
The Host Immune System Facilitates Disseminated
Staphylococcus aureus Disease Due to Phagocytic Attraction to
Candida albicans during Coinfection: a Case of Bait and Switch

Devon L. Allison,a Nina Scheres,b Hubertine M. E. Willems,c Carolien S. Bode,b Bastiaan P. Krom,b Mark E. Shirtliffa†

aDepartment of Microbial Pathogenesis, School of Dentistry, University of Maryland—Baltimore, Baltimore, Maryland, USA
bDepartment of Preventive Dentistry, Academic Centre for Dentistry Amsterdam (ACTA), Vrije Universiteit Amsterdam and the University of Amsterdam, Amsterdam,
The Netherlands

cDepartment of Clinical Pharmacy, University of Tennessee Health Science Center, Memphis, Tennessee, USA

ABSTRACT Invasive Staphylococcus aureus infections account for 15 to 50% of fatal
bloodstream infections annually. These disseminated infections often arise without a
defined portal of entry into the host but cause high rates of mortality. The fungus
Candida albicans and the Gram-positive bacterium S. aureus can form polymicrobial
biofilms on epithelial tissue, facilitated by the C. albicans adhesin encoded by ALS3.
While a bacterium-fungus interaction is required for systemic infection, the mecha-
nism by which bacteria disseminate from the epithelium to internal organs is un-
clear. In this study, we show that highly immunogenic C. albicans hyphae attract
phagocytic cells, which rapidly engulf adherent S. aureus and subsequently migrate
to cervical lymph nodes. Following S. aureus-loaded phagocyte translocation from
the mucosal surface, S. aureus produces systemic disease with accompanying mor-
bidity and mortality. Our results suggest a novel role for the host in facilitating a
bacterium-fungus infectious synergy, leading to disseminated staphylococcal disease.
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Within environmental systems and hosts, microorganisms exist in complex multi-
species communities rather than as isolated organisms. The formation of poly-

microbial biofilms, which protects numerous bacteria and fungi within a polysaccharide
extracellular matrix (1, 2), involves complex interspecies and interkingdom interactions
(3). The formation of biofilms on devitalized tissues, on medical devices, and within
immunocompromised patients continues to burden health care communities world-
wide; biofilm-mediated infections account for about 25% of all nosocomial infections
(4, 5). The incidence of polymicrobial implant-associated infections underwent an
alarming 5-fold increase in 6 years (from 2004 to 2010, a period during which clinical
protocols for detection and treatment were improved), highlighting the importance of
this etiology in clinical care (6).

The Gram-positive bacterium Staphylococcus aureus and the polymorphic fungus
Candida albicans are biofilm-forming, opportunistic pathogens capable of cocolonizing
multiple niches in humans (7–9). S. aureus has remained in the spotlight due to the
burgeoning increase in methicillin-resistant Staphylococcus aureus (MRSA) strains and
the narrowing spectrum of effective antibiotics (10). The Centers for Disease Control
and Prevention (CDC) estimates that 33% of the population carry S. aureus in their
nares, while 2% harbor MRSA (7). This bacterium possesses a wide range of virulence
factors, including immunoavoidance mechanisms, toxins, antimicrobial resistance de-
terminants, and adherence proteins, which allow for increased pathogenesis (11). The
production of toxins by community-associated strains, which tend to infect healthy
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individuals, is predicted to be regulated by unique genetic mechanisms, which enable
rapid dissemination in vivo and increase the risk of necrotizing pneumonia (12). Despite
these virulence mechanisms, most humans carry S. aureus as a commensal; establish-
ment of invasive disease requires breaks in mucosal or integumental surfaces (13, 14).

C. albicans is also a commensal of humans, colonizing the gut, skin, and mucosal
surfaces, but can act as a pathogen colonizing medical devices, such as dentures and
catheters (15, 16). This polymorphic fungal pathogen can detect changes in environ-
mental parameters and shift from the single-cell yeast morphology to the multicellular
hyphal morphology. Using epithelial receptors and secreted factors, hyphae can ac-
tively penetrate mucosal barriers (17, 18). The dysfunction of immune functions related
to systemic conditions, such as HIV infection/AIDS, cancer, and immunosuppression for
organ transplant, enables this fungus to transition into an invasive pathogen, causing
bloodstream infections with a high rate of mortality (19–21). The rate of oral candidiasis
in AIDS and cancer patients is 9 to 31% and 20%, respectively (8, 22). As the frequency
of Candida strains resistant to azole- and echinocandin-class drugs increases, the direct
hospitalization costs are predicted to increase by millions of U.S. dollars annually (23).

S. aureus and C. albicans have been coisolated from patients with a range of
biofilm-associated diseases, from noninvasive colonization of denture surfaces leading
to tissue inflammation (denture stomatitis) to complex and life-threatening burn-
wound infections, ventilator-associated pneumonia, and cystic fibrosis (24–28). Both
organisms are consistently isolated from bloodstream infections (4, 8, 29–31), and up to
24% of patients with confirmed candidemia have concurrent bacteremia; S. aureus was
isolated in 20% of these cases (32). As Klotz and colleagues noted, detection of
candidemia is difficult, with most inquiries underestimating the true burden of disease;
these clinical findings suggest that C. albicans is a risk factor for S. aureus bacteremia
and that their synergistic interaction increases mortality rates (32).

