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Abstract

Commensal enteric bacteria maintain systemic immune responsiveness that protects against 

disseminated or localized infection in extra-intestinal tissues caused by pathogenic microbes. 

However, since shifts in infection susceptibility after commensal bacteria eradication have 

primarily been probed using viruses, the broader applicability to other pathogen types remains 

undefined. In sharp contrast to diminished antiviral immunity, we show commensal bacteria 

eradication bolsters protection against disseminated Candida albicans fungal infection. Enhanced 

antifungal immunity reflects more robust systemic expansion of Ly6GhiLy6Cint neutrophils, and 

their mobilization into infected tissues among antibiotic treated compared with commensal 

bacteria replete control mice. Reciprocally, depletion of neutrophils from expanded levels or 

intestinal LPS reconstitution overrides the antifungal protective benefits conferred by commensal 

bacteria eradication. This discordance in antifungal compared with antiviral immunity highlights 

intrinsic differences in how commensal bacteria control responsiveness for specific immune cell 

subsets because pathogen-specific CD8+ T cells that protect against viruses were suppressed 

similarly after C. albicans and influenza A virus infection. Thus, positive calibration of antiviral 

immunity by commensal bacteria is counterbalanced by restrained activation of other immune 

components that confer antifungal immunity.
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INTRODUCTION

Commensal microbes are increasingly recognized to control systemic immune homeostasis 

and responsiveness. Since the greatest density of commensal bacteria reside within the 

intestinal tract with an estimated 100 trillion organisms comprising over 1000 individual 

species,1 the symbiotic relationship between commensal microbes and the mammalian host 

have appropriately been most extensively characterized in this tissue. Accumulating 

evidence shows enteric commensal bacteria play important roles in maintaining local 

immune homeostasis, along with digestion and nutrient absorption.1 In turn, disrupting the 

composition of intestinal bacteria represents an important iatrogenic cause of diarrhea from 

antibiotics used for infection treatment or prevention.2 Although the microbial culprits in 

most cases are unidentified, a classic example is toxin-induced intestinal inflammation from 

Clostridium difficile overgrowth among antibiotic exposed individuals.2 Disruptions in 

intestinal microbiota composition similarly occur among individuals with ulcerative colitis 

or Crohn's disease,3 and the communicability of aberrant intestinal inflammation to 

genetically non-susceptible hosts reinforces the immune regulatory properties of enteric 

commensal microbes.4 Thus among healthy individuals, commensal intestinal microbes and 

immune cells sustain a delicate crosstalk that silences pathological inflammation while 

simultaneously preserving host defense against enteric pathogens.

Given the systemic distribution of intestinal bacteria structural components,5 it is remarkable 

but perhaps not surprising that commensal bacteria have also been shown to regulate 

systemic inflammation and immune responsiveness in a variety of extra-intestinal tissues. 

For example, a shift in abundance between intestinal Bacteroidetes and Firmicutes spp. is 

linked with human obesity, and increased body fat accumulation in animals after 

transmission of this skewed microbiota further reinforces the causative role for these 

commensal bacterial shifts.6 Similarly, germ free compared with conventionally housed 

mice on susceptible genetic backgrounds more readily develop autoimmune diabetes, 

whereas intestinal recolonization with commensal microbes attenuates disease by inducing 

tolerance to pancreas-specific antigens.7,8 Conversely, for other autoimmune disorders such 

as rheumatoid arthritis or experimental autoimmune encephalomyelitis that stem from 

pathological Th17 responses, commensal bacteria and in particular, segmented filamentous 

bacteria, play a detrimental role.9,10 Thus, commensal bacteria can potently regulate 

activation of systemic immune components with beneficial or harmful impacts on 

autoimmunity in extra-intestinal tissues.

Commensal bacteria have been shown to play equally pivotal roles with regards to 

susceptibility against more pathogenic microbes. During systemic or extra-intestinal 

infection caused by viruses, commensal bacteria appear uniformly protective in augmenting 

host defense. Studies using viral infections to probe immune shifts following antibiotic 

induced eradication of commensal bacteria consistently show blunted expansion of 

protective virus specific CD8+ T cells, along with impaired clearance of influenza A in the 

respiratory tract and viremia caused by lymphocytic-choriomeningitis virus.11,12 These 

findings may explain the clinical observations of antibiotic associated susceptibility to viral 

respiratory infection,13 and alleviation of viral gastroenteritis by probiotics.14 Importantly 

however, since viruses, naturally resistant to antibiotics used to eradicate commensal 
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bacteria, have been widely utilized for probing shifts in host defense following commensal 

bacteria elimination, the extension of these protective benefits to other pathogen types 

remains undefined. Nonetheless, this represents a critically important question considering 

the immune components bolstered by commensal microbes that protect against viruses are 

either dispensable (e.g., CD8+ T cells, IFN-γ)11,12,16-18 or play inconsistent roles (e.g., IFN-

α/β)11,19,20 in antifungal immunity. Accordingly, to investigate how commensal bacteria 

controls responsiveness of immune components that protect against systemic fungal 

infection, the impacts of commensal bacteria eradication on susceptibility to intravenous 

Candida albicans infection were evaluated. Surprisingly, we show eradication of 

commensal bacteria bolsters antifungal immunity with enhanced systemic neutrophil 

expansion and enriched accumulation in infected tissues that is in sharp contrast to 

diminished resistance against viral pathogens. Thus, our findings establish fundamentally 

discordant roles for commensal bacteria in regulating antifungal compared with antiviral 

immunity.

