2 Microbial burden is increased in the target organs during coinfection. Mice were inoculated and sacrificed 1 day later. (A and B) Quantitative counts of
both C. albicans (CA) and S. aureus (SA) in kidneys (A) and spleens (B). Mono- and polyinfection groups were compared by the Mann-Whitney U test. *, P <
0.05; horizontal lines, medians. (C) Small staphylococcal abscesses were found growing among a dense network of C. albicans hyphae colonizing the spleen (H&E
stain, arrows). Surface colonization of the kidney during polymicrobial infection demonstrates biofilm-like structures with S. aureus attached to a scaffolding of
C. albicans hyphae (arrows). The images on the bottom row are magnifications of the boxed areas in the images above.

(Fig. 2A, open squares; P < 0.05) and a median 1-log-unit increase
of S. aureus (Fig. 2A, open triangles; P < 0.05) in the kidney.
Culture-positive spleen infections also increased for both C. albi-
cans and S. aureus in polymicrobial versus monomicrobial inocu-
lations (40% versus 0% and 90% versus 60%, respectively) (Fig.
2B). CFU counts in the spleen were also significantly increased: a
4-log-unit increase for C. albicans (Fig. 2B, open squares; P <
0.05) and a 2-log-unit increase for S. aureus (Fig. 2B, open trian-
gles; P < 0.05) were observed. Therefore, coinfection not only
enhances morbidity and mortality but also leads to significant
increases in the infection rates and microbial burden found in the
kidneys and spleens compared to monomicrobial infection.

Histological analysis of these organs confirmed the increased
microbial burden in the coinoculated animals, with some bacteria
and fungi dispersed throughout the organs. In some cases, severe
organ damage was noted; small clusters of staphylococci could be
found intermingled among the hyphae of C. albicans (Fig. 2C,
spleen). Interestingly, we detected an abundance of polymicrobial
structures on the surface of the coinfected organs composed of a
scaffolding of C. albicans hyphae with S. aureus (Fig. 2C, kidney)
attached. Mice infected with C. albicans or S. aureus alone showed
only limited numbers of microbes colonizing the organ surfaces.
This indicates that during coinfection, both fungi and bacteria are
intimately associated within infected tissues.

Coinfection modulates host innate immunity. Because C. al-
bicans and S. aureus are known to exhibit distinct immunomodu-
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latory properties in vivo, we hypothesized that coinfection may
result in altered or amplified host immune responses compared
with monomicrobial infections (31-33). Using a multiplex en-
zyme-linked immunosorbent assay (ELISA), we simultaneously
measured 23 chemokines and cytokines produced in the kidneys
and spleens of mice at day 1 postinoculation. Of all 23 cytokines,
only 5 showed significant increases in both the kidney (Fig. 3A)
and spleen (Fig. 3B) during coinfection compared to monomicro-
bial infection: IL-6, G-CSF, KC, MCP-1, and MIP-1a. These in-
creases were not incremental: IL-6 levels increased approximately
5-fold in the kidney and 100-fold in the spleen (P < 0.05), G-CSF
levels increased ~100-fold (P < 0.05) in both organs, KC levels
increased ~10-fold in the kidney and spleen (P < 0.05), MCP-1
levels increased ~5-fold in the kidney and 10-fold in the spleen
(P < 0.05), and MIP-1a levels increased ~10-fold (P < 0.05) in
both organs. It is important to note that coinfected mice received
only 1.1-fold more organisms than mice infected with S. aureus
alone, but the cytokine profiles were upregulated in excess of
5-fold, suggesting a synergistic increase in cytokine production
during coinfection. Interestingly, all of these cytokines are in-
volved in the innate proinflammatory response and can be acti-
vated within minutes in response to microbe exposure; thus, their
induction fits within the relatively short time frame of polymi-
crobe-enhanced mortality (34). It is not surprising that any of the
adaptive cytokines (including IL-4, IL-12, and IFN-vy) were not
found to be significantly modulated during coinfection (data not
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FIG 3 Coinfection with C. albicans and S. aureus modulates host innate im-
munity. Mice were inoculated and sacrificed 1 day later. The differential ex-
pression of 23 cytokines and chemokines in the (A) kidneys and (B) spleens of
mice infected with C. albicans alone, S. aureus alone, or both pathogens
(striped bar) is shown. Control mice were injected with sterile saline. Signifi-
cant increases were found for IL-6, G-CSF, KC, MCP-1, and MIP-1a during
polymicrobial versus monomicrobial infection. Values were plotted as the
median and compared by the Mann-Whitney U test. *, P < 0.05 for C. albicans
versus C. albicans plus S. aureus coinfection; °, P < 0.05 for S. aureus versus C.
albicans plus S. aureus coinfection. Error bars represent interquartile ranges.