We have investigated the mechanisms of the C. albicans and S. aureus association
and reported that S. aureus can strongly adhere to C. albicans hyphae (33). This specific
interaction is mediated by the Als3p protein of C. albicans (34) and is expressed
exclusively in the hyphal morphology (35). These studies, as well as others, suggest that
both organisms benefit from this interaction, which may modulate the host immune
response differently than monospecies infections. Peters and Noverr (2013) utilized a
murine model to compare monospecies and polymicrobial (C. albicans and S. aureus)
peritonitis, the incidence of which is rising due to the increased use of peritoneal
dialysis (36). Their results demonstrated increased neutrophil trafficking into the peri-
toneal cavity and heightened levels of proinflammatory cytokines associated with
innate immune responses, including interleukin-6 (IL-6) and granulocyte colony-
stimulating factor. However, the immunological mechanisms and signaling behind this
infectious synergy remain unclear.

Using an established murine model of oral coinfection, we showed that a physical
interaction between C. albicans hyphae and S. aureus is required for bacterial invasion
(37). The association of S. aureus with Als3p-expressing C. albicans in the oral cavity
resulted in S. aureus bacteremia and the isolation of S. aureus bacteria from kidney
tissue. Histology demonstrated that C. albicans hyphae penetrated the tongue epithe-
lium and that S. aureus comigrated with the hyphae. Therefore, we proposed the
following hitchhiking hypothesis: S. aureus adhesion to C. albicans hyphae (mediated by
Als3p) enables S. aureus to utilize the invasive potential of C. albicans (37). However, S.
aureus rarely adheres to the growing tip of Candida hyphae and remains static as the
hyphae grow at their tip, growth that mimics the traversal of epithelial layers of the
tongue (see Fig. S1 in the supplemental material).

S. aureus can take up residence within phagocytes, such as macrophages and
neutrophils, and persist at low levels until escaping (38–40). S. aureus can also replicate
and survive within liver macrophages (Kupffer cells) by preventing macrophages from
using reactive oxygen species (ROS) to clear the infection (40). Therefore, we now
hypothesize that host phagocytic cells are recruited to the highly immunogenic C.
albicans hyphae but are unable to engulf the relatively large (�20 �m) hyphal ele-

Allison et al. Infection and Immunity

November 2019 Volume 87 Issue 11 e00137-19 iai.asm.org 2

https://iai.asm.org


ments. Instead, hypha-attached S. aureus cells are easily taken up by activated phago-
cytes and disseminated systemically, resulting in infection. Thus, S. aureus may subvert
the compromised oral innate immune system in critically ill patients and use phagocyte
mobility to spread to other organs, causing infections that result in significant morbid-
ity and mortality in those with immune dysfunction.

In this study, we examined the hypothesized mechanism by which C. albicans
hyphae facilitate bacterial dissemination by analyzing in vitro phagocytosis by macro-
phages and neutrophils in the presence of S. aureus and C. albicans by time-lapse
microscopy. Using our murine model of oral coinfection, we demonstrate that the
draining cervical lymph nodes can function as a reservoir for S. aureus during coinfec-
tion. Our results suggest that the interaction between S. aureus and C. albicans enables
the former to hitchhike within the innate phagocytic immune response and that the
oral cavity can be an intrinsic portal for systemic disease.

RESULTS
S. aureus does not travel along growing C. albicans hyphae. To evaluate how

nonmotile S. aureus can utilize C. albicans to traverse epithelial tissue, we used
time-lapse microscopy to visualize the association of S. aureus with C. albicans. We
found that as hyphae extended at their tips, adherent S. aureus did not travel along the
length of the hypha but remained at the initial attachment site (Fig. 1A; see also Video
S1 in the supplemental material). This suggests that S. aureus, when it is strongly bound
to Als3p on hyphae of C. albicans, does not travel alongside the growing hypha and
may not utilize the penetrating potential of C. albicans hyphae to traverse epithelial
tissue. In addition, under conditions simulating venous blood flow, S. aureus remained
firmly attached to C. albicans (Video S2), preventing dissemination through the host.