RESULTS

Depletion of commensal enteric bacteria protects against disseminated C. albicans 
infection

To investigate how commensal intestinal microbiota influences antifungal host defense, 

susceptibility to C. albicans was evaluated in mice administered a combination of antibiotics 

in the drinking water (ampicillin, gentamicin, metronidazole, neomycin, vancomycin) 

previously shown to deplete enteric commensal bacteria.11 Our initial studies confirmed the 

validity of this approach as recoverable bacteria under aerobic and anaerobic growth 

conditions became uniformly eliminated in the feces of antibiotic treated compared with 

control mice maintained on autoclaved drinking water (Figure 1a). Moreover, these 

antibiotics collectively had no impact on C. albicans growth in cell free broth media (Figure 
1b), illustrating potential differences in host susceptibility following antibiotic 

administration reflect shifts in antifungal immunity. Consistent with the restricted pathogen 

distribution described after intravenous C. albicans inoculation,21,22 recoverable fungi were 

found almost exclusively within the kidneys with only sporadic colonies recovered from 

other tissues including the brain, liver, and spleen regardless of antibiotic treatment (Figure 
1c and d). Interestingly, while progressively increasing fungal pathogen burden was found 

for commensal bacteria replete control mice maintained on autoclaved drinking water 

through the first 20 days after infection, recoverable C. albicans declined among antibiotic 

treated mice beginning day 10, and fungal pathogen burden was reduced by >100-fold 

compared with control mice by day 20 post-infection (Figure 1c). Significantly improved 

overall survival paralleled these reductions in C. albicans pathogen burden in commensal 

bacteria eradicated mice (77% survival among antibiotic treated compared with 47% 

survival among control mice, P < 0.05) (Figure 1e). Thus, antibiotic induced eradication of 

commensal bacteria augments protection against disseminated C. albicans infection.
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Systemic expansion and tissue accumulation of Ly6GhiLy6Cint neutrophils after 
commensal bacteria eradication

Given the pivotal importance of neutrophil mobilization and recruitment in host defense 

against C. albicans,23,24 potential differences in this immune cell subset were evaluated after 

C. albicans intravenous inoculation among antibiotic treated compared with control mice. 

Starting at comparable levels of prior to infection, expansion of CD11b+Ly6GhiLy6Cint 

neutrophils in the blood and accumulation within the kidneys were both significantly 

increased beginning 5 days after infection in commensal bacteria eradicated mice (Figure 
2a and b). Higher neutrophil levels were found in the blood and kidneys of antibiotic treated 

compared with control mice despite >100-fold reduced C. albicans pathogen burden 20 days 

post-infection (Figure 2a, b and 1c). These quantitative immune cell shifts appear limited to 

neutrophils as the proportion of Ly6GloLy6Chi inflammatory monocytes, B cells, as well as 

CD4+ and CD8+ T cells did not differ significantly among antibiotic treated compared with 

control mice (Supplementary Figure S1). Enumerating absolute cell numbers further 

verified Ly6GhiLy6Cint neutrophil expansion was most pronounced compared with other 

immune cell subsets after intravenous C. albicans infection regardless of commensal 

bacteria depletion (Figure 2c). Thus, enhanced protection against C. albicans infection after 

antibiotic induced eradication of commensal bacteria is associated with enhanced peripheral 

Ly6GhiLy6Cint neutrophil expansion and mobilization of these cells into infected tissue.

Along with enhanced quantitative neutrophil expansion among antibiotic treated compared 

with commensal bacteria replete control mice, potential qualitative shifts in their activation 

were also investigated. By enriching for neutrophils using negative selection, Ly6GhiLy6Cint 

cells could be routinely isolated from the peripheral blood with ≥95% purity (Figure 3a), 

allowing their antifungal capacity to be compared among each group of C. albicans infected 

mice. Despite more accelerated C. albicans clearance among antibiotic treated mice after 

infection in vivo (Figure 1c), neutrophils isolated from commensal bacteria depleted and 

control mice had comparable fungicidal activity on a per cell basis at each post-infection 

time point (Figure 3b). In turn, expression of molecules associated with neutrophil 

activation including autocrine IL-17A production, expression of the upstream transcriptional 

regulator RORγT and oxidative burst potential25-27 each did not shift significantly among 