shown), as coinfection-induced death happened before they were
likely produced at detectable levels.

Several of the cytokines found to be upregulated during coin-
fection, including IL-6, G-CSF, and KC, are known to be involved
in activation and recruitment of neutrophils to primary sites of
infection (35). Therefore, we monitored neutrophil influx in peri-
toneal lavage samples at day 1 postinoculation. In uninfected
mice, resident monocytes and macrophages predominate in the
peritoneal cavity, with few polymorphonuclear leukocytes
(PMNss) present, as shown by differential staining (Fig. 4A, con-
trol). However, PMNs can rapidly migrate and accumulate in the
peritoneum in response to infection and chemical stimuli (36).
Indeed, we observed both mature and immature PMNs in mice
inoculated with either C. albicans or S. aureus alone (Fig. 4A, C.
albicans and S. aureus, white arrows). However, there was a qual-
itative increase in the presence of PMNs in coinfected mice (Fig.
4A, C. albicans + S. aureus, white arrows). It is important to point
out that mature PMNs have multilobed nuclei but developmen-
tally immature PMNs have nuclei that appear bean shaped
(metamyelocytes) or band-like (band neutrophils) (37). A signif-
icant portion of the peritoneal PMNs from the coinfected mice
was of the band variety (Fig. 4A, C. albicans + S. aureus, enlarged
panel), suggesting the presence of a potent inflammatory response
with possible rapid mobilization of immature neutrophils from
the circulation and bone marrow.

In order to more quantitatively assess the number of PMNs in
the lavage fluid, we immunostained recovered lavage cells with an
FITC-conjugated primary antibody specific for mouse granulo-
cyte differentiation antigen-1/lymphocyte antigen 6-G (Gr-1/
Ly6G). Gr-1 is primarily expressed by neutrophils and serves as
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FIG 4 Coinfection results in both mature and immature neutrophil influx
into the peritoneal cavity. At 1 day postinfection with C. albicans alone, S.
aureus alone, or both pathogens, mice underwent a peritoneal lavage proce-
dure. (A) Cells were stained with Diff-Quick reagent to identify cells contain-
ing granules and multilobed nuclei. White arrows, mature and immature
(band-like) neutrophils recovered from the peritoneal cavity. (B) Cells were
also immunostained with an FITC-conjugated Gr-1/Ly6G primary antibody
and counterstained with DAPI to determine polymorphic nuclei. The num-
bers of Gr-1-positive cells per field were counted and calculated as the total
percentage of cells enumerated. Values were plotted as the median. Infection
groups were compared by the Mann-Whitney U test. *, P < 0.05 for C. albicans
versus C. albicans plus S. aureus coinfection; °, P < 0.05 for S. aureus versus C.
albicans plus S. aureus coinfection. Error bars represent interquartile ranges.

