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SUMMARY

Mucosal barriers are densely colonizedbypathobiont
microbes such as Candida albicans, capable of
invasive disseminated infection. However, systemic
infections occur infrequently in healthy individuals,
suggesting that pathobiont commensalism may elicit
host benefits. We show that intestinal colonization
with C. albicans drives systemic expansion of
fungal-specific Th17 CD4+ T cells and IL-17 respon-
siveness by circulating neutrophils, which synergisti-
cally protect against C. albicans invasive infection.
Protection conferred by commensal C. albicans re-
quires persistent fungal colonization and extends to
other extracellular invasive pathogens such asStaph-
ylococcus aureus. However, commensal C. albicans
does not protect against intracellular influenza virus
infection and exacerbates allergic airway inflamma-
tion susceptibility, indicating that positively calibrat-
ing systemic Th17 responses is not uniformly
beneficial. Thus, systemic Th17 inflammation driven
by CD4+ T cells responsive to tonic stimulation by
commensal C. albicans improves host defense
against extracellular pathogens, but with potentially
harmful immunological consequences.

INTRODUCTION

Mucosal barrier tissues are densely colonized with a wide variety

of pathobiont microbes capable of invasive disseminated infec-

tion. This includes many important human pathogens such as

Candida albicans and Staphylococcus aureus that in most indi-

viduals are associated with asymptomatic colonization, but

with invasion can cause systemic infection associated with

high mortality (Brown et al., 2012; Casadevall and Pirofski,

2000). Fortunately, systemic disseminated infections caused
404 Cell Host & Microbe 25, 404–417, March 13, 2019 ª 2019 Elsevi
by pathobionts occur infrequently, especially considering their

exceptional high rates of commensal colonization. For example,

C. albicans invasive infection is estimated at only 8 cases per

100,000 individuals, or 0.008% (Pfaller and Diekema, 2007),

despite intestinal colonization among >60% of healthy adults

(Nash et al., 2017). Likewise, the annual incidence of S. aureus

bloodstream infection of 26 per 100,000 individuals (0.026%) is

orders of magnitude less than the �20% and 40% rates of colo-

nization in the intestine and anterior nares, respectively (Acton

et al., 2009; Laupland, 2013; Williams, 1963). This discrepancy

highlights important questions about why systemic dissemi-

nated infection, caused by pathobionts with near ubiquitous

colonization, occurs so infrequently.

Addressing these questions requires new models of

commensal colonization by pathobiont microbes that also

have the capacity for invasive infection in healthy hosts. For

example, while prior intranasal Streptococcus pneumoniae

administration is protective against subsequent lung infection

in mice, colonization is very transient with sharply reduced path-

obiont recovery within the first few days after inoculation that

precludes analysis of how sustained commensal colonization

impacts infection susceptibility (Wilson et al., 2015). On the other

hand, while lethal infection and systemic seeding by commensal

C. albicans can be induced using chemotherapeutic agents, the

ensuing immune suppression and intestinal epithelial damage

preclude analysis of pathobiont colonization conferred immunity

in healthy hosts (Koh et al., 2008). More recently, protection

against systemic C. albicans infection in mice stably colonized

with attenuated isogenic mutant strains adapted for intestinal

colonization has been described (Tso et al., 2018). However,

the significance of these findings is uncertain since invasive in-

fections by prototypical pathobionts such as C. albicans and

S. aureus are predominantly (>80%) caused by genetically iden-

tical virulent commensal isolates (Reagan et al., 1990; von Eiff

et al., 2001; Voss et al., 1994). Thus, how pathobiont commensal

colonization impacts immunity in healthy individuals remains

poorly defined.

To fill these outstanding knowledge gaps, an instructive model

of asymptomatic long-term intestinal colonization with virulent
er Inc.
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C. albicans was developed. In particular, recombinant

C. albicans engineered to express defined model antigens was

used to establish intestinal colonization to facilitate precise iden-

tification of adaptive immune components with surrogate

commensal specificity. This strategy showed that C. albicans in-

testinal colonization primes systemic accumulation of protective

Th17 activated CD4+ T cells with commensal fungi specificity

and increased IL-17 responsiveness in circulating Ly6G+ neutro-

phils. Complementary human analysis identified positive associ-

ations between C. albicans fecal colonization density, systemic

accumulation of IL-17-producing C. albicans-specific CD4+

T cells, and IL-17 responsiveness by circulating neutrophils.

Interestingly, commensal C. albicans conferred immunity also

extends to protection against invasive infection by other extra-

cellular pathobionts such as S. aureus, but these host defense

benefits are offset by susceptibility to airway inflammation.

Together, exciting facets of symbiosis between commensal

C. albicans and mammalian hosts that positively calibrate sys-

temic neutrophil-Th17 CD4+ T cell immunological responses

are demonstrated.

RESULTS

C. albicans Intestinal Colonization Protects against
Invasive C. albicans Systemic Infection
C. albicans is a common commensal of the human intestine

(Nash et al., 2017). However, this fungus is rarely found in the

feces of laboratory mice (Iliev et al., 2012; Skalski et al., 2018;

Wheeler et al., 2016), and completely absent in mice housed in

our specific pathogen-free facility (Jiang et al., 2017). We

reasoned the lack of commensal C. albicans could be exploited

to investigate how intestinal colonization with this pathobiont

shapes host immunity. Since antibiotic-induced dysbiosis is a

dominant risk factor for human C. albicans colonization (Schulte

et al., 2015; Spinillo et al., 1999), and in mice promotes coloniza-

tion by virulent strains including SC5314 (Fan et al., 2015), how

C. albicans colonization induced by bacterial dysbiosis impacts

susceptibility to invasive infection was evaluated. We found a

single oral C. albicans inoculation administered to mice main-

tained on ampicillin supplemented drinking water results in

sustained (>60 days) C. albicans colonization throughout the in-

testinal tract (Figures 1A and 1B). C. albicans recovery in the

feces was consistently achieved within 24 h after oral inocula-

tion, and with progressively increasing levels plateauing within

the first week in ampicillin-treated mice (Figure 1A). In contrast,

C. albicans recovery was sporadic, and consistently at or below

the limits of detection for mice without drinking water antibiotic
Figure 1. Persistent C. albicans Intestinal Colonization Facilitated by D
(A) Recoverable C. albicans in the feces of mice with ampicillin supplementation i

inoculation.

(B) Recoverable C. albicans in each intestinal segment 7 days after oral C. albica

(C) Recoverable C. albicans in each tissue 7 days after oral C. albicans inoculatio

(D) Weight change after oral C. albicans inoculation for the mice described in (A)

(E) Diversity and abundance of fecal bacterial species for each group of mice a

C. albicans inoculation (2 days after initiating ampicillin drinking water suppleme

tional to the absolute abundance of fecal bacterial genomic DNA for each group

(F) Bacterial genomic equivalents for each group of mice described in (E).