Ly6GhiLy6Cint neutrophils in commensal bacteria depleted compared with control mice 

(Supplementary Figure S2). Similarly, expression of elastase and myeloperoxidase each 

associated with extracellular trap formation and neutrophil antifungal activity28,29 was 

comparable among neutrophils regardless of antibiotic treatment (Figure 3c and d), whereas 

production of the extracellular trap effector, calprotectin,30 was slightly increased among 

Ly6GhiLy6Cint cells from commensal bacteria depleted mice (Figure 3e). Collectively, 

these results show the more robust quantitative expansion of neutrophils unleashed by 

eradication of commensal bacteria does not coincide with obvious shifts in their fungicidal 

properties on a per cell basis and occurs with minimal qualitative shifts in cell activation.

Enhanced antifungal immunity conferred by commensal bacteria eradication requires 
sustained Ly6GhiLy6Cint neutrophil expansion

To more definitively investigate the protective role of Ly6GhiLy6Cint neutrophils that 

expand to more enriched levels with commensal bacteria eradication, the impacts of 
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depleting these cells on C. albicans susceptibility were evaluated for antibiotic treated 

compared with commensal bacteria replete control mice. Since reduced pathogen recovery 

and improved survival among commensal bacteria eradicated mice becomes apparent 

beginning 10 days after infection, with more exaggerated differences in pathogen recovery 

by day 20 post-infection (Figure 1c and d), neutrophil depletion was initiated 10 days after 

infection and the impacts on pathogen burden enumerated 10 days thereafter. These studies 

utilized the 1A8 clone of the anti-mouse Ly6G antibody that spares Ly6GloLy6Chi 

inflammatory monocytes, allowing the contribution of Ly6GhiLy6Cint neutrophils to be 

evaluated in isolation.31 Despite somewhat reduced efficiency of cell depletion compared 

with that reported after infection with pathogens that cause more acute infection,31 the 

consistent ~50% depletion of neutrophils from expanded levels in antibiotic treated mice 

was still sufficient to override reductions in fungal burden conferred by commensal bacteria 

eradication (Figure 4a and b). In particular, 20-fold more C. albicans was recovered from 

antibiotic treated mice administered anti-Ly6G compared with isotype control antibody 

(Figure 4b). Comparatively, no significant differences in recoverable fungal pathogen 

burden were found with anti-Ly6G antibody among commensal bacteria replete mice with 

dampened neutrophil expansion (Figure 4a and b). Interestingly, increased C. albicans 

pathogen burden after neutrophil depletion among antibiotic treated mice was not associated 

with significant differences in overall survival likely because a substantial proportion of 

both anti-Ly6G and isotype antibody treated mice had already begun to succumb by day 10 

post infection when neutrophil depletion was initiated (Figure 4c). To circumvent this 

limitation, related experiments tracked survival for separate groups of mice administered 

anti-Ly6G compared with isotype control antibody 5 days after intravenous C. albicans 

infection, before any mice became moribund or succumbed to infection. This analysis 

showed neutrophil depletion initiated earlier after infection eliminated protection conferred 

by commensal bacteria eradication as antibiotic treated and control mice each succumbed 

more rapidly and with similar accelerated kinetics (Figure 4d). Thus, enhanced protection 

against disseminated C. albicans infection unleashed by eradication of intestinal commensal 

bacteria requires enriched Ly6GhiLy6Cint neutrophil expansion.

Intestinal LPS overrides protection against C. albicans conferred by commensal bacteria 
eradication

Given the apparent susceptibility to systemic C. albicans infection conferred by commensal 

intestinal bacteria, we more specifically investigated potential shifts in enteric bacterial 

density following disseminated fungal infection. Since C. albicans can establish 

colonization in the intestinal lumen following systemic infection,32 we first evaluated 

whether enteric bacteria were retained among mice without antibiotic treatment after C. 

albicans infection. To discriminate bacteria from C. albicans, microbial growth from the 

fecal pellet after plating on media without antibiotic supplementation was compared to 

media supplemented with the same cocktail of antibiotics (ampicillin, gentamicin, 

metronidazole, neomycin, vancomycin) added to the drinking water. This combination of 

antibiotics prevents growth of commensal bacteria, and accordingly microbial recovery on 

antibiotic supplemented media represent enteric C. albicans, while growth on non-

supplemented media reflects the cumulative bacterial plus fungal commensal burden. As 

expected, the feces of mice maintained on drinking water without antibiotic supplementation 
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contained exclusively commensal bacteria, and no fecal organisms could be recovered from 

antibiotic treated mice prior to C. albicans infection (Figure 5a). Comparatively after C. 

albicans intravenous infection, antibiotic treated mice devoid of commensal bacteria became 

densely colonized by fungi as comparably high fecal CFUs were recovered regardless of 

antibiotic supplementation in the culture media (Figure 5a). By contrast, 97% of the 

commensal burden in C. albicans infected mice without antibiotic supplementation in the 

drinking water was bacterial as the ~106.5 CFUs/g recovered on media without antibiotic 

supplementation became reduced to only ~105 CFUs/g on antibiotic supplemented media 

(Figure 5a). Thus, disseminated C. albicans infection does not significantly impact the 

density of commensal intestinal bacteria among mice without antibiotic treatment.