the hallmark cell surface marker for identifying this cell popula-
tion in inflammatory infiltrates (38). Gr-1-positive polymorpho-
nuclear cells were expressed as the total number of cells per field.
Nearly 20% of the recovered peritoneal cells were polymorphonu-
clear and Gr-1 positive in coinfected mice, whereas the propor-
tions were 2.5% in mice infected with C. albicans alone and 5% in
mice infected with S. aureus alone (Fig. 4B); these results were
statistically significant (P < 0.05). Total numbers of cells were
similar among infection groups (data not shown). In addition to
the peritoneal influx of neutrophils, an increased number of
PMNs was detected in the tissues of coinfected mice compared to
singly infected mice (data not shown). Although significant num-
bers of PMNs are recruited to the target organs during coinfec-
tion, they are not protective (as demonstrated by increased levels
of infection and microbial burden in the kidney and spleen during
coinfection; Fig. 2A and B) and may in fact potentially contribute
to enhanced morbidity, increased mortality, and polymicrobial
pathogenesis.
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FIG 5 Microbial burden and cytokine production early during infection. (A)
Microbial burden between monomicrobial and polymicrobial infections for
both organisms in the spleen at 8 h; (B) levels of the 5 cytokines previously
identified were assessed in the spleen at 8 h postinoculation. Control mice were
injected with sterile saline. Values were plotted as the median and compared by
the Mann-Whitney U test. ¥, P < 0.05 for C. albicans versus C. albicans plus S.
aureus coinfection; °, P < 0.05 for S. aureus versus C. albicans plus S. aureus
coinfection. Error bars represent interquartile ranges.

Inflammatory events during early infection. The increased
inflammatory cytokines observed in the target organs during
coinfection may have been due to the increased microbial load at
24 h postinfection. Therefore, we sought to determine whether the
same cytokines would be upregulated at an early time point (8 h)
in the spleen, when CFU levels may be more equal between the
monomicrobial and polymicrobial infection groups. Indeed, CFU
levels were not significantly different for C. albicans (Fig. 5A,
closed versus open squares) or S. aureus (Fig. 5A, closed versus
open triangles) between the monomicrobial or polymicrobial in-
fection groups. On the other hand, while they were not as dramat-
ically increased as they were at the 24-h time point, cytokine levels
were still significantly higher (~4- to 10-fold) in the polymicro-
bial group than the monomicrobial group at 8 h (Fig. 5B; P <
0.05).

Indomethacin protects against the effects of polymicrobial
disease. A previous study demonstrated that indomethacin was
partially protective against S. aureus-C. albicans coinfection but
failed to identify the protective mechanism (39). Because coin-
fected mice respond with synergistic increases in innate proin-
flammatory cytokine production and the influx of nonprotective
mature and immature neutrophils, we hypothesized that treat-
ment of these mice with the nonsteroidal anti-inflammatory drug
(NSAID) indomethacin may reduce aggressive inflammation and
protect against morbidity and mortality. Indeed, administration
of 5 mg/kg indomethacin at 4 h preinoculation and 8 h postinoc-
ulation protected mice from coinfection-induced mortality, with
100% survival at 2 days postinoculation (Fig. 6A); remarkably,
these mice showed no signs of morbidity, appearing healthy
throughout infection. In contrast, mice treated with vehicle suc-
cumbed to infection rapidly, with 60% mortality at 2 days postin-
oculation. Importantly, the in vitro growth of both C. albicans and
S. aureus in the presence of indomethacin was not inhibited at the
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FIG 6 Effect of indomethacin (Indo) on survival and microbial growth. (A)
Mice received either vehicle or indomethacin at a dose of 5 mg/kg by i.p.
injection 4 h prior to and 8 h after polymicrobial infection. Mortality was
assessed for up to 5 days postinfection. Overall mortality was significant using
Fisher’s exact test (P < 0.05; n = 10). (B) Growth of C. albicans and S. aureus
was monitored for up to 8 h in medium supplemented with vehicle alone or
indomethacin at physiologically relevant concentrations. OD, optical density.