(G) Diversity of fecal bacteria for each group of mice described in (E).

*p < 0.05, ****p < 0.0001. Bar, mean ± SEM. L.o.D., limit of detection. See also F
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supplementation (Figures 1A and 1B). Importantly, despite

high-density intestinal C. albicans colonization, no evidence of

systemic fungal dissemination or other negative health conse-

quence was observed. Tissues commonly susceptible to

invasive C. albicans infection (e.g., kidney, liver, and brain) re-

mained uniformly sterile (Figure 1C), and C. albicans-colonized

compared with no antibiotic control mice gained weight with

comparable tempo (Figure 1D). Thus, virulent isolates of the hu-

man pathobiont C. albicans can achieve persistent long-term

asymptomatic colonization in mice.

As expected, ampicillin drinking water supplementation

caused dramatic shifts in the composition and abundance of

fecal bacterial spp. as shown by shotgun sequencing (Ubeda

et al., 2010) (Figures 1E and S1A). Interestingly and regardless

ofC. albicans colonization, the absolute abundance of fecal bac-

teria genomic equivalents was increased by ampicillin treatment

after comparing the bacterial DNA density to a known quantity of

Salinibacter ruber reference DNA added to each sample (Fig-

ure 1F). Importantly, however, the composition, diversity, or

differential abundance of commensal bacteria did not differ

significantly between C. albicans-colonized compared with

non-colonized control mice maintained on ampicillin-supple-

mented drinking water (Figures 1E–1G and S1). Thus, anti-

biotic-induced dysbiosis is an instructive approach allowing

the immune modulatory effects of C. albicans commensal colo-

nization to be evaluated in isolation.

Given the lack of spontaneous disseminated infection in

C. albicans-colonized mice (Figures 1C and 1D), susceptibility

to invasive infection was probed by intravenous inoculation

with the identical or a marked isogenic virulent recombinant

strain. This analysis showed sharply reduced susceptibility to

systemic invasive infection conferred by intestinal colonization.

Mice with commensal C. albicans had improved survival

following intravenous infection with a lethal dosage of virulent

strain SC5314 for immune competent mice (Jiang et al., 2015)

and >100-fold reduced fungal burden in the kidneys compared

with control mice maintained on ampicillin-supplemented drink-

ing water (Figure 2A). To confirm thatC. albicans in the target tis-

sue of colonized mice directly reflects reduced susceptibility to

intravenous infection, as opposed to dissemination from intesti-

nal tissue, we took advantage of GFP expression by recombi-

nant virulent C. albicans strains (Igyártó et al., 2011) allowing

oral inoculation and subsequent intravenous challenge by

unique isogenic strains (Figure 2B). These experiments showed

recoverable fungi in the kidney were uniformly from intravenous

inoculation (GFP+), while fungi in feces were of commensal origin

(GFP�) (Figure 2B). Thus, despite retaining virulence potential,
rinking Water Ampicillin Supplementation
n the drinking water compared with no antibiotic controls after oral C. albicans

ns inoculation for the mice described in (A).

n for mice with ampicillin drinking water supplementation.

.

fter drinking water ampicillin supplementation (12 days) with or without oral

ntation) determined by shotgun sequencing. Pie-chart area is directly propor-

of mice.

igure S1.
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Figure 2. C. albicans Intestinal Colonization Protects against Systemic C. albicans Invasive Infection

(A) Percent survival and recoverable C. albicans 5 days after recombinant C. albicans intravenous infection (53 104 CFUs) for mice with recombinant C. albicans

intestinal colonization or control mice maintained on ampicillin-supplemented drinking water.

(B) Fluorescence intensity of C. albicans recovered from the feces compared with kidneys 5 days after intravenous infection with GFP+ C. albicans for mice with

prior GFP� C. albicans oral inoculation.

***p < 0.001, ****p < 0.0001. Bar, mean ± SEM. L.o.D., limit of detection. See also Figure S2.
pathobiont commensalC. albicans does not breech the intestinal

barrier to seed systemic tissues. Moreover, protection against

systemic C. albicans invasive infection is not due to enhanced

immunogenicity of recombinant C. albicans, since similarly

reduced susceptibility was observed in mice colonized with

either recombinant or non-recombinant SC5314 strain (Fig-

ure S2). Together, these results show commensal C. albicans

intestinal colonization efficiently protects against systemic inva-

sive infection by the same pathobiont microbe.

Systemic Expansion of Protective IL-17-ProducingCD4+

T Cells with Commensal C. albicans Specificity
The immunological basis for protection against invasive infection

conferred by intestinal colonization was addressed by evaluating

systemic accumulation of adaptive immune components with

commensal C. albicans specificity. We focused on CD4+ T cells

since candidiasis is more prevalent among individuals with HIV

infection or other immune compromising conditions with dimin-

ished CD4+ T cell function (Klein et al., 1984). To facilitate identi-

fication of CD4+ T cells with commensal C. albicans specificity,

constitutive expression of the 2W1S55-68 variant of I-Ea by re-

combinant C. albicans (Igyártó et al., 2011) and high precursor

frequencyof endogenousCD4+Tcellswith I-Ab:2W1S55-68 spec-

ificity were exploited for precise identification of cells with this

surrogate commensal specificity after tetramer staining and

enrichment (Moon et al., 2007). This analysis showed robust

expansion of CD4+ T cells with commensal C. albicans-2W1S

specificity in systemic lymphoid tissue (spleen plus peripheral

lymph nodes) that were almost all CD44hi reflecting activation in
response to cognate antigen stimulation (Baaten et al., 2012)

(Figure 3A). Interestingly, accumulation of C. albicans-2W1S-

specificCD4+T cellswas notmore pronounced in themesenteric

lymph node compared with splenocytes and pooled peripheral

lymph node cells, highlighting the systemic response to

commensal fungal colonization (Figure S3).