Innate immune cells are highly attracted to C. albicans yet phagocytose S.
aureus. Previous research has shown that innate immune cells, particularly macro-
phages, can attempt to engulf C. albicans yeast blastospheres but that this action
triggers hyphal formation, leading to macrophage death (41, 42). Strikingly, phagocytes
are generally more attracted to hyphae than to yeast cells due to significant differences
in cell wall composition, including glucan production and expression (43). The adhesion
forces of S. aureus on the hyphae of C. albicans are particularly strong (44); this
prompted us to ask the question whether S. aureus strongly bound to the hyphae of C.
albicans is protected against phagocytosis. We sought to determine if this occurs
following the introduction of macrophages to C. albicans hyphae to more accurately
simulate an innate immune response in the host. J774 murine macrophages applied to
coculture immediately targeted hyphae (Fig. 1B; time zero) but clung to the appendage
as they reached out to grab nearby green fluorescent protein (GFP)-labeled S. aureus
(Fig. 1B; time [T] � 18 min and T � 54 min). Macrophages were capable of removing a
significant amount of adherent S. aureus bacteria for a prolonged period (72 min) and
climbed extending hyphae to reach distant bacteria (Fig. 1B, bottom, T � 54 and
72 min, and Video S3).

The interaction between S. aureus and surface interfaces, including C. albicans
hyphae, can be modified by addition of fetal bovine serum (FBS). On polystyrene (PS)
surfaces, serum inhibits the adhesion of S. aureus to most surfaces but not to C. albicans
hyphae (45). Introduction of large quantities of serum (�25%) to hyphae results in the
nonspecific binding of S. aureus and C. albicans (34, 46). We used the differential effect
that serum has on the interaction of S. aureus with hyphae and PS surfaces to gain
insight into the preference of macrophages for hypha-bound S. aureus or PS surface-
bound S. aureus. Macrophages preferentially sought out hyphae irrespective of the
presence of serum, and by 6 h, most macrophages were attached to hyphae (Fig. 1C
and D, middle, black bars versus gray bars). Similar to previous results, we noted that
S. aureus binding to C. albicans increased with just the addition of 10% serum (Fig. 1C
and 1D, left). In the absence of serum, with S. aureus adhering to both PS surfaces and
hyphae, macrophages preferably phagocytosed Candida-adherent S. aureus (Fig. 1D,
left; the data are quantified in Fig. 1D, right) rather than surface-adherent S. aureus.
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FIG 1 S. aureus cells remain adherent to a single point on C. albicans hyphae in coculture in vitro. (A) Time-lapse microscopy was used
to visualize S. aureus adhering to growing hyphae of C. albicans. (B) Active phagocytosis of adherent S. aureus from the hyphae of C.
albicans was monitored for over 1 h after the introduction of macrophages. Macrophages can be seen extracting S. aureus from distant
areas (top series) or crawling along hypha and removing nearby S. aureus (bottom series). (C) The impact of serum on immune cell
targeting was tested by coating with 10% serum prior to macrophage application. In total, macrophages preferentially attached to C.
albicans hyphae (center, black bars) over PS (center, gray bars), and after 6 h, 90% of all macrophages were attached to hyphae, where
phagocytic activity occurred. Within individual views, an average of 25 macrophages (Mf) could be seen attaching to hyphae (right, black
dots) and only a select few were detected still attached to PS (right, open squares). (D) The absence of serum did not impact the
phagocytosis of S. aureus on the hyphae of C. albicans. Actively phagocytosing macrophages were scored relative to their hypha-
associated state (center, black bars, and right, black dots) or surface-associated state (center, gray bars, and right, open squares). Bars �
20 �m. P values were determined by Student’s t test. **, P �0.001; ***, P � 0.0001.
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These data suggest that macrophages are primarily recruited by C. albicans hyphae,
leading or even facilitating the phagocytosis of hypha-adherent S. aureus.

S. aureus escapes the oral cavity by traversing draining cervical lymph nodes.
S. aureus typically requires a portal of entry, i.e., a breach of mucosal or skin integrity,
to cause life-threatening disease (14). In light of our in vitro observations using a
macrophage cell line, we used our murine model of oral coinfection to determine
whether phagocytes facilitate staphylococcal dissemination. As described previously
(37), using corticosteroid injections, we achieved consistent immunosuppression of
C57BL/6 mice, which enabled colonization by C. albicans, with and without S. aureus, of
the tongue tissue (Fig. 2A). This colonization was stable 1 and 2 days after coinfection
with S. aureus (Fig. 2B). We noted persistent and heavy S. aureus infection of underlying
tongue tissue only in the coinfected mice, supporting previous findings that S. aureus
cannot actively penetrate the tongue epithelium (i.e., an intact mucosal barrier),
requiring the presence of C. albicans (37).

Viable S. aureus was detected exclusively in the draining cervical lymph nodes,
which handle the lymph circulation for the oral cavity, of coinfected mice (Fig. 2C).
Similarly, S. aureus disseminated into the kidney tissue only of coinfected mice, and
coinfected mice that lacked disseminated disease also had no viable S. aureus in their
lymph nodes (Fig. 2D). Fluorescence-activated cell sorting (FACS) analysis of lymph
node cells of uninfected and coinfected mice gated on macrophages (F4/80 marker)
and neutrophils (Ly6G marker) showed that those of coinfected mice contained intra-
cellular S. aureus (Fig. 2E). At 1 and 2 days post-S. aureus infection, the bacterial burdens
in both the lymph nodes and kidneys increased (Fig. 2F and G), demonstrating the
temporal progression of S. aureus infection from the cervical lymph nodes to the
kidneys. Mice infected solely with S. aureus had no lymph node or kidney bacterial
burdens, supporting the findings of our previous studies that coinfection must be
present for systemic disease (37). Taken together, these data support a role for host
phagocytes in the development of systemic staphylococcal disease following oral
coinfection by S. aureus and C. albicans.