physiologically relevant concentrations used in these studies
(Fig. 6B). Strikingly, indomethacin had a significant effect on re-
ducing infection rates and the microbial burden in the target or-
gans. Indomethacin treatment significantly reduced C. albicans
CFU counts in the kidneys of coinfected mice by nearly 5 log units
(Fig. 7A, open inverted triangles; P < 0.05) and nearly 4 log units
in the spleen (Fig. 7B, open inverted triangles; P < 0.05). In addi-
tion, compared with untreated mice, the percentages of indo-
methacin-treated mice with detectable C. albicans in kidneys and
spleens were dramatically reduced (80% versus 20% and 100%
versus 20%, respectively). Similarly, S. aureus CFU counts were
also significantly reduced by 3 log units in the kidney (Fig. 7A,
open diamonds; P < 0.05) and 6 log units in the spleen (Fig. 7B,
open diamonds; P < 0.05).

Indomethacin administration also significantly reduced the
upregulated proinflammatory cytokine production observed in
coinfected mice. A significant reduction of G-CSF and MIP-1a
(Fig. 7C, open bars) was achieved in the kidney, while IL-6, G-
CSF, and MIP-1a (Fig. 7D, open bars) were significantly reduced
in the spleen. The reduction in proinflammatory cytokines was
also accompanied by significant decreases in neutrophil infiltrate
in the peritoneum and target organs of indomethacin-treated
mice. The numbers of Gr-1-positive cells recovered from the peri-
toneal lavage fluid of indomethacin-treated animals were signifi-
cantly reduced (P < 0.05) compared to those from animals that
received vehicle only (Fig. 8A). The numbers of C. albicans and S.
aureus organisms found embedded and on the surface of coin-
fected organs was greatly reduced compared to those for the or-
gans of mice treated with vehicle alone (Fig. 8B). Interestingly,
indomethacin treatment did not have any effect on reducing the
microbial burden or infection rates in monomicrobial infections
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FIG 7 Microbial burden and cytokine levels in the target organs during coinfection are decreased by indomethacin administration. Mice were singly or dually
infected; control mice were injected with sterile saline only. All mice received indomethacin at a dose of 5 mg/kg or vehicle 4 h prior to and 8 h after infection and
sacrificed at 1 day postinoculation. (A and B) Quantitative counts of C. albicans and S. aureus in kidneys (A) and spleens (B) during infection; (C and D) cytokine
levels in the kidneys (C) and spleens (D) of coinfected mice treated with indomethacin or vehicle. Infection groups were compared by the Mann-Whitney U test.
*, P < 0.05. Horizontal bars and values were plotted as the medians; error bars represent interquartile ranges.

(Fig. 2A and B versus Fig. 7A and B). Together, these results sug-
gest that indomethacin has no direct antimicrobial effect but,
rather, indirectly affects the severity of infection by modulating
inflammatory responses during polymicrobial infection.
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FIG 8 Indomethacin treatment reduces neutrophil influx into the peritoneal
cavity and target organs. Mice were dually infected with C. albicans and S. aureus.
All mice received either indomethacin at a dose of 5 mg/kg or vehicle 4 h prior to
and 8 h after infection and underwent peritoneal lavage immediately following
sacrifice at 1 day postinoculation. (A) The numbers of Gr-1-positive polymorpho-
nuclear cells per field were counted and calculated as the total percentage of cells
enumerated. Infection groups were compared by the Mann-Whitney U test. *, P <
0.05. Error bars represent interquartile ranges. (B) Periodic acid-Schiff-stained
spleen tissue obtained from coinfected mice receiving vehicle (left) or indometh-
acin (right). Yellow arrows, neutrophils; black arrows, microbial burden.
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The NSAID indomethacin is a nonselective cyclooxygenase
(COX) inhibitor, inhibiting both constitutive COX-1 and induc-
ible COX-2 enzymatic conversion of free arachidonic acid into
prostaglandin H,, a precursor of the type 2 prostaglandins, includ-
ing the highly immunomodulatory oxylipin PGE, (40). In partic-
ular, PGE, has been shown to induce inflammatory cytokines,
including IL-6, induced by cell wall components of C. albicans or
S. aureus (41, 42). Therefore, we hypothesized that polymicrobial
infection may induce exacerbated inflammatory responses by in-
duction of PGE,. Therefore, we measured PGE, production in
monomicrobial and polymicrobial infections. Because PGE, is
rapidly degraded in vivo, we utilized a competitive EIA to quantify
its stable breakdown product colorimetrically in the peritoneal
lavage fluid of infected mice. Coinfected mice demonstrated a
>2-fold increase (P < 0.05) in PGE, production compared to
monomicrobially infected mice (Fig. 9). As expected, coinfected
mice treated with indomethacin demonstrated a significantly re-
duced level of PGE, in the lavage fluid compared to mice receiving
vehicle alone (Fig. 9). This indicates that PGE, may be involved in
induction of the nonprotective proinflammatory responses ob-
served during polymicrobial infections.