To investigate how C. albicans intestinal colonization stimu-

lates the differentiation of these systemically expanded cells,

their expression of canonical T helper lineage-defining transcrip-

tional regulators was evaluated. Differentiation into RORgt-

expressing Th17 cells accounted for the largest subset of

peripheral CD4+ T cells with commensalC. albicans-2W1S spec-

ificity compared with <5% among CD4+ T cells of the same

specificity in no colonization control mice (Figure 3B). Increased

number and proportion of RORgt+ CD4+ T cells with C. albicans

specificity persisted with antigen re-stimulation after intravenous

C. albicans-2W1S challenge compared with cells in control mice

undergoing primary expansion (Figure S4). Likewise, production

of Th17 lineage-defining cytokines IL-17A or IL-17F was selec-

tively increased among CD4+ T cells from colonized compared

with control mice after heat-killed C. albicans in vitro stimulation

(Figure 3C). Comparatively, no differences in IFN-g production

were identified, and percent Tbet+ Th1 or FOXP3+ regulatory

T cells remained similar among CD4+ T cells with commensal

C. albicans-2W1S specificity in colonized compared with control

mice (Figures 3C and S5A). Importantly, Th17 immunogenicity

primed by commensal C. albicans is not restricted to antigens

unique to this recombinant strain, given the increased number

of IL-17A- and IL-17F-producing cells (�100,000 cells) after
Cell Host & Microbe 25, 404–417, March 13, 2019 407
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Figure 3. Systemic Expansion of Protective Th17 CD4+ T Cells with Commensal C. albicans Specificity

(A) Number and percent of CD44hi among I-Ab:2W1S tetramer-positive CD4+ T cells from spleen and peripheral lymph nodes ofmicewith recombinantC. albicans

intestinal colonization compared with no colonization controls.

(B) Percent and number of RORgt+ among I-Ab:2W1S-positive (solid line) or -negative (gray shaded) CD4+ T cells for mice described in (A).

(legend continued on next page)
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in vitro stimulation with non-recombinant heat-killed C. albicans

(Figure S5B), compared with fewer than 1,000 I-Ab:2W1S+ cells

identified by tetramer staining (Figure 3A). Thus, C. albicans in-

testinal colonization in mice preferentially primes systemic accu-

mulation of fungal-specific Th17 CD4+ T cells, in agreement with

accumulation of IL-17-producing cells in the peripheral blood of

healthy human volunteers (Acosta-Rodriguez et al., 2007).

To further investigate the necessity of these immune compo-

nents in protection against C. albicans invasive infection, the

effects of their depletion initiated 1 day prior to intravenous chal-

lenge were evaluated. Administration of either CD4+ T cell

depleting or IL-17A plus IL-17F neutralizing antibodies over-

turned the protective benefits of intestinal colonization, since

fungal pathogen burden and mortality each rebounded to levels

comparable to control mice (Figures 3D and 3E). Protection

against invasive infection conferred by C. albicans intestinal

colonization was also eliminated in Rag1-deficient mice

completely devoid of all T and B cells (Figure 3F). Thus, CD4+

T cells and IL-17 cytokines are each essential for C. albicans

colonization-conferred protection against invasive infection.

IL-17 Responsiveness in Circulating Neutrophils
Increased with C. albicans Intestinal Colonization
To investigate the IL-17 responsive cell subset(s) responsible for

protection, colonization-induced shifts in expression of IL-17 re-

ceptor were compared among CD45+ leukocytes. Rather than

IL-17RA, which is ubiquitously expressed in leukocyte cells

(Iwakura et al., 2008), we focused on IL-17RC, an essential

component of the IL-17 receptor complex whose expression is

modulated by inflammation (Taylor et al., 2014). This analysis

showed significantly increased frequency of IL-17RC-express-

ing cells in the peripheral blood of C. albicans-colonized

compared to no colonization control mice (Figure 4A). Among

IL-17RC+ leukocytes, the proportion of Ly6GhiLy6Cint or Gr-1+

neutrophils was significantly increased, whereas no change

(Ly6ChiLy6Glomonocytes, CD4+ or CD8+ T cells) or reciprocal re-

ductions (B220+ B cells) were found for other leukocyte subsets

(Figure 4B). Enhanced IL-17 responsiveness by circulating leu-

kocytes was dependent on both CD4+ T cells and IL-17, since

IL-17RC expression was reduced to levels comparable to no

colonization control mice after administration of CD4+ T cell

depleting or IL-17A plus IL-17F neutralizing antibodies (Fig-

ure 4C). Enhanced IL-17 responsiveness by neutrophils paral-

leled their expanded accumulation among circulating leukocytes

(Figure 4D), and increased production of reactive oxygen

species in response toC. albicans stimulation (Figure 4E). Impor-

tantly, neutrophils are essential for commensal C. albicans-

conferred protection, since resistance against invasive infection

was efficiently overturned in mice administered anti-Ly6G or

anti-Gr-1 depleting antibodies, with mortality comparable to no
(C) Percent IL-17A, IL-17F, or IFN-g production after heat-killed wild-type C.

described in (A).

(D) Recoverable C. albicans 5 days after recombinant C. albicans intravenous infe

control mice administered rat IgG (isotype), anti-CD4, or anti-IL-17A plus anti-IL

(E) Percent survival for mice described in (D).

(F) Recoverable C. albicans 5 days after recombinant C. albicans intravenous i

C. albicans or no colonization controls.

**p < 0.01, ***p < 0.001, ****p < 0.0001. Bar, mean ± SEM. L.o.D., limit of detecti
colonization control mice administered each depleting antibody

(Figure 4F). Collectively, these results show expanded IL-17-pro-

ducing CD4+ T cells primed by C. albicans intestinal colonization

tonically stimulate IL-17 responsiveness by neutrophils, which in

turn protect against C. albicans invasive infection.

Protection against Systemic Infection Requires
Persistent C. albicans Intestinal Colonization
Given shifts in the composition and density of commensal mi-

crobes throughout development (Lozupone et al., 2012), we

next investigated the durability of commensal C. albicans-

conferred protection, and in particular, whether persistent colo-

nization is required. These experiments utilized fluconazole, an

anti-mycotic agent, which when added to ampicillin-supple-

mented drinking water efficiently eliminatesC. albicans intestinal

colonization (Figure S6A) (Iliev et al., 2012). Since fluconazole

would also artificially render resistance to fungal infection, we

first determined the time after removing fluconazole from the

drinking water when C. albicans infection susceptibility would

be restored, and found similar fungal burden in mice 5 days after

removing fluconazole compared with control mice (Figure S6B).

Using this approach, we found protection against invasive infec-

tion and nearly all systemic immunological shifts primed by

C. albicans intestinal colonization were eliminated with fungal

eradication. In particular, significantly increased fungal pathogen

burden was found after intravenous infection in fluconazole-

treated C. albicans-colonized mice compared with mice with

sustained C. albicans intestinal colonization (Figure 5A). Expan-

sion of CD4+ T cells with commensal C. albicans I-Ab:2W1S

specificity and their expression of RORgt in fluconazole-treated

mice were each reduced to background levels found in control

mice without prior C. albicans intestinal colonization (Figures

5B and 5C). Likewise, IL-17A and IL-17F production by CD4+

T cells in response to heat-killed C. albicans stimulation (Fig-

ure 5D), IL-17RC expression by circulating leukocyte and neutro-

phils (Figure 5E), expansion of circulating neutrophils (Figure 5F),

and their production of reactive oxygen species (Figure 5G) were

each overturned in fluconazole-treated mice compared with

mice with sustained C. albicans intestinal colonization. Thus,

persistent C. albicans intestinal colonization is required for main-

taining activated systemic anti-fungal Th17 immunity.