Phagocytic cells converge on C. albicans hyphae in vivo early in infection and
cause inflammatory destruction of the tongue structure. To link our earlier in vitro

observations with the in vivo attraction of phagocytic cells by C. albicans, we used
immunohistochemistry to visualize the impact of coinfection on tongue tissue and its
innate defenses. We stained uninfected and infected tongue tissue sections from our
murine model with periodic acid-Schiff (PAS) stain and counterstained with hematox-
ylin for nuclei. PAS stain stains the glucans and carbohydrates that compose fungal
membranes, allowing the visualization of both yeast and hyphae. The overall tongue
musculature was strikingly different between uninfected (Fig. 3A and B) and coinfected
(Fig. 3C to F) mice. The loss of keratinized tissue peaks was prominent in coinfected
mice, and the deep muscular layers of the tongue were highly disrupted, showing
evidence of inflammation (Fig. 3C and D). Uninfected mice showed few inflammatory
cells in the keratinized epithelium and muscle layers (Fig. 3A and B). Closer examination
of infected tissue 1 day after coinfection demonstrated infiltration of polymorphonu-
clear leukocytes (PMNs) throughout the muscular layers and into the squamous epi-
thelium on the dorsum of the tongue (Fig. 3D, red arrows). Bacterial clumps were
associated with the hyphae of C. albicans, even at the early stages of infection (Fig. 3E,
red box), and PMNs and monocytes were observed to be swelling and phagocytizing
staphylococci (Fig. 3F, red boxes and red arrows). Immunohistochemical labeling of
macrophages in tongue tissue at 5 days postinfection showed these cells actively
engulfing the S. aureus bacteria within the keratinized layer (Fig. 3G and Fig. S4).
Confocal imaging focusing on single macrophages demonstrated S. aureus within
anti-CD68-labeled macrophages from orthogonal projections (Fig. 3G, bottom). These
images provide support for the suggestion that, in vivo, phagocytes are attracted by C.
albicans and can act as reservoirs for S. aureus, enabling the bacteria to access multiple
organ systems in the host.
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FIG 2 In vivo oral coinfection demonstrates trafficking of phagocytes from tongue tissue to draining cervical lymph
nodes and progression of systemic MRSA infection. (A and B) Numbers of CFU in tongue tissue following
administration of Hanks balanced salt solution (HBSS), Candida albicans SC5314 alone (CA), methicillin-resistant

(Continued on next page)
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DISCUSSION

In this study, we revisited our previous hypothesis that C. albicans facilitates
staphylococcal disease by a mechanism of bacterial hitchhiking (37). We observed in
vitro that adherent S. aureus does not progress with hyphal extension, thereby elimi-
nating the possibility that staphylococci are actively transported through tissue as a
bacterial hitchhiker. When phagocytic cells, the first lines of defense against infection,
were added to these in vitro cultures, macrophages where highly attracted to C.
albicans hyphae yet selectively engulfed the hypha-attached S. aureus. Therefore, we
hypothesized that in vivo, highly immunogenic C. albicans hyphae attract phagocytic
cells, which mediate staphylococcal uptake and dissemination, essentially providing S.
aureus with a porte d’entrée.

To test this hypothesis, we used our established model of oral coinfection in
immunocompromised C57BL/6 mice (37). FACS analysis of macrophages and neutro-
phils revealed intracellular S. aureus cells within the lymph nodes of only those hosts
with oral coinfection with both S. aureus and C. albicans. Culture of lymph nodes from
coinfected hosts showed that these phagocyte-associated staphylococci were viable. In
addition, the data indicated a temporal progression of infection from the cervical lymph
nodes to the kidneys. Finally, we visualized macrophages actively engulfing S. aureus in
tongue tissue using immunohistochemistry and confocal microscopy. These results
provide evidence that S. aureus bacteria attached to C. albicans hyphae are phagocy-
tosed and are transported in this protected intracellular environment to distal host
sites, promoting disseminated staphylococcal disease.