To further test this hypothesis, mice were administered indo-
methacin during polymicrobial or mock infection as described
above. In addition, the same mice were also administered 1 pg
exogenous PGE, or PBS intraperitoneally and followed for 5 days
postinfection. Strikingly, 40% of coinfected mice given PGE, ex-
hibited signs of morbidity and succumbed to infection within 2
days (Fig. 10A, closed circles). Importantly, mice given PGE, but
inoculated only with sterile saline remained healthy (Fig. 104,
closed squares). Mice receiving only indomethacin were com-
pletely protected from coinfection-induced death, as shown ear-
lier (Fig. 10A, open circles). PGE, levels were also monitored in
the peritoneal lavage fluid at 1 day postinfection. As expected,
PGE, levels were significantly increased in mice receiving exoge-
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FIG 9 Indomethacin abrogates coinfection-mediated synergistic increases in
PGE, synthesis in the peritoneal cavity. Mice were infected with C. albicans
alone, S. aureus alone, or a combination of both pathogens. Control mice were
injected with sterile saline only. For experiments testing the efficacy of cyclo-
oxygenase inhibition, coinfected mice received indomethacin at a dose of 5
mg/kg or vehicle alone at 4 h prior to and 8 h after infection. At 1 day after
infection, mice were euthanized and immediately underwent peritoneal la-
vage. Values are plotted as the median. *, P < 0.05 for C. albicans versus C.
albicans plus S. aureus coinfection; °, P < 0.05 for S. aureus versus C. albicans
plus S. aureus coinfection. Error bars represent interquartile ranges. PGEM,
prostaglandin E, metabolite.

nous PGE, (Fig. 10B, black bar) compared to controls receiving
PBS (Fig. 10B, open bar). This was specific to coinfection, as mice
receiving PGE, in the absence of infection exhibited reduced PGE,
levels (Fig. 10B, gray bar). Importantly, PGE, administration dur-
ing coinfection also significantly increased both the C. albicans
and S. aureus microbial burden in the kidney (Fig. 10C) and spleen
(Fig. 10D).
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DISCUSSION

The reported incidence of polymicrobial infections likely vastly
underrepresents the actual numbers, as routine clinical microbi-
ological analysis does not include screening for hundreds of po-
tential pathogens. As the identification of microbial species
through both culture-dependent and -independent techniques
becomes more feasible, the number of human diseases labeled
polymicrobial in nature will likely increase. Even infections attrib-
uted to a single microbial species originate from or are exposed to
a complex microbiome (1). Despite this, we still understand rela-
tively little about the dynamics within these microbial communi-
ties. Furthermore, even less is known about how these interactions
impact human disease in the context of host immunity.