Commensal C. albicans Conferred Protection Extends
to Other Extracellular Pathogens
Given neutrophil activation induced by C. albicans colonization,

together with the shared importance of these cells in protection

against invasive infection by other microbial pathogens (Ko-

laczkowska and Kubes, 2013), we next investigated the

breadth of protection conferred by commensal C. albicans.

Since ampicillin drinking water supplementation is required
albicans stimulation by CD4+ splenocyte and lymph nodes cells for mice

ction (53 104 CFUs) among recombinantC. albicans colonized compared with

-17F antibodies beginning 1 day prior to infection.

nfection (5 3 104 CFUs) for Rag1-deficient mice colonized with recombinant

on. See also Figures S3–S5.
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Figure 4. C. albicans Intestinal Colonization Stimulates Accumulation, Activation, and IL-17 Responsiveness by Circulating Neutrophils

(A) Percent of IL-17RC+ among CD45+ leukocytes in the peripheral blood of mice with recombinant C. albicans intestinal colonization compared with no colo-

nization controls.

(B) Percent of IL-17RC+ among each leukocyte subset for mice described in (A).

(C) Percent of IL-17RC+ among CD45+ leukocytes in the peripheral blood of recombinant C. albicans-colonized mice 7 days after the administration of rat IgG

(isotype), anti-CD4, or anti-IL-17A plus anti-IL-17F antibodies.

(D) Percent of Ly6G+Ly6Cint neutrophils among CD45+ leukocytes in the peripheral blood for each group of mice described in (A).

(E) Representative plots (solid line histogram,C. albicans extract stimulation; shaded histogram, no stimulation controls) and composite data showing the relative

proportion of dihydrorhodamine (DHR)123 fluorescence among Ly6G+Ly6Cint neutrophils in the peripheral blood for each group of mice described in (A).

(F) Percent survival after recombinant C. albicans intravenous infection (53 104 CFUs) among recombinantC. albicans-colonized compared with no colonization

control mice administered anti-Ly6G or anti-Gr-1 antibodies, along with each respective rat IgG isotype control antibody, beginning 1 day prior to infection.

*p < 0.05, **p < 0.01, ****p < 0.0001. Bar, mean ± SEM. L.o.D., limit of detection.
for maintaining C. albicans colonization, microbial pathogens

with natural or induced ampicillin resistance were utilized for

infection. Interestingly, sharply reduced susceptibility to sys-

temic infection by the unrelated extracellular bacterial pathogen

S. aureus was associated with C. albicans intestinal coloniza-

tion. Mortality after intravenous infection with an inoculum of
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methicillin-resistant S. aureus that is lethal for ampicillin-

treated control mice was completely eliminated for mice with

commensal C. albicans (Figure 6A). Survival paralleled reduced

bacterial burden after infection with a lower S. aureus inoculum

(Figure 6A). Reciprocally, S. aureus susceptibility rebounded in

fluconazole-treated mice in agreement with the aforementioned
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Figure 5. Protection against Systemic C. albicans Invasive Infection Requires Persistent C. albicans Intestinal Colonization

(A) Recoverable C. albicans 5 days after recombinant C. albicans intravenous infection (5 3 104 CFUs) for recombinant C. albicans-colonized mice treated with

fluconazole, no antifungal treatment, or no C. albicans colonization control mice.

(B) Number of I-Ab:2W1S tetramer-positive CD4+ T cells from spleen and peripheral lymph nodes for recombinant C. albicans-colonized mice treated with

fluconazole for 20 days, no antifungal treatment, or no colonization control mice.

(C) Percent and number of RORgt+ among I-Ab:2W1S-positive CD4+ T cells for mice described in (B).

(D) Percent IL-17A or IL-17F production by CD4+ splenocyte and lymph nodes cells after heat-killed wild-type C. albicans stimulation for mice described in (B).

(E) Percent IL-17RC+ among CD45+ leukocytes or Ly6G+Ly6Cint neutrophils in the peripheral blood for mice described in (B).

(F) Percent of Ly6G+Ly6Cint neutrophils among CD45+ leukocytes in the peripheral blood for mice described in (B).

(G) Relative intensity of dihydrorhodamine (DHR)123 fluorescence among Ly6G+Ly6Cint neutrophils in the peripheral blood afterC. albicans extract stimulation for

mice described in (B).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Bar, mean ± SEM. L.o.D., limit of detection. See also Figure S6.
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Figure 6. Commensal C. albicans Protects against S. aureus Infection and Promotes Susceptibility to Th17 Airway Inflammation

(A) Percent survival after S. aureus intravenous infection (strain USA300; 108 [left panel]) and recoverable S. aureus 5 days after infection with a reduced dosage

(strain USA300; 33 107 CFUs [right panel]) for mice with recombinant C. albicans intestinal colonization, C. albicans colonized mice treated with fluconazole, or

no colonization control mice.

(B) Percent survival and clinical score progression after influenza A virus intranasal infection (strain PR8; 2 3 105 PFU) for mice with recombinant C. albicans

intestinal colonization or no colonization control mice.

(C) Airway resistance, percent RORgt+, or IL-17A production by CD4+ T cells recovered from the lungs of recombinant C. albicans-colonized mice treated with

fluconazole, no antifungal treatment, or no C. albicans colonization control mice. Mice were intratracheally sensitized and challenged with house dust mite

extract, and airway resistance represents change over baseline after inhaled methacholine challenge.

**p < 0.01, ***p < 0.001, ****p < 0.0001. Bar, mean ± 1 SEM. L.o.D., limit of detection.
experiments, highlighting a necessity for persistent C. albicans

colonization in maintaining activated Th17 systemic immunity

(Figure 6A). In contrast to definitive protection against

S. aureus, no significant differences in survival, time to death,

or progression of clinical symptoms were found after infection

with the intracellular viral pathogen, influenza A virus, among
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C. albicans-colonized compared with control mice (Figure 6B).

Thus, commensal C. albicans-conferred protection is not

restricted only to C. albicans invasive infection, but also ex-

tends to other extracellular pathogens, such as S. aureus,

where neutrophils play a dominant role in protection (Rigby

and DeLeo, 2012).
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Figure 7. C. albicans Fecal Colonization Den-

sity Positively Correlates with Systemic

Levels of Fungal-Specific Th17 Inflammation

(A) Regression analysis comparing IL-17A or IL-17F

production by CD4+ peripheral blood cells after

heat-killed C. albicans stimulation compared with

the fecal relative abundance of C. albicans or non-

albicans Candida spp. determined by shotgun

sequencing for each individual.

(B) Regression analysis comparing intensity of

IL-17RC staining by CD15+CD16+ neutrophils in

peripheral blood cells compared with the fecal rela-

tive abundance of C. albicans or non-albicans

Candida spp. for each individual.