Macrophages are highly attracted to C. albicans, and the fungus is capable of
inhibiting their respiratory burst by secreting molecules to disable nitric oxide produc-
tion and alkalinizing the macrophage intracellular pH through fungal ammonia pro-
duction, preventing fungal death. This allows engulfed yeast to transition into hyphae,
perforate the phagosome, and escape back into the extracellular environment (41, 42,
47, 48). Multiple studies have previously shown the plasticity of the survival responses
from C. albicans in the presence of macrophages through in vitro experiments; these
studies focused on how yeast cells within a macrophage rely on transcription factors
encoding amino acid metabolism to sense the phagosome environment and, in turn,
induce hyphal formation (42, 48). Our in vitro studies aimed to examine how this
interaction would change if the macrophage encountered penetrating hyphae and
bacteria, representing invasion through tongue tissue, as seen in oropharyngeal can-
didiasis. Instead of hyphae perforating the immune cell and killing it, macrophages
used the hyphae as a scaffold and targeted attached S. aureus (Fig. 1). This interaction
was not inhibited by the exclusion of serum (Fig. 1C and D). These findings suggest that
in the interaction of C. albicans with S. aureus, attraction of macrophages by hyphae
facilitates phagocytosis of attached bacteria.

In mice with oral coinfection, we found viable S. aureus colonizing the lymph nodes
and kidneys, suggesting that phagocytes do not kill S. aureus upon endocytosis of
attached bacteria (Fig. 2C and D). We did not find viable C. albicans within lymph nodes,
possibly due to an inability of macrophages and neutrophils to engulf large hyphal
segments that would be present from an established case of candidiasis. Macrophage-
mediated phagocytosis of bacteria is associated with the release of oxygen radicals into
the phagosome to create an inhospitable environment (49). This oxidative burst is a

FIG 2 Legend (Continued)
Staphylococcus aureus USA300 alone (SA), or Candida albicans SC5314 alone and methicillin-resistant Staphylococ-
cus aureus USA300 (CA�SA) to the oral cavity of C57BL/6 mice at 1 to 2 days (B) or 3 days (A) following oral
inoculation of S. aureus. (C and D) Numbers of CFU in the draining cervical lymph nodes (C) and kidneys (D) at
3 days post-oral inoculation with S. aureus. (E) Flow cytometry analysis of cervical lymph node (LN) cell suspensions
following fixation, host macrophage (PE-Cy7A-F4/80) or neutrophil (Pacific Blue [PAC Blue]-Ly6G) antibody labeling,
permeabilization, and methicillin-resistant S. aureus (FITC-S. aureus antibody [Ab]) labeling 3 days following oral
inoculation of uninfected controls or S. aureus and C. albicans dual species-infected mice. (F and G) Numbers of CFU
in cervical lymph nodes (F) and kidneys (G) at 1 to 2 days postinoculation of S. aureus. P values were determined
by one-way analysis of variance with Dunnett’s multiple-comparison test. *, P � 0.05; **, P � 0.001.
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vital component of innate immunity against bacteria (50). To sustain candidiasis, we
administered corticosteroid injections to the mice prior to infection. The usage of
corticosteroids remains common practice for transplant patients to prevent graft-
versus-host disease and increases the risk of oropharyngeal and disseminated candi-
diasis in these patients (19). The impacts of corticosteroids on the immune system have

FIG 3 Innate immune cells enter tongue tissue to colocalize at hyphae and bacteria within 1 day of coinfection. Tongues
were excised from immunocompromised animals, embedded in paraffin, and stained with PAS. Images represent
tongues from two uninfected mice (A and B) and two infected mice (C and D) at 1 day after coinfection with S. aureus
and C. albicans. Red arrows indicate PMN invasion up hyphae (D), and red boxes indicate staphylococci clumping tightly
with C. albicans hyphae and cells (E) or monocytes surrounding hyphae to seize bacteria (F; the red box and the red box
with a red arrow indicate ingested staphylococci). Magnifications, �5 (A and B), �20 (C and D), and �40 (E and F). (G)
Immunohistochemically labeled macrophages (red filter) were seen engulfing S. aureus (green filter) only in coinfected
mice. The fluorescent images were counterstained with DAPI to show nuclei (blue filter). An orthogonal image (bottom
right) shows S. aureus within a macrophage. Magnifications, �100.
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long been explored; rat studies have shown that their application dampens immune
responses and impairs the activity of alveolar macrophages against bacteria (51). In
particular, IL-1� signaling is downregulated during corticosteroid usage, decreasing the
effectiveness of the respiratory burst in these innate immune cells (52). Surewaard and
colleagues (2016) noted that the loss of NADPH oxidase through the use of Ncf1m1J and
Cybb�/� knockout mouse strains prevented innate immune cells from producing the
needed reactive oxygen species and allowed MRSA to replicate to high levels in Kupffer
cells of otherwise immunocompetent animals during intravenously induced S. aureus
bacteremia (40). Only by fusing the antibiotic vancomycin to liposomes to make
“vancosomes” that could be taken up by macrophages were the authors able to
decrease liver colonization and increase survival (40). The intracellular survival of S.
aureus has been described in macrophages and PMNs in immunocompetent hosts
using in vitro and in vivo monospecies infections (reviewed in references 53 and 54). It
is likely that in our mice, the macrophages and neutrophils that engulf S. aureus cells
no longer function optimally, further enhancing the probability of bacterial survival.
This finding, together with previous reports of the difficulty of treating pathogens
hidden within these cells, is of great clinical importance (40, 55). S. aureus and C.
albicans are often coisolated from immunocompromised patients (28, 32), and the
coculture of both organisms from the blood is associated with a 50% mortality rate. This
finding also suggests that treatment of polymicrobial infections may require targeting
of immune cells to prevent reseeding after antibiotic treatment.