Considering this drastic difference in commensal intestinal bacteria density among antibiotic 

treated compared with control mice that occurs regardless of C. albicans infection, the 

component of enteric bacteria that confers susceptibility to disseminated fungal infection in 

commensal bacteria replete mice was further investigated. Since LPS of commensal bacteria 

has been shown to confer protection against viral pathogens,12 we addressed whether this 

component of enteric bacteria was reciprocally responsible for conferring susceptibility to 

fungal infection. We found reconstituting mice eradicated of commensal bacteria with LPS 

restored susceptibility to systemic C. albicans infection as significantly reduced survival and 

reciprocally increased fungal pathogen burden was recovered with increasing concentrations 

of intra-rectal LPS administration (Figure 5b and c). Eradication of commensal intestinal 

bacteria was essential for these detrimental properties of exogenous LPS as commensal 

bacteria replete mice showed no significant differences in survival even at the highest 

dosage of intra-rectal LPS (Supplementary Figure S3). Taken together, these results 

demonstrate the LPS component of commensal intestinal bacteria confers susceptibility to 

disseminated C. albicans infection.

Commensal bacteria promote antiviral immunity and pathogen-specific CD8+ T cell 
expansion regardless of inciting infection

Additional experiments were performed to investigate the immunological basis for this 

enhanced antifungal immunity, compared with diminished protection against viral pathogens 

previously described using the same combination of antibiotics for eradication of 

commensal intestinal bacteria.11,12 First, to address the possibility that differences in 

commensal bacteria composition between research institutions may influence immune cell 

responsiveness,33 the impacts of commensal bacteria eradication on antiviral immunity after 

influenza A virus infection was evaluated in our specific pathogen free facility. After 

infection with a sub-lethal dose of recombinant influenza A H1N1, PR8-OVA, that stably 

expresses the immune-dominant H-2Kb ovalbumin (OVA)257-264 peptide,34 significantly 

more weight loss and recovery of viral plaque forming units in the lung homogenate were 

found for antibiotic treated compared with commensal bacteria replete control mice (Figure 
6a and b). This enhanced susceptibility to influenza A among commensal bacteria depleted 

mice paralleled sharp reductions in expansion of OVA-specific CD8+ T cells with surrogate 

viral specificity (Figure 6c). Thus, the protective benefits of commensal bacteria on 

antiviral immunity previously reported using other influenza strains for infection and mice 

housed at other research facilities are recapitulated.11,12
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Considering protection against C. albicans from enhanced accumulation of neutrophils after 

eradication of commensal bacteria (Figure 1 and 2), these results suggest the discordance in 

antifungal compared with antiviral immunity conferred by commensal intestinal bacteria 

more likely reflects fundamental differences in how commensal microbes control activation 

of unique immune components that protect against infection with viral rather than fungal 

pathogens. To further investigate this hypothesis, the role of commensal intestinal bacteria 

on expansion of CD8+ T cells after infection with recombinant C. albicans engineered to 

express the same H-2Kb OVA257-264 peptide was evaluated.35 Remarkably, a near identical 

reduction in expansion of OVA-specific CD8+ T cells among commensal bacteria depleted 

mice was observed after infection with recombinant C. albicans compared with influenza A 

(Figure 6c and d). Thus, commensal bacteria uniformly promote antigen-specific CD8+ T 

cell expansion regardless of inciting pathogen type, while simultaneously restricting optimal 

accumulation of Ly6GhiLy6Cint neutrophils. Taken together, these results demonstrate 

commensal bacteria differentially regulate activation of unique immune cell subsets that, in 

turn, cause discordant impacts on antifungal compared with antiviral immunity.

DISCUSSION

Commensal microbes are increasingly recognized to influence responsiveness of immune 

cells that dictates susceptibility to autoimmunity and infection. Since viruses are inherently 

resistant to antibiotics, shifts in host defense following commensal bacteria elimination have 

primarily been probed with viral pathogens. Here, commensal bacteria have been shown to 

play important, but somewhat discordant roles with regards to infection susceptibility. For 

example, antibiotic induced eradication of commensal intestinal bacteria consistently 

impairs host clearance of influenza A virus within the respiratory tract and prolongs viremia 

after systemic lymphocytic choriomeningitis virus infection.11,12 Diminished viral clearance 

in these instances parallel reduced priming and expansion of protective virus-specific CD8+ 