(C) Regression analysis comparing intensity of

IL-17RC staining by CD15+CD16+ neutrophils in

peripheral blood cells compared with the fecal rela-

tive abundance of S. aureus, E. coli, or E. faecalis for

each individual.

Levels below the limits of detection are shown as

open circles on the y axis. See also Figure S7.
Commensal C. albicans Activation of Systemic Th17
Inflammation Promotes Susceptibility to Airway
Inflammation
Given these remarkable protective benefits against invasive

infection, complementary studies addressed the potential for

harmful consequences associated with systemic accumulation

of activated neutrophils and Th17 immunity primed by

C. albicans colonization. Allergic airway inflammation is increas-

ingly recognized to be mediated by activated neutrophils and

aberrant IL-17 production (Alcorn et al., 2010). Since intestinal

fungi have been shown to exacerbate asthma-like symptoms

in antibiotic-treated mice (Li et al., 2018; Noverr et al., 2005;

Skalski et al., 2018; Wheeler et al., 2016), the potential for

commensal C. albicans-induced shifts in airway inflammation

was evaluated. We found the lungs of mice with C. albicans in-

testinal colonization compared with no colonization control

mice contained significantly expanded levels of Th17 (RORgt+

and IL-17 producing) CD4+ T cells that parallel increased airway

hyperresponsiveness after house dust mite intratracheal chal-

lenge (Figure 6C). Reciprocally, RORgt+- and IL-17-producing

CD4+ T cell accumulation and airway responsiveness were

each efficiently reversedwith commensalC. albicans eradication

by fluconazole (Figure 6C). Together, these results show

commensal C. albicans tonically stimulates systemic Th17

inflammation with broad immunological host impacts, on one
Cell Host
hand protecting against systemic invasive

infection by extracellular pathogens, but

also promoting susceptibility to aberrant

tissue inflammation.

C. albicans Fecal Colonization
Density Positively Correlates with
Systemic Fungal-Specific Th17
Inflammation
To investigate whether Th17 inflammation

driven by CD4+ T cell recognition of

commensal C. albicans occurs similarly in

humans, the relationship between fecal
C. albicans colonization density and levels of IL-17-producing

CD4+ T cells with fungal specificity and IL-17 responsiveness

by circulating neutrophils was evaluated in intensive-care unit

patients naturally predisposed to have fungal colonization from

antibiotic exposure. We reasoned comparing activation of im-

mune cells with C. albicans fecal colonization density at a single

time point for each individual would reveal a snapshot for how

tonic C. albicans colonization impacts systemic immunity. Fecal

abundance of C. albicans was evaluated by shotgun

sequencing, followed by Kraken alignment of sequence reads

against a custom comprehensive microbial genome database

(Wood and Salzberg, 2014). C. albicans-specific Th17 cells

were enumerated as the percentage of IL-17A- and/or IL-

17F-producing CD4+ peripheral blood cells after heat-killed

C. albicans in vitro stimulation. Both stimulation and no stimula-

tion control specimens were supplemented with anti-CD28 anti-

body to improve re-stimulation efficiency and cytokine produc-

tion (Koehler et al., 2018). These experiments showed direct

correlations between IL-17 production by circulating CD4+

T cells (p = 0.001) and IL-17RC expression by CD15+CD16+ neu-

trophils (p < 0.001), each compared with the relative or absolute

abundance of C. albicans fecal colonization (Figures 7A, 7B, and

S7). These differences in CD4+ T cell IL-17 production and shifts

in neutrophil IL-17 responsiveness are restricted to C. albicans

since positive associations were eliminated when compared
& Microbe 25, 404–417, March 13, 2019 413



with the fecal density of non-albicans Candida spp. (Figures 7A,

7B, and S7). Likewise, no correlations were identified between

neutrophil IL-17RC expression and the density of fecal coloniza-

tion by other common pathobionts including S. aureus, E. coli, or

Enterococcus faecalis (Figure 7C). Thus, selective activation of

the Th17-neutrophil axis by commensal C. albicans is recapitu-

lated in humans.

DISCUSSION

The intestine and other mucosal tissues harbor many virulent

pathobionts capable of invasive disseminated infection (Brown

et al., 2012; Casadevall and Pirofski, 2000). Despite their excep-

tionally high colonization prevalence, systemic infection by path-

obiont microbes occurs relatively infrequently. One explanation

may be that mucosal-dwelling pathobionts have limited tropism

for extra-intestinal tissues, and thus rarely cause systemic infec-

tion. However, this is likely an over-simplification, since invasion

and dissemination to extra-intestinal tissues are nonetheless

consistent features of human clinical infection. Thus, we sought

an immunological explanation by investigating systemic immu-

nological changes primed by commensal pathobiont coloniza-

tion first in healthy immune competent hosts, and later with

depletion of defined immune components to probe their neces-

sity against invasive infection. We show that despite high-den-

sity C. albicans intestinal colonization, spontaneous dissemi-

nated infection occurs very infrequently in mice, similar to

immune competent humans (Pfaller and Diekema, 2007). Inter-

estingly, resistance to systemic infection is not passive, but

actively acquired and maintained by Th17 CD4+ T cells respon-

sive to commensal-pathobiont microbes. In turn, IL-17 stimu-

lates accumulation, activation, and enhanced IL-17 responsive-

ness in circulating neutrophils. This necessity for IL-17, CD4+

T cells, and circulating neutrophils reveals mechanistic details

for why immune suppression and, in particular, neutropenia are

dominant risk factors for candidemia (Patolia et al., 2013), and

extends the functional implications of Th17-dominated differen-

tiation ofC. albicans-specific memory CD4+ T cells in healthy hu-

man volunteers (Acosta-Rodriguez et al., 2007) by establishing

their importance in host defense against invasive infection.

CommensalC. albicans primed expansion of protective IL-17-

producing CD4+ T cells with fungal specificity also provides

important clues for explaining discordance in the necessity of

IL-17 in protection against C. albicans invasive infection. In

particular, while IL-17A and IL-17 receptor have each been re-

ported to be indispensable for resistance against intravenous

C. albicans infection using IL-17A- or IL-17 receptor-deficient

mice (Huang et al., 2004; Saijo et al., 2010; van de Veerdonk

et al., 2010), others have shown completely non-essential roles

for these molecules (De Luca et al., 2010). Our results suggest

this discordance is explained by whether mice in each facility

have commensalC. albicans colonization, since IL-17 neutraliza-

tion and CD4+ T cell depletion each cause susceptibility to intra-

venous C. albicans infection only among mice with C. albicans

intestinal colonization (Figure 3D). Thus, the presence of

commensal fungi dictates the relative importance of these im-

mune components in host defense against invasive infection.