Our previous studies have established that Als3p expression by C. albicans is
required for the binding of S. aureus and the subsequent dissemination from the oral
cavity to distant organs, such as the kidney (34, 37, 56). Als3p is not the only mechanism
of staphylococcal adherence to C. albicans, as others have noted that nonspecific
interactions can be introduced by high levels of serum (46, 57), suggesting that serum
components can assist with the binding between these pathogens. In the serum-
limited oral cavity, such nonspecific binding is unlikely to occur; moreover, we dem-
onstrated here that the interaction between C. albicans and S. aureus is strong and is
unbroken by conditions simulating blood flow (see Fig. S2 in the supplemental mate-
rial). As such, adherent bacteria could survive as hyphae traverse through tissue.
However, we showed in vitro that attached bacteria are sedentary and are not passed
along Als3p receptors or other binding mechanisms as the hyphae grow (Fig. 1A and
Fig. S1). Therefore, C. albicans hypha formation does not represent a direct transport
mechanism for S. aureus but, rather, represents a method to start infection and recruit
macrophages into epithelial tissue. This is further supported by the massive inflamma-
tion at the epithelial border of the tongue (Fig. 3D and F) and confocal imaging of
internalized S. aureus within tongue macrophages (Fig. 3G and Fig. S3). How S. aureus
escapes the macrophage after phagocytosis during polymicrobial infection is unknown,
but this bacterium possesses several leukocidins and toxins that can lyse cells (58).
Identification of the staphylococcal factors that promote survival during the innate
immune response will be the focus of future studies.

Phagocytosis is a complex process involving an interplay between phagocytic
receptors and pattern recognition receptors (PRRs) that detect broad classes of patho-
gens (59). Initially, phagocytes are recruited to mucosal surfaces infected by Candida
under the direction of host antimicrobial peptides (e.g., �-defensin 2) and chemokines
(e.g., CCL20) (60–63). Phagocytes recognize the pathogen-associated molecular pat-
terns (PAMPs), including N-linked and O-linked mannans and �-glucans, present on the
fungal cell wall through host PRRs and attach to hyphae (64–67). Following this
recognition, the relatively large hyphae are not effectively phagocytosed. However, the
PAMPs (including peptidoglycan, lipoteichoic acid, and lipoproteins) of the hypha-
adherent S. aureus bacteria are also readily identified by the host PRRs. The signaling
pathways within host phagocytes that are influenced during phagocytosis of coinfect-
ing C. albicans and S. aureus remain largely unknown. Extracellular ATP is recognized as
a danger signal, released upon infection or cell death. Pérez-Flores and colleagues
(2016) showed that extracellular ATP and Ca2� play a role in phagocytosis by coating
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nanoparticles with S. aureus or live Candida glabrata yeast cells and feeding them to
murine macrophages in the presence of exogenous ATP and Ca2� (68). Membrane
ionotropic P2X receptor 1 (P2X1) to P2X7 sense danger molecules, such as ATP, and
P2X7 is abundant on the surface of macrophages (69). Activation of P2X7 is important
in the response to infections caused by intracellular bacteria (70, 71). Pérez-Flores et al.
reported that activation of P2X7 inhibited the phagocytosis of bacteria but not C.
glabrata by J774 macrophages (68). This supports the notion that P2X receptors are
required to sense the cellular damage caused by a bacterium-fungus coinfection and
initiate the immune response. However, the mechanisms of phagocytosis, intracellular
survival, and phagocytic escape of S. aureus during coinfection remain to be elucidated.
Therefore, future studies will focus on the blockade of phagocyte signaling and its
impact on bacterial dissemination during coinfection.

In summary, C. albicans hyphae attract phagocytes that target attached S. aureus
cells, which are actively removed from these hyphae and phagocytosed by macro-
phages and PMNs. Following ingestion, S. aureus escapes intracellular killing and is
trafficked to the draining host lymph nodes and further distal sites, resulting in
life-threatening disseminated infections. To our knowledge, this is the first report of a
critical role for the innate immune system in promoting the development of systemic
disease following polymicrobial infection of the oral cavity. The impact of these findings
reaches beyond S. aureus and C. albicans interactions at the oral mucosal surfaces.
These findings may be applicable to other mucosal surfaces where these microbes
coexist (e.g., the craniofacial, respiratory, gastrointestinal, and urogenital tracts) as well
as in infections associated with indwelling medical devices (e.g., intravenous catheters,
ventilator tubes), burn wounds, or local host immune dysfunction (e.g., diabetic foot
ulcers, traumatic musculoskeletal infections, or decubitus ulcers). It is also possible that
the oral innate immune cells transport periodontal pathogens, as periodontal disease
is correlated with systemic diseases, such as diabetes, atherosclerosis, myocardial
infarction, and stroke, with periodontal pathogens being detected in atherosclerotic
and cardiac lesions (72–78). However, the direct implications of periodontal pathogens
in these diseases remain debated, and further study is needed. Regardless, the results
of this study highlight the importance of studying the systemic implications of localized
polymicrobial infections as well as the complicity of the host immune response in the
infectious synergism seen in some polymicrobial infections.