T cells in commensal bacteria eradicated mice.11,12 On the other hand, the presence of 

commensal intestinal bacteria also promotes susceptibility to numerous enteric viruses 

including poliovirus, retrovirus, and mouse mammary tumor virus that exploit bacterial LPS 

to improve transmissibility and infectivity.36,37 This latter enhanced capacity for intestinal 

invasion and replication conferred by commensal bacteria reflects direct viral modulation for 

enteric viruses, as opposed to systemic shifts in inflammasome or macrophage cell 

activation that occurs after infection with influenza A or lymphocytic choriomeningitis 

virus, respectively.11,12

Accordingly, to extend the applicability of these findings to systemic immunity against other 

pathogens that are equally ubiquitous, clinically important and resistant to antibiotics, the 

impacts of commensal bacteria eradication on antifungal immunity was investigated using 

an established murine model of disseminated C. albicans infection.22 Surprisingly and in 

striking contrast to the protective benefits on systemic antiviral immunity, we show 

commensal bacteria collectively confer detrimental impacts on antifungal host defense. 

Among antibiotic treated mice depleted of intestinal commensal bacteria, significantly 

reduced C. albicans fungal burden and increased overall survival were observed when 

compared with commensal bacteria replete control mice. Importantly, these findings cannot 

be explained by differences in commensal bacteria composition for mice across institutions 
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considering the antiviral protective benefits of commensal intestinal bacteria previously 

reported11,12 are reproduced after influenza A infection for mice maintained in our facility. 

Thus, commensal microbes differentially regulate unique immune cell subsets that control 

antifungal compared with antiviral immunity.

Protection against disseminated C. albicans infection among commensal bacteria eradicated 

mice reflects reduced intestinal LPS content because exogenous intra-rectal LPS 

administration restored susceptibility in a dose dependent fashion. When considered in the 

context of Candida overgrowth at mucosal interfaces after antibiotic administration that may 

reflect eliminating microbes that compete for limiting local resources,2 or commensal 

bacteria derived polysaccharides that sustain CD4+ T cell activation restricting fungal 

colonization,38,39 protection against invasive systemic candidiasis is more specifically 

mediated by neutrophils.23,24,32 These findings may explain why probiotic supplementation 

in preterm neonates reduces the incidence of gastrointestinal fungal colonization without 

ameliorating susceptibility to invasive systemic fungal infection.40 Reciprocally, 

neutropenia is consistently identified as a dominant independent risk factor for disseminated 

candidiasis and fungal infection-induced mortality.15,41,42 Thus, the link between enriched 

Ly6GhiLy6Cint neutrophil expansion and protection against intravenous C. albicans 

infection we demonstrate using antibiotics to eradicate enteric commensal bacteria further 

reinforces the dominant role neutrophils play in immunity against systemic candidiasis.

Since immune components that mediate antifungal compared with antiviral immunity are 

largely non-overlapping, this newfound discordance in how commensal bacteria collectively 

controls host defense against each type of pathogen is perhaps not unexpected. For example, 

CD8+ T cells that confer protection against influenza virus and other pathogens that 

primarily reside within the intracellular compartment of infected host cells play only 

negligible roles in protection against C. albicans that mainly resides in extracellular 

compartments.17,18 A non-essential role for pathogen-specific CD8+ T cells in host defense 

against fungi like C. albicans is consistent with our results illustrating accelerated fungal 

clearance despite blunted expansion of CD8+ T cells with surrogate C. albicans OVA257-264 

specificity among commensal bacteria depleted mice. Instead, we show enhanced antifungal 

immunity after antibiotic induced commensal bacteria eradication reflects more robust 

neutrophil expansion and mobilization, whereas even partial neutrophil depletion with anti-

Ly6G antibody (clone 1A8) overrides these protective benefits. Comparatively among 

commensal bacteria replete mice, the detrimental impacts of neutrophil depletion are 

moderated and potentially reversed since initiating neutrophil depletion 10 days after 

infection improved survival by ~30% (although this difference did not reach statistical 

significance, P = 0.08). These results parallel somewhat paradoxical detrimental roles for 

neutrophils shown using other loss-of-function approaches for these cells when disseminated 

candidiasis has already been established. For example, the initiation of neutrophil, together 

with monocyte and eosinophil, depletion using anti-Gr1 antibody (clone RB6-8C5) 7 days 

after intravenous C. albicans infection significantly improves overall survival.24,31 

Similarly, Ccr1-deficient mice with impaired neutrophil accumulation in the kidneys 

beginning 9 days post-infection have improved overall survival after intravenous C. albicans 

infection compared with wild-type control mice.43 Thus, while neutrophils are clearly 
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important for protection early after disseminated candidiasis,23,24 their accumulation later 

after fungal infection likely causes immune pathology similar to increased mortality with 

more robust neutrophil expansion after influenza A infection.44 Taken together, these data 

suggest commensal bacteria not only control expansion of specific immune cell subsets that 

dictates whether increased susceptibility or resistance ensues, but shifts in their composition 

or density may influence the tempo of persistent infection as well.