Many other phenotypes attributed to fungal immunity and the

immune modulatory properties of commensal fungi are likely to
414 Cell Host & Microbe 25, 404–417, March 13, 2019
be influenced by the unique hostmycobiome. For example, while

antibiotic-induced intestinal overgrowth of the commensal fun-

gus Wallemia mellicola enhances the severity of allergic airway

disease in mice (Skalski et al., 2018), this fungal species is not

present for animals in our facility (Jiang et al., 2017). Instead,

we and others find similarly increased susceptibility of mice to

allergic airway inflammation with C. albicans intestinal coloniza-

tion (Noverr et al., 2005) (Figure 6C). Functional overlap between

unique species of commensal fungi is further supported by

recent independent studies showing C. tropicalis and other

endogenous fungi protect against colon cancer through

CARD9 signaling in intestinal myeloid cells (Malik et al., 2018;

Wang et al., 2018). Together, these results suggest positive cali-

bration of Th17 inflammation we demonstrate may not be unique

to C. albicans, but shared by other fungal species that activate

unique intestinal immune cell subsets, such as CX3CR1+ mono-

nuclear phagocytes, in a similar fashion (Li et al., 2018). In this re-

gard, functional overlap for fungi would represent a sharp

contrast to commensal bacteria in which a majority of intestinal

Th17 cells respond to the single bacterial species, segmented

filamentous bacteria (Yang et al., 2014). On the other hand, the

remarkable specificity whereby IL-17 responsiveness in human

circulating neutrophil cells is associated with C. albicans fecal

colonization density, but not non-albicans Candida spp. or other

bacterial pathobionts (Figure 7), highlights potentially unique im-

mune modulatory properties of C. albicans, distinct from other

commensal fungal species. This notion is in agreement with

recent human T cell analysis implicating C. albicans as the major

inducer of systemic Th17 differentiation that propagates expan-

sion of IL-17-producing CD4+ T cells cross-reactive to other

fungal species (Bacher et al., 2019). Thus, unique microbial fea-

tures of C. albicans dominantly promote Th17 immunity shifts in

humans. Whether C. albicans-induced immune modulation is

restricted only to humans or present in other mammalian species

is an important area for future investigation.

Antibiotic-induced bacterial dysbiosis is a pervasive risk factor

for human fungal colonization (Schulte et al., 2015; Spinillo et al.,

1999), and susceptibility to invasive fungal infections (Berdal

et al., 2014; Yu et al., 2013). These clinical aspects of fungal colo-

nization and invasive infection susceptibility were investigated

by supplementing the drinking water of mice with ampicillin.

Despite the relatively narrow spectrum of this single b-lactam

antibiotic, dramatic shifts in the composition of fecal commensal

bacteria were identified (Fan et al., 2015; Ubeda et al., 2010) (Fig-

ures 1E–1G and S1) that grossly recapitulate loss of diversity and

bacterial composition shifts by antibiotics in humans (Zaura

et al., 2015). Thus, while the impacts of ampicillin cannot be

definitively excluded, bacterial dysbiosis was experimentally

controlled given the similar composition, abundance, and diver-

sity of intestinal bacteria in C. albicans-colonized compared with

ampicillin-treated control mice (Figures 1E–1G and S1).

Protection against C. albicans invasive infection has been

used to show innate immune cells without antigen specificity

(e.g., monocyte, macrophage) can be trained to remember prior

infectious encounters. Classical experiments show recent prior

intravenous infection with a sublethal C. albicans inoculum im-

proves survival of both wild-type and Rag1-deficient mice after

C. albicans intravenous challenge (Quintin et al., 2012). More

recently, Rag1-deficient mice were used to show non-essential



roles for adaptive immune components in protection against

C. albicans invasive infection conferred by colonization with

attenuated mutant strains adapted for intestinal commensalism

(Tso et al., 2018). By contrast, we show a necessity for adaptive

immune cells, and in particular CD4+ T cells, in systemic host de-

fense primed by virulent C. albicans intestinal colonization, since

susceptibility to invasive infection rebounds to levels found in

non-colonized control mice with CD4+ T cell depletion or in

Rag1-deficient mice (Figures 3D–3F). The reason for this discor-

dance remains uncertain, but likely reflects intrinsic differences

in immunogenicity of virulent pathobionts compared with atten-

uated commensal microbes, the spectrum of antibiotics used to

facilitate C. albicans intestinal colonization, or intrinsic differ-

ences between commensal microbiota for mice housed in

each respective facility.

Systemic expansion of IL-17-producing CD4+ T cells with

commensal C. albicans specificity (Figures 3C and S5), together

with enhanced IL-17 responsiveness by circulating neutrophils,

which require exposure to IL-17 and CD4+ T cells in mice with

C. albicans intestinal colonization (Figure 4C), suggests that

even innately trained immune cells can be further educated by

adaptive immune components with commensal specificity.

Durability is one important distinction between non-antigen-spe-

cific immune cells trained by transient exposure to defined mi-

crobial compounds or acute infection conditions, which have

relatively short functional longevity (Quintin et al., 2012; Tso

et al., 2018), and the more sustained activation of neutrophils

in mice with C. albicans intestinal colonization that we show re-

lies on CD4+ T cell recognition of commensal C. albicans. How-

ever, durability in this context is also not absolute, since tonic

stimulation by commensal C. albicans is needed for sustained

activation and expansion of protective neutrophils and Th17

CD4+ T cells (Figure 5). Further supporting the need for tonic

commensal stimulation is the positive correlation in humans be-

tween C. albicans fecal density and levels of systemic

C. albicans-specific Th17 CD4+ T cells plus IL-17 responsive-

ness by circulating neutrophils (Figures 7A, 7B, and S7). Thus,

despite inherent differences in the composition of commensal

microbes across species, this complementary analysis of immu-

nity in humans and mice highlights conserved shifts in systemic

immunity primed by C. albicans. Existence of this dynamic inter-

play between commensal C. albicans and systemic immune

cells, which sense not only the presence of C. albicans coloniza-

tion, but also transient shifts in colonization levels, opens up

exciting new opportunities to target fungi withmycotic probiotics

and/or antifungal agents for therapeutically fine-tuning systemic

immunity.
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Brilliant Violet421 anti-mouse IFN-g

(clone: XMG1.2)

eBioscience Cat# 48-7311-82; RRID: AB_1834366

PE-Cy7 anti-mouse IL17A (clone: TC 11-18H10.1) Biolegend Cat# 506922; RRID: AB_2125010

PE anti-mouse IL17F (clone: 9D3.1C8) Biolegend Cat# 517008; RRID: AB_10690818

Alexa Fluor 700 anti-human CD4 (clone: OKT4) eBioscience Cat# 56-0048-82; RRID: AB_657741

eFluor 450 anti-human CD15 (clone: H198) Invitrogen Cat# 48-0159-42; RRID: AB_2016661