MATERIALS AND METHODS
Strains and growth conditions. Candida albicans strain SC5314 (79) was maintained from glycerol

freezer stocks on yeast-peptone-dextrose agar. Methicillin-resistant Staphylococcus aureus (MRSA) strain
USA300 JE2, from the Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA) (80), was
maintained from glycerol freezer stocks on sheep’s blood agar (BBL). GFP-labeled S. aureus ATCC 12600
(81) was used for in vitro assays and grown in brain heart infusion (BHI) broth supplemented with
tetracycline (10 �g/ml; Sigma-Aldrich) at 37°C. For in vitro assays, C. albicans was grown in BHI broth at
30°C at an oblique angle to ensure growth in the yeast form only.

For animal studies, single colonies of C. albicans were grown in BHI broth (Teknova) supplemented
with 10 �g/ml chloramphenicol (Sigma-Aldrich) and subcultured for 3 days prior to inoculation into mice
to ensure the presence of yeast blastospores. Cultures were grown at 30°C with shaking at 225 rpm under
aerobic conditions and on the day of inoculation were washed and diluted to 6 � 106 CFU/ml in Hanks
balanced salt solution (HBSS). Single colonies of S. aureus JE2 were grown in Trypticase soy broth (TSB;
Remel) overnight at 37°C and subcultured on the day of inoculation to mid-log phase. Cultures were
washed and diluted to 6 � 106 CFU/ml in HBSS. All inocula were kept at 30°C (C. albicans) or 37°C (S.
aureus) prior to infection and were enumerated using serial dilution and viable counting.

J774 macrophages. J774 murine macrophages (ATCC TIB-67) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS; Sigma-Aldrich) and an antibiotic-
antimycotic solution (100 U/ml penicillin, 100 �g/ml streptomycin, and 250 ng/ml amphotericin B [PSA];
Sigma-Aldrich). For phagocytosis assays, 80% confluent macrophages were removed from the culture
flasks using a sterile cell scraper and diluted 10-fold in DMEM–10% FBS without PSA. To determine
macrophage viability during assays, 0.2 �l/ml propidium iodide (PI; Molecular Probes, Life Technologies)
was added to diluted suspensions of macrophages.

In vitro phagocytosis. Overnight cultures of C. albicans were diluted to an optical density at 600 nm
(OD600) of �0.003 in phosphate-buffered saline (PBS; Gibco BRL). Tissue culture-treated 12-well plates
were seeded with 1 ml C. albicans suspension (Greiner Bio-One) and incubated for 3 h at 37°C to allow
initial attachment and hyphal growth. After 3 h, the wells were washed with PBS and coated with serum
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(1 ml of 50% FBS diluted in PBS) or PBS alone (1 ml) for 1 h. Following coating, the wells were washed
with PBS and 1 ml of GFP-labeled S. aureus suspension diluted to an OD600 of �0.01 in PBS was added.
C. albicans and S. aureus were then incubated for 1 h under gentle agitation to allow S. aureus to adhere
to hyphae. Nonadherent S. aureus cells were removed by vigorous washing in PBS twice, and 1 ml of
diluted (1:10) macrophage suspension in DMEM–10% FBS with or without PI was added. This dilution was
determined to yield approximately 105 cells/ml. The plates were immediately placed under a microscope
to visualize phagocytosis.

Time-lapse microscopy. (i) Confocal microscopy. The plates were placed under a Leica IR-BE
infrared confocal microscope (Leica Microsystems) at room temperature. Phase-contrast and fluores-
cence images were acquired at 6-min intervals for 100 min, and z-stacks were created to span single-cell
layers (8 �m). Images were processed using Leica Confocal software (Leica Microsystems) and ImageJ
software (http://imagej.nih.gov/ij/).

(ii) Inverted fluorescence microscopy. Plates were placed under an Axio Observer Z1 automated
microscope in a heated (37°C) plate holder (Zeiss). C. albicans and macrophages were visualized using
bright-field illumination, S. aureus was visualized by imaging the GFP signal, and viability was monitored
by PI staining. Images of at least two randomly selected fixed plate positions per experimental condition
per run were taken every 10 min. Macrophages were imaged at a �20 magnification for a maximum of
12 h. PI staining showed that 75% of the macrophages remained viable at 12 h, while most PMNs had
died after 6 h. The obtained images were further processed using Montage software (Molecular Devices)
and ImageJ software (http://imagej.nih.gov/ij/).