At first glance our results may also appear contradictory to the clinical association between 

antibiotic exposure and risk of fungemia with C. albicans and other Candida species.15 

However, it is also important to highlight the co-existence of other perhaps more formidable 

risk factors including intravascular catheterization, diabetes mellitus, mechanical ventilation 

or underlying malignancy that drive the use of antimicrobials among individuals with these 

immune compromising conditions that confers susceptibility to both bacterial and fungal 

pathogens.42,45 Furthermore, our results using orally administered broad-spectrum 

antibiotics designed to eradicate commensal intestinal bacteria to near completion may not 

be directly applicable to the clinical use of antibiotics designed to treat or prevent bacterial 

infections with dysbiosis or disruptions in the composition of commensal bacteria as an 

inevitable side-effect. In particular, the use of antibiotics in most clinical settings almost 

certainly does not eliminate intestinal bacteria to near completion. Therefore, although our 

findings attribute impaired antifungal immunity to the presence of bacterial LPS in 

commensal microbe replete mice, shifts in the composition of commensal intestinal bacteria 

likely also play critical roles in modulating susceptibility to fungemia. This notion is 

supported by the observation that some commensal bacterial species such as segmented 

filamentous bacteria drive systemic Th17 CD4+ T cell differentiation33 that, in turn, 

stimulates optimal neutrophil mobilization and immunity against extracellular pathogens 

including C. albicans.46 Reciprocally, this may explain why widely used antibiotics 

including cephalosporins, penicillins and vancomycin that each have potent activity against 

segmented filamentous bacteria are each independently associated with increased risk for 

candidemia.33,47,48 Based on these results and the increasing use of antibiotics in clinical 

medicine, identifying the most essential commensal microbiome subset(s) represent 

important next steps for dissecting how antifungal compared with antiviral immunity is 

discordantly regulated.

METHODS

Mice and adoptive transfers

C57BL/6 mice were purchased from the National Cancer Institute. OT-1 TCR transgenic 

mice maintained on a Rag2-deficient C57BL/6 CD90.1 congenic background. For 

enumerating OVA-specific CD8+ T cells, 2 × 104 CD8+ splenocytes from OT-1 transgenic 

mice maintained on a Rag2-deficient CD90.1 congenic background were adoptively 

transferred into C57BL/6 (CD90.2+, CD90.1−) recipient mice one day prior to infection. At 

the indicated time points after infection with recombinant C. albicans or recombinant 

influenza A expressing OVA, CD8+ T cells with each surrogate pathogen specificity were 

identified based on CD90.1+ expression. All mice were maintained under specific pathogen 
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free conditions at the Cincinnati Children's Hospital and used according to institutional 

IACUC approved protocols.

Antibiotic treatment

The antibiotic cocktail used to eradicate commensal bacteria has been described.11 Briefly, 

drinking water was supplemented with ampicillin (0.5 mg/mL, Sigma), gentamicin (0.5 

mg/mL, Sigma), metronidazole (0.5 mg/mL Sigma), neomycin (0.5 mg/mL, Sigma), 

vancomycin (0.25 mg/mL, MP Biomedicals) and suraclose (4mg/mL, Sigma). This 

antibiotic supplementation was initiated 2-3 weeks prior to infection and continued for the 

duration of each experiment.

Candida albicans and influenza A infection

The recombinant C. albicans SC5314 strain expressing OVA257-264 has been described.35 

For infection, C. albicans was cultured the day prior in YPAD media at 30°C (200 rpm). 

The following day, the culture was back diluted in fresh YPAD media for 2 hours to reach 

exponential phase growth, and the fungi washed and resuspended in sterile saline. Age- and 

sex-matched C57BL/6 mice were given an intravenous tail-vein injection of 5 × 104 CFUs 

(in 200 μL PBS). Influenza A virus expressing the same OVA257-264 peptide (PR8-OVA) 

was diluted to 3.3 × 104 PFUs/mL, and 30 μL was administered intra-nasally to mice 

anesthetized with xylazine and ketamine.34

Recoverable fungal burden and lung viral titers

At the indicated time points after C. albicans inoculation, the kidneys, spleen, liver and 

brain were sterilely dissected, homogenized, and serial dilutions on each organ homogenate 

spread onto agar plates. After incubation for 24 hours at 37°C, fungal colony forming units 

were enumerated. After influenza A infection, the lungs were collected, homogenized, and 

viral titers enumerated by counting viral plaques formed from serial dilutions of the lung 

homogenate plated onto confluent Madin-Darby Canine Kidney (MDCK) cell monolayers.18

Tissue harvest, flow cytometry and cell depletion

Kidneys were minced into ~1 mm3 pieces and then digested with 0.5 mg/mL Collagenase D 