Our studies using a murine model of peritonitis demonstrate
that coinfection with two common opportunistic pathogens, C.
albicans and S. aureus, results in infectious synergism, as reported
previously (24, 43). While no morbidity or mortality was observed
with monomicrobial infections, we observed both clinical signs of
infection and 60% mortality by day 2 postinoculation. In coin-
fected mice, morbidity and mortality were associated with both an
increased microbial burden and increased rates of infection in the
target organs of coinfected mice compared to mice infected with
C. albicans or S. aureus alone (Fig. 2A and B). It should be pointed
out that while previous studies of Carlson (39) achieved a 100%
mortality rate during coinfection, the mortality rate determined in
our studies was 60% by day 2 (Fig. 1). There could be several
factors explaining this discrepancy, including the strains of mice
(CD-1 versus Swiss Webster) or the toxigenic repertoire of the S.
aureus isolate used. This is an important point to highlight in our
peritonitis model, as not all coinfected mice equally succumbed to
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FIG 10 Addition of PGE, in the peritoneal cavity increases mortality and microbial burden. All mice were administered indomethacin 4 h before or 8 h after
polymicrobial infection. At 1 h prior to and 9 h after infection, mice were administered 1 g of PGE, or vehicle by i.p. injection. Uninfected mice receiving both
indomethacin and PGE, served as controls. (A) Survival of mice was significantly decreased in the group receiving PGE, compared to the group receiving vehicle
alone (Fisher’s exact test, P < 0.05; n = 10). (B) PGE, levels were measured by competitive EIA at 1 day postinoculation; groups were compared by the
Mann-Whitney U test. *, P < 0.05. Values are plotted as medians. Error bars represent interquartile ranges. (C and D) Microbial burdens of both C. albicans and
S. aureusin the kidney (C) and spleen (D) of mice receiving PGE2 (Indo+PGE2) or vehicle (Indo) at 1 day postinoculation. The poly- and monoinfection groups
were compared by the Mann-Whitney U test. *, P < 0.05; horizontal lines, medians.
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infection. While not significantly correlated, there was a trend in
which mice demonstrating higher microbial burdens also had
higher levels of cytokines. Therefore, the aggressive inflammatory
response that we observed in our model may be initiated by an
inability of the host to adequately clear the coinfection. Additional
experiments are ongoing to further dissect the mechanisms be-
hind polymicrobial synergy.

We also identified structures on the surface of the target organs
of coinfected mice (Fig. 2C) that looked very similar to C. albi-
cans-S. aureus in vitro polymicrobial biofilms, with both single
staphylococci and staphylococcal microabscesses being preferen-
tially associated with the hyphae of C. albicans (21). We should
also mention that organisms were retrieved from infected tissues
in a variety of configurations, including infectious foci composed
entirely of C. albicans or S. aureus, even during coinfection. How-
ever, there was a high propensity for these microbes to associate
during polymicrobial peritonitis. Although it is unclear if this as-
sociation is relevant to an enhanced disease phenotype during
polymicrobial peritoneal infection, it is known that several staph-
ylococcal and fungal virulence factors are modulated during co-
culture growth, including production of the CodY protein, which
regulates nutrient acquisition and toxin production (22). Aside
from virulence modulation, hypha-associated S. aureus cells may
be more difficult for host neutrophils and macrophages to engulf,
as Candida hyphae are known to be more resistant to op-
sonophagocytosis (44). Similarly, staphylococcal production of
leukocidins and pore-forming toxins may protect C. albicans from
antifungal effector cells (45). Therefore, differentially expressed
virulence proteins, as well as the physical association of microbes,
may contribute to host immunomodulatory function.

Our studies also demonstrated that coinfection was associated
with an acute aggressive inflammatory response, characterized by
5- to 100-fold increases in proinflammatory cytokines and a dra-
matic influx of neutrophils that were unable to control the infec-
tion. Analysis of an early time point during infection demon-
strated that the synergistically increased cytokine production
during polymicrobial infection compared to the level of produc-
tion during monomicrobial infection occurred independently of
the microbial burden (Fig. 5). Therefore, coinfection-specific host
factors or microbe-microbe interactions may potentiate the
highly inflammatory phenotype observed. This acute increase in
proinflammatory cytokine production, frequently described as a
cytokine storm, can result in increased leukopenia, deviated body
temperature, increased band neutrophilia, tachycardia, and
tachypnea and lead to the catastrophic failure of multiple organ
systems, respiratory distress syndrome, central nervous system
damage, and gastrointestinal bleeding.