PE-Cy5 anti-human CD16 (clone: 3G8) Biolegend Cat# 302010; RRID: AB_314210

PE-Cy7 anti-human CD45 (clone: HI30) BD bioscience Cat# 557748; RRID: AB_396854

APC anti-human IL-17A (clone: eBio64DEC17) eBioscience Ca# 17-7179-42; RRID: AB_1582221

PE anti-human IL17F (clone: O33-782) BD Bioscience Cat# 564263; RRID: AB_2738715

PE anti-human IL17RC (clone: 309822) R&D Systems Cat# FAB22691P; RRID: AB_10889842

PE Streptavidin eBioscience Cat# 12-4317-87

anti-human CD28 BD Bioscience Cat# 555725; RRID: AB_396068

anti-mouse CD4 (clone: GK1.5) BioXcell Cat# BE0003-1; RRID: AB_1107636

anti-mouse IL-17A (clone:17F3) BioXcell Cat# BE0173; RRID: AB_10950102

anti-mouse IL-17F (clone: MM17F8F5.1A9) BioXcell Cat# BE0303; RRID: AB_2715461

anti-mouse Ly6G (clone: 1A8) BioXcell Cat# BE0075-1; RRID: AB_1107721

anti-mouse Gr-1 (clone: RB6-8C5) BioXcell Cat# BE0075; RRID: AB_10312146

rat IgG2a isotype control BioXcell Cat# BE0089; RRID: AB_1107769

rat IgG2b isotype control BioXcell Cat# BE0090; RRID: AB_1107780

mouse IgG1 isotype control BioXcell Cat# BE0083; RRID: AB_1107784

Bacterial and Virus Strains

Candida albicans SC5314 Daniel Kaplan, University of Pittsburg N/A

Recombinant Candida albicans SC5314 Daniel Kaplan, University of Pittsburg N/A

Influenza A H1N1 strain PR8 Monica McNeal, Cincinnati Children’s Hospital N/A

Staphylococcus aureus USA300 Matthew Flick, Cincinnati Children’s Hospital N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Salinibacter ruber ATCC BAA-605

Biological Samples

Candida albicans Greer Laboratories Catalog# My15

Mite, House Dust (freeze-dried extract) Greer Laboratories Catalog# B82

Chemicals, Peptides, and Recombinant Proteins

Ampicillin Sigma-Aldrich Catalog# A0166-100G

Gentamicin Sigma-Aldrich Catalog# G3632-25G

Metronidazole Sigma-Aldrich Catalog# M3761-100G

Neomycin Sigma-Aldrich Catalog# N6386-100G

Vancomycin MP Biomedical Catalog# 0219554005-5g

Fluconazole Sigma-Aldrich Catalog# PHR1160-1G

Dehydrated Culture Media: Brain Heart Infusion Thermo Fisher Scientific Catalog# B11060

Yeast extract Boston Bio Product Catalog# P-950

Bactopeptone BD Bioscience Catalog# DF0118170

Uridine Alfa-Aesar Catalog# A15227

D-(+)-Glucose Sigma-Aldrich Catalog# G5767-500G

Agar Bio Express Catalog# J637-2500G

DMEM GIBCO Catalog# 10313-21

Fetal bovine serum GeneMate Catalog# S-1200-500

Glutamine (100X) GIBCO Catalog# 25030-081

HEPES 1M GIBCO Catalog# 15630-080

penicillin-streptomycin solution (100X) GIBCO Catalog# 15140-122

Collagenase Sigma-Aldrich Catalog# C5138

DNase I Sigma-Aldrich Catalog# DN25

Percoll Sigma-Aldrich Catalog# P4937

Potassium hydrogen bicarbonate Fisher Chemical Catalog# P184-500

Ammonium chloride ACROS Catalog# 3931825

Methacholine Sigma-Aldrich Catalog# A2251

Dihydrohodamine123 Sigma-Aldrich Catalog# D1054-10MG

Cell stimulation Cocktail (PMA and ionomycin) eBioscience Catalog# 00-4970-03

BD Golgi Plug (Brefeldin A solution) BD Bioscience Catalog# 555029

Human Fc block BD Bioscience Catalog# 564219

Foxp3/Transcription factor staining buffer set eBioscience Catalog# 00-5523-00

Fixation /Permeabilization solution kit BD Bioscience Catalog# 554722

Critical Commercial Assays

Epicenter Masterpure Yeast DNA Purification Kit Lucigen Catalog# MPY80200

Ready-Lyse Lysozyme solution Lucigen Catalogue# R1810M

PureLink Genomic DNA Mini Kit Invitrogen Catalogue# K182001

Deposited Data

No antibiotic control mouse 1 https://www.ncbi.nlm.nih.gov/sra/SRX5382123 Accession: SAMN10948878

No antibiotic control mouse 2 https://www.ncbi.nlm.nih.gov/sra/SRX5382124 Accession: SAMN10948879

No antibiotic control mouse 3 https://www.ncbi.nlm.nih.gov/sra/SRX538212 Accession: SAMN10948880

No antibiotic control mouse 4 https://www.ncbi.nlm.nih.gov/sra/SRX5382122 Accession: SAMN10948881

Ampicillin drinking water mouse 1 https://www.ncbi.nlm.nih.gov/sra/SRX5382115 Accession: SAMN10948886

Ampicillin drinking water mouse 2 https://www.ncbi.nlm.nih.gov/sra/SRX5382116 Accession: SAMN10948887

Ampicillin drinking water mouse 3 https://www.ncbi.nlm.nih.gov/sra/SRX5382111 Accession: SAMN10948888

Ampicillin drinking water mouse 4 https://www.ncbi.nlm.nih.gov/sra/SRX5382112 Accession: SAMN10948889

C. albicans colonization mouse 1 https://www.ncbi.nlm.nih.gov/sra/SRX5382119 Accession: SAMN10948882

C. albicans colonization mouse 2 https://www.ncbi.nlm.nih.gov/sra/SRX5382120 Accession: SAMN10948883

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C. albicans colonization mouse 3 https://www.ncbi.nlm.nih.gov/sra/SRX5382117 Accession: SAMN10948884

C. albicans colonization mouse 4 https://www.ncbi.nlm.nih.gov/sra/SRX5382118 Accession: SAMN10948885

Clinical sample 1 https://www.ncbi.nlm.nih.gov/sra/SRX5382113 Accession: SAMN10948890

Clinical sample 2 https://www.ncbi.nlm.nih.gov/sra/SRX5382114 Accession: SAMN10948891

Clinical sample 3 https://www.ncbi.nlm.nih.gov/sra/SRX5382107 Accession: SAMN10948892

Clinical sample 4 https://www.ncbi.nlm.nih.gov/sra/SRX5382108 Accession: SAMN10948893