(Sigma), 0.5 mg/mL DNAse (Sigma) and 1 mg/mL Dispase (Stemcell Technologies) for 45 

minutes at 37°C (200 rpm). Thereafter, the solution was filtered through 100 μm mesh, and 

the supernatant pelleted (1600 rpm, 5 minutes at 4°C), enriched through a percoll gradient 

(40 to 80%), and kidney leukocytes were collected and analyzed by FACS. Blood obtained 

from the retro-orbital sinus was immediately placed in heparinized tubes and washed with 

PBS followed by RBC lysis buffer (10 mM KHCO3, 16 mM NH4Cl, pH 7.3) prior to FACS 

analysis. Fluorophore-conjugated antibodies used for flow cytometry include B220 

(RA3-6B2, BioLegend), CD4 (GK1.5, eBioscience), CD8 (53-6.7, eBioscience), CD11b 

(M1/70, BioLegend), CD45 (30-F11, eBioscience), Foxp3 (FJK-16S, eBioscience), IL-17A 

(eBio17B7, eBioscience), Ly6C (HK1.4, eBioscience), Ly6G (1A8, BD Biosciences), Ly6G 

(RB6-8C5, eBioscience), RORγT (AFKJS-9, eBioscience). For neutrophil depletion, 500 μg 

of purified anti-Ly6G (1A8, BioXcell) or isotype (Rat IgG2a, BioXcell) antibody was 
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administered by intraperitoneal injection 10 days after C. albicans infection with sustained 

dosing every three days thereafter.

Neutrophil isolation and functional assays

CD11b+Ly6GhiLy6Cint neutrophils were isolated from the peripheral blood with negative 

selection using magnetic bead cell isolation kits (Miltenyi Biotec). The purity of 

CD11b+Ly6GhiLy6Cint cells was verified to be >95% by FACS analysis. To quantify 

myeloperoxidase activity, 5 × 103 neutrophils were seeded into 96-well plates and incubated 

with aminophenyl fluorescein (Sigma) for 2-3 hours at room temperature. The production of 

the fluorescent product, fluorescein, reflective of myeloperoxidase activity was measured 

using a plate reader (485 nm excitation, 535 nm emission). The elastase assay was 

performed by incubating 5 × 103 purified neutrophils with BODIPY conjugated elastin (Life 

Technologies) for 30 minutes at 37°C. Thereafter, the fluorescence intensity of the elastase 

product, BODIPY, was measured by flow cytometry. To measure calprotectin secretion, 5 × 

103 purified neutrophils were resuspended in DMEM (Life Technologies) and incubated for 

30 minutes at 37°C. Thereafter, the supernatant was collected and analyzed by ELISA 

according to manufacturer's instructions (Hycult Biotech). The in vitro neutrophil killing 

assay was performed as previously described.49 Briefly, peripheral blood neutrophils were 

purified and 5 × 103 neutrophils were incubated with 5 × 102 CFU C. albicans (MOI of 0.1) 

for 1 hour at 37°C with gentle agitation in 96-well round bottom plates. Thereafter, C. 

albicans CFUs were enumerated after spreading serial dilutions of the co-culture mixture on 

agar plates. The percent killing of Candida was defined as [1 – (CFU after incubation/CFU 

recovered at start of incubation)] × 100. For the dihydrorhodamine 123 assay, leukocytes 

were seeded into 96-well round bottom plates with media supplemented with 

dihydrorhodamine 123 (final concentration 1 μM per well), and incubated for 30 minutes at 

37°C. Thereafter, the fluorescence intensity of rhodamine 123 illustrating oxidative burst 

potential was measured by flow cytometry.50

Rectal LPS inoculation

Mice anesthetized with xylazine and ketamine were intra-rectally inoculated with the 

indicated dosage of ultrapure Escherichia coli LPS (InvivoGen) resuspended in 100 μL 

sterile saline as described12 beginning two days prior to C. albicans infection with repeated 

dosing every two days thereafter.

Statistical Analysis

Differences in survival were compared using the log rank (Mantel-Cox) test. Cell 

frequencies, enzymatic activity and protein secretion were analyzed with the unpaired 

Student's t test, and differences in pathogen burden were compared with non-parametric 

Mann-Whitney test (two groups) or non-parametric Kruskal-Wallis one-way ANOVA (more 

than two groups). In all cases, P < 0.05 was taken as statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Enhanced protection against disseminated C. albicans infection after antibiotic induced 

eradication of commensal bacteria. (a) Fecal CFUs after administration of ampicillin (0.5 

mg/mL), gentamicin (0.5 mg/mL), metronidazole (0.5 mg/mL), neomycin (0.5 mg/mL), and 

vancomycin (0.25 mg/mL) in the drinking water for 14 days compared with control mice 

maintained on autoclaved drinking water. (b) C. albicans growth kinetics in YPAD liquid 

media without supplementation or supplemented with antibiotics described in panel a 
enumerated by optical density (left) or recoverable fungal CFUs after plating serial dilutions 

onto BHI agar plates (right). (c) Recoverable C. albicans CFUs at the indicated time points 

after intravenous infection with 5 × 104 C. albicans among antibiotic treated (ampicillin, 

gentamicin, metronidazole, neomycin, vancomycin added to the drinking water 14 days 

prior to infection) compared with control mice maintained on autoclaved drinking water. (d) 