(iii) Quantification of macrophages. To calculate the percentage of macrophages adhering to
hyphae or plastic, macrophages in time-lapse stack images were counted at three time points: 1 (0 min),
37 (6 h), and 73 (12 h). Their positions and viability were determined and divided by the total number
of cells per image. The numbers of actively phagocytosing macrophages were determined by creating
time-lapse movies from stack images and counting the number of active cells per movie. Quantification
was performed in six independent experiments, using images from at least two different plate positions
per experimental condition. Comparisons of the macrophage location between treated plates and
hyphae were performed using Student’s t test (two-tailed, unequal variance).

Murine model of oral coinfection. The murine immune response to a dual-species infection was
tested using an oral coinfection model as described previously (37), with some modifications (see Fig. S5
in the supplemental material). The animal studies were approved by the University of Maryland
Institutional Animal Care and Use Committee. Briefly, C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) and maintained under pathogen-free conditions. Mice were given water
treated daily with ampicillin (300 �g/ml) to reduce oral flora carriage and three subcutaneous shots of
cortisone acetate (225 mg/kg of body weight) to suppress their immune system. Cortisone shots were
given 1 day prior to the first inoculation (day 1) and every other day (days 3 and 5) thereafter to ensure
continuous immunosuppression. The animals were anesthetized and laid supine while receiving a
calcium alginate swab soaked in a C. albicans suspension (day 2) or an S. aureus suspension (day 4) for
75 min. Mice in the dual-species infection groups were inoculated on both days and, along with S.
aureus-inoculated mice, were exposed to S. aureus (6 � 106 CFU/ml) in the drinking water for the
remainder of the study. On day 6 or 7, depending on weight loss, mice were euthanized and their
tongues, lymph nodes, and kidneys were harvested. A 2-mm slice of tongue was removed for determi-
nation of the microbial burden (number of CFU per tissue specimen). All tissues were homogenized in
500 �l of sterile PBS and serially diluted on CHROMagar for S. aureus and C. albicans. A total of 40 mice
(10 mice per experimental condition) were used in three independent experiments (4 animals per group
for 2 independent experiments, 2 animals per group for the immunofluorescence imaging independent
experiment). Lymph nodes from uninfected and coinfected mice (four mice per group) were pooled from
a separate experiment for analysis via flow cytometry.

Lymph nodes were placed in cold sterile flow cytometry buffer (eBioscience), and cells were released
by gentle grinding between two sterile frosted-glass microscope slides. Cells were pipetted repeatedly
through a 25-gauge needle to produce single-cell suspensions. The suspensions were flushed through
a 40-�m-pore-size basket filter and washed before being labeled with phycoerythrin (PE)-Cy7 conjugated
to anti-F4/80 (clone BM8; BioLegend), Pacific Blue conjugated to anti-Ly6G (clone 1A8; BD Biosciences),
and Alexa Fluor 674 conjugated to anti-CD11b (clone M1/70; BioLegend) for 1 h at 4°C. The cells were
then washed and fixed for intracellular straining for 30 min at room temperature. Suspensions were
permeabilized by incubating three times for 5 min each time with permeabilization buffer (eBioscience)
at room temperature. Intracellular S. aureus was labeled using a fluorescein isothiocyanate (FITC)-
conjugated anti-S. aureus antibody (polyclonal anti-rabbit immunoglobulin; GeneTex) and incubated for
30 min at room temperature. Cells were washed, resuspended in flow cytometry buffer on ice, and read
on a Becton, Dickinson LSRII instrument using FACSDiva software. The populations were gated on
macrophages and neutrophils to determine the presence of intracellular S. aureus bacteria using FlowJo
software (Tree Star, Inc.).

Tongue histology and immunohistochemistry. Tongues were removed from euthanized unin-
fected mice and from mice euthanized 1 day after C. albicans-S. aureus infection. A small portion of
tongue tissue was retained for CFU enumeration, and tongues were placed in neutral buffered formalin
for paraffin embedding at the University of Maryland School of Medicine Pathology Associates. Sections
were stained with periodic acid-Schiff (PAS) and examined by bright-field microscopy using a Zeiss Axio
Imager microscope (Carl Zeiss). For immunohistochemistry, tongues were placed in Optimum Cutting
Temperature (OCT) compound (Sakura Tissue-Tek) and snap-frozen in liquid nitrogen. Frozen tongue
tissues were sectioned (10 �m) using a Leica AM1925 cryomicrotome and fixed in 4% paraformaldehyde
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solution. Nonspecific staining was blocked with bovine serum albumin (BSA), and the slides were stained
with an FITC-conjugated anti-S. aureus antibody (as used in flow cytometry) and an eFluor 660-
conjugated anti-CD68 antibody (clone FA-11; eBioscience) overnight at 4°C. On the following day, the
slides were washed in PBS and counterstained with DAPI (4=,6-diamidino-2-phenylindole; ProLong Gold
antifade mountant with DAPI; Molecular Probes), before being viewed under a Zeiss Meta confocal
fluorescence microscope (Carl Zeiss) and analyzed using LSMIX software (Carl Zeiss).
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