The cytokines found to be most highly upregulated in polymi-
crobial peritonitis compared to the level of expression during mo-
nomicrobial peritonitis were IL-6, G-CSF, KC, MCP-1, and
MIP-1a (Fig. 3A and B). IL-6 is an innate proinflammatory cyto-
kine produced by lymphocytes, macrophages, and endothelial
cells. High levels of IL-6, also found during human sepsis, strongly
correlate with enhanced mortality, while blockade of this cytokine
has resulted in protection in murine models of CLP peritonitis
(46, 47). Several upregulated cytokines are involved in recruit-
ment and activation of effector cells (KC, MCP-1, MIP-1a, G-
CSF) and amplification of inflammatory cytokine production
(MIP-1a). KC is a chemokine that plays an important role in the
chemotaxis and activation of neutrophils, and its upregulation
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may partly explain the increased neutrophilia observed in coin-
fected mice (Fig. 4A and B). The murine KC receptor is homolo-
gous to the human IL-8 receptor, and KC, along with MIP-2, is
thought to serve as the equivalent of human IL-8; importantly,
IL-8 levels are known to be increased during human sepsis (48,
49). Interestingly, polymicrobial infection of nasal epithelial sur-
faces in vitro with the bacterial pathogens Streptococcus pneu-
moniae and Haemophilus influenzae results in synergistic produc-
tion of IL-8 that is dependent on cytolytic toxin activity (50).
Because S. aureus possesses a number of toxins, it is possible that
this could partially account for the synergistic increases in cyto-
kine production observed in our peritonitis model. The most
highly modulated cytokine that was synergistically increased dur-
ing polymicrobial peritonitis was G-CSF (Fig. 3A and B). Upon
pathogen encounter, endothelial cells and macrophages release
G-CSF locally, and G-CSF then reaches the bone marrow via sys-
temic circulation. Stimulation of the G-CSF receptor on hemato-
poietic precursor cells induces proliferation and differentiation of
granulocytic progenitors as well as their mobilization to sites of
infection (51). Therefore, the increases in both mature and band
neutrophils detected during polymicrobial infection could be the
result of highly increased production of G-CSF (Fig. 4A).

Bosmann et al., using the same 23-plex ELISA employed in our
study, recently found that mice undergoing CLP most highly pro-
duced G-CSF, IL-6, KC, MCP-1, and IL-10 compared to the levels
produced by controls that underwent sham surgery; these results
are strikingly similar to the cytokine results described in this study
(52). In addition, human sepsis results in the upregulation of a
number of similar proinflammatory cytokines, including IL-6,
IL-8, MCP-1, and MIP-1a (53). This begs the question of whether
the upregulation of these cytokines is specific to C. albicans-S.
aureus infections or whether they are simply activated in response
to any polymicrobial peritoneal infection, possibly via simultane-
ous signaling of innate immunity receptors. Early detection of
simultaneous increases in this panel of cytokines may aid in the
more rapid diagnosis of polymicrobial infection, guiding appro-
priate selection of antimicrobial and immunomodulatory thera-
pies, compared to the time to diagnosis by the currently poor
means of identification of polymicrobial diseases through con-
ventional culturing techniques (54).