Recoverable C. albicans CFUs in each tissue day 10 post-infection among antibiotic treated 

or control mice. (e) Percent survival after intravenous infection with 5 × 104 C. albicans for 
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each group of mice described in panel c. These data are reflective of at least three 

independent experiments each with similar results. *P < 0.05, *** P < 0.001. L.o.D., limit of 

detection.
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Figure 2. 
Enriched neutrophil expansion in the blood and kidney for commensal bacteria depleted 

mice after intravenous C. albicans infection. Representative FACS plots illustrating the 

gating scheme (top) and composite data (bottom) for infection induced shifts in neutrophils 

(CD11b+Ly6GhiLy6Cint) among CD45+ cells in the peripheral blood (a) or kidneys (b) after 

intravenous infection with 5 × 104 C. albicans for each group of mice. (c) CD45+ leukocyte 

composition in the peripheral blood (left) or kidneys (right) after intravenous C. albicans 

infection. These data are representative of three independent experiments each containing 

3-4 mice per group with similar results. *P < 0.05, **P < 0.01.
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Figure 3. 
Neutrophil killing capacity and production of fungicidal molecules among commensal 

bacteria depleted mice. (a) Representative FACS plots illustrating enrichment purity of 

peripheral blood CD11b+Ly6GhiLy6Cint neutrophils among CD45+ cells after negative 

selection. (b) Percent killing by purified CD11b+Ly6GhiLy6Cint neutrophils isolated at each 

time point after intravenous C. albicans infection (5 × 104 CFUs), and in vitro incubation 

with C. albicans at an MOI of 0.1 for 60 minutes at 37°C with gentle agitation. 

Representative histogram plots and cumulative mean fluorescence intensity of BODIPY dye 

as a measure of elastase activity (c), myeloperoxidase activity (d), and calprotectin 

production (e) for 5 × 103 CD11b+Ly6GhiLy6Cint purified neutrophils isolated from each 

group of mice 10 days after C. albicans infection. These data are representative of at least 

two independent experiments each with similar results. *P < 0.05.
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Figure 4. 
Enhanced protection against disseminated C. albicans infection for commensal bacteria 

depleted mice requires sustained Ly6GhiLy6Cint neutrophil expansion. (a) Residual 

CD11b+Ly6GhiLy6Cint neutrophils in the peripheral blood 10 days after initiating sustained 

treatment with anti-Ly6G compared with isotype control antibody for each group of mice 

day 10 post-infection with 5 × 104 C. albicans. Recoverable C. albicans fungal burden day 

20 post-infection (b) and percent survival (c) among each group of mice described in panel 

a. (d) Percent survival after intravenous infection with 5 × 104 C. albicans and initiation of 

anti-Ly6G compared with isotype control antibody beginning day 5 post-infection. These 

data are representative of three independent experiments each with similar results. *P < 

0.05, **P < 0.01, ***P < 0.001. L.o.D., limit of detection.
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Figure 5. 
Intestinal LPS overrides protection against disseminated C. albicans infection conferred by 

commensal bacteria eradication. (a) Recoverable CFUs in fecal pellets for commensal 

bacteria depleted or control mice after plating on BHI or antibiotic supplemented media 10 

days after intravenous infection with 5 × 104 C. albicans or no infection controls. (b) 

Percent survival among antibiotic treated commensal bacteria depleted mice administered 

each dosage of intra-rectal LPS or saline controls beginning two days prior to and sustained 

after intravenous infection with 5 × 104 C. albicans. (c) Recoverable C. albicans fungal 

burden day 5 post-infection among each group of mice described in panel b. These data are 

representative of at least two independent experiments each with similar results. *P < 0.05, 

**P < 0.01, ***P < 0.001. L.o.D., limit of detection, PBS, phosphate buffered saline.
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Figure 6. 
Commensal bacteria eradication blunts pathogen-specific CD8+ T cell expansion after viral 

and fungal infection. Relative weight loss (a) and recoverable influenza A viral titers (b) day 

5 post-infection with 103 PFUs H1N1 strain PR8-OVA for each group of mice. 

Representative FACS plots (left) and composite data (right) showing expansion of OVA-

specific CD90.1+ CD8+ cells with surrogate influenza (c) or C. albicans (d) specificity 

among splenocytes day 5 post-infection. These data are representative of three independent 

experiments each with similar results **P < 0.01, ***P < 0.001. L.o.D., limit of detection.
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