Carlson previously demonstrated that administration of the
NSAID indomethacin protected mice from mortality associated
with C. albicans-S. aureus polymicrobial peritonitis but never as-
sessed the CFU burden or correlates of protection (39). Indeed, we
demonstrated that prophylactic and continued treatment of mice
with indomethacin prevents mortality after coinfection without
causing any negative consequences for animals infected with ei-
ther pathogen alone (data not shown). This protection can be
negated by delivery of exogenous PGE, into the peritoneal cavity
during coinfection (Fig. 10). Indomethacin, like aspirin and ibu-
profen, is a nonselective inhibitor of the COX enzymes; this inhi-
bition impairs production of multiple downstream eicosanoids
that are involved in controlling a range of physiologic processes in
the host, including pro- and anti-inflammatory responses (55,
56). In our studies, indomethacin inhibited induction of PGE,
during polymicrobial infection, which correlated with significant
reductions in several of the proinflammatory cytokines identified
to be synergistically increased during polymicrobial infection
compared to their level during monomicrobial infection (Fig. 7C
and D and 9).
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Indomethacin administration also reduced neutrophil infiltra-
tion into the peritoneal cavity and target organs (Fig. 8). Previous
studies have identified that PGE, can positively regulate expres-
sion of IL-6, KC, G-CSF, and MIP-1a during peritonitis (57-59).
Using a casein-induced model of peritonitis, Sugimoto et al. dem-
onstrated that the amounts of PGE, are significantly increased in
the peritoneal cavity (65). This PGE, increase correlated well with
increased G-CSF expression, followed by infiltration of neutro-
phils into the peritoneal cavity; significantly smaller amounts of
PGE,, G-CSF, and neutrophils were found in the peritoneal cavity
after administration of indomethacin.

Aside from regulation of pro- and anti-inflammatory cytokine
production, PGE, also has a direct effect on cells of the myeloid
lineage. Several studies have shown that PGE, can decrease the
phagocytic capacity of peritoneal macrophages and inhibit the
antimicrobial activity (respiratory burst and superoxide genera-
tion) of neutrophils (60-62). In some of these cases, normal de-
fense activity could be restored by treatment with indomethacin.
Because macrophages are the main cell type resident in the peri-
toneal cavity, the dramatically increased prostaglandin levels
found during coinfection may inhibit this initial phagocytic de-
fense mechanism, allowing colonization and subsequent systemic
spread of both C. albicans and S. aureus. Likewise, recruited neu-
trophils may be rendered ineffective at resolving the infection,
further perpetuating polymicrobial pathogenesis.

A highly relevant study recently conducted by von Moltke et al.
demonstrated that mice injected intraperitoneally with purified
Toll-like receptor agonists or anthrax toxin rapidly (30 min) suc-
cumbed to hypovolemic shock as a result of massive prostaglandin
and leukotriene release in an inflammasome-dependent manner;
the authors dubbed this phenomenon the “eicosanoid storm”
(63). Knockout mice lacking functional COX-1 are resistant to
these rapid-acting systemic inflammatory stimuli. It was further
shown that resident peritoneal macrophages are uniquely primed
to precipitously process and release inflammatory eicosanoids.
Therefore, targeting PGE, via inhibition of COX enzymes may be
the lynchpin to blocking excessive proinflammatory cytokine pro-
duction, neutrophil influx, and macrophage dysfunction during
acute infectious episodes accompanied by pathological eicosanoid
storms.

In summary, these studies have defined the cytokine response
to C. albicans-S. aureus coinfection of the murine peritoneal cavity
and provide insight into the mechanisms which regulate host in-
nate immunity during simultaneous infection with multiple mi-
crobes. While we know that proinflammatory signaling via COX-
mediated pathways is important for immunopathogenesis during
coinfection, we still do not adequately understand the mechanism
of how or why these inflammatory events are aggressively en-
gaged. It is possible that the physical associations or the modula-
tion of virulence proteins during coinfection aberrantly and/or
synergistically stimulates nonprotective immune responses; addi-
tional studies are warranted and under way in our laboratory.
Furthermore, the findings from this investigation will contribute
to our understanding of the complex and clinically significant
interactions that take place between host and microbe in the con-
text of polymicrobial disease and may aid in the future develop-
ment of improved diagnostic and therapeutic strategies for clini-
cally relevant coinfections.
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