Clinical sample 5 https://www.ncbi.nlm.nih.gov/sra/SRX5382109 Accession: SAMN10948894

Clinical sample 6 https://www.ncbi.nlm.nih.gov/sra/SRX5382110 Accession: SAMN10948895

Experimental Models: Cell Lines

Madin-Darby Canine Kidney Cell (line MDCK.2) ATCC CRL-2936

Experimental Models: Organisms/Strains

C57BL/6 mice Charles River Stain Code: 027

B6.129S7-Rag1tm1Mom/J mice Jackson Laboratory Stock No: 002216

Software and Algorithms

Prism 6.0h GraphPad N/A

Flow Jo 9.9.6 Treestar N/A

Tableau 2018.2.2 Tableau Software N/A

Other

I-Ab:2W1S52-68 tetramer Marc Jenkins, University of Minnesota N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources or reagents should be directed to and will be fulfilled the Lead Contact, Dr. Sing Sing

Way (singsing.way@cchmc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 and Rag1-deficient mice were purchased from Charles River laboratories and Jackson laboratories respectively, housed

under specific pathogen-free conditions, and used between 6-8 weeks of age. All experiments were performed using sex- and age-

matched controls under Cincinnati Children’s Hospital Research Foundation IACUC approved protocols.

Microbes
Wild-type C. albicans (strain SC5314) and the isogenic recombinant virulent strain expressing GFP plus 2W1S55-68 peptide was pro-

vided by Dr. Daniel Kaplan (University of Pittsburgh) (Igyártó et al., 2011). Methicillin resistant S. aureus (strain USA300) was provided

by Dr. Matthew Flick (Cincinnati Children’s Hospital). Mouse adapted H1N1 influenza A virus (strain PR8) was provided by Monica

Malone McNeal (Cincinnati Children’s Hospital). Each C. albicans strain (wild-type or recombinant) was cultured in YPAD media

at 30�C with shaking (200 rpm). S. aureus was cultured in BHI media at 37�C with shaking (200 rpm). For infection, C. albicans

and S. aureus were each back-diluted to early log phase growth (OD600 �0.1), then washed and diluted in sterile saline. PR8 virus

was grown and tittered in Madin-Darby Canine kidney epithelial cells, stored as individual aliquots –70�C, and thawed immediately

prior to infection.

Human Subjects
Informed consent to use discard anticoagulated blood collected for routine clinical care was obtained under Cincinnati Children’s

Hospital Institutional Review Board (IRB) approved protocols. Inclusion criteria were patients scheduled for routine early morning

blood collection so that analysis could be performed on excess sample after clinical processing, and those willing and able to provide

a stool specimen. Exclusion criteria were patients with lymphopenia or neutropenia (absolute lymphocyte and neutrophil count

each > 500 3 103/ml), recent (past 30 days) exposure to antifungal compounds, or being critically ill that precluded being able to

obtain oral and written consent. The final analysis included patients fitting these criteria (age range, 15 months to 5 years) and of

both genders.
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METHOD DETAILS

Antibiotic and Antimycotic Agents
To establishC. albicans intestinal colonization, the drinking water of mice was supplemented with ampicillin (1 mg/mL) two days prior

to oral C. albicans inoculation. Thereafter mice were maintained on ampicillin supplemented drinking water throughout the experi-

ment. To eradicate commensal fungi, ampicillin treated drinking water was further supplemented with fluconazole (0.5 mg/mL).

Microbial Propagation and Infection
For oral inoculation, 30 ml of the overnight culture C. albicans was administered dropwise into the mouths of mice. For intravenous

infection, each C. albicans strain (wild-type or recombinant) (53 104 CFUs in 200ml) or S. aureus (108 CFUs or 33 107 CFUs each in

200ml) was injected into mice via the lateral tail vein. For influenza A virus infection, frozen aliquots of PR8 virus were individually

thawed, diluted in saline to 2 3 105 PFU/30 ml, and intranasally administered to anesthetized (ketamine/xylazine) mice (Jiang

et al., 2017). Mice were checked daily and assigned the following clinical disease score (1 healthy; 2 limited ruffled fur; 3 ruffled

fur throughout; 4 mild lethargy; 5 limited movement; 6 moribund or uncontrolled spastic movements; 7 deceased) as described

(Turner et al., 2017). For enumerating the number of recoverableC. albicans andS. aureus colony forming units, individual fetal pellets

or each tissue from mice was sterilely dissected, weighed, and homogenized in sterile saline. Serial dilutions on the organ homog-

enate were spread onto BHI media plates (S. aureus) or BHI media plates supplemented with antibiotics (C. albicans) (ampicillin

[2.5 mg/mL), gentamicin (2.5 mg/mL), metronidazole (2.5 mg/mL), neomycin (2.5 mg/mL), and vancomycin (1.25 mg/mL), and the num-

ber of individual colonies enumerated after incubation at 37�C for 24 hours.

Cell Staining, Stimulation and Flow Cytometry
Fluorophore- or biotin-conjugated antibodies used mouse cell analysis are as follows: anti-CD4 (clone GK1.5), anti-CD8a (clone

53-6.7), anti-CD11b (clone M1/70), anti-CD11c (clone N418), anti-F4/80 (clone BM8), anti-B220 (clone RA3-6B2), anti-CD44

(clone IM7), anti-CD45 (clone 30F11), anti-Ly6G (clone 1A8), anti-Ly6C (clone HK1.4), anti-Gr-1 (clone RB6-8C5), anti-IL-17RC (poly-

clonal IgG), anti-FOXP3 (clone FJK-16S), anti-RORgt (clone Q31-378), anti-T-bet (clone 4B10), anti-IFN-g (clone XMG1.2), anti-IL17A

(clone TC 11-18H10.1), anti-IL17F (clone 9D3.1C8). Fluorophore-conjugated antibodies were used for human cell analysis are as fol-

lows: anti-CD4 (clone OKT4), anti-CD15 (clone H198), anti-CD16 (clone 3G8), anti-CD45(clone HI30), anti-IL-17A (clone eBio64-

DEC17), anti-IL17F (clone O33-782), anti-IL17RC (clone 309822) with staining in the presence of Human Fc block (BD Bioscience).

For detecting cytokine production by individual cells, 106 cells from the spleen and peripheral lymph nodes were stimulated with

heat-killed (65�C for 90 min) WT C. albicans (106 CFU equivalents) in 200 ml complete DMEMmedium (supplemented with 10% fetal

bovine serum, 1% L-glutamine, 10 mM HEPES, 1% penicillin-streptomycin) at 37�C and 5% CO2 for 24 hours, and with GolgiPlug

supplementation to the media for the last 6 hours, and intracellular staining was performed after cell permeabilization (BD

PharMingen) according to the manufacturers’ instructions. Single cell suspensions from spleen and peripheral lymph nodes were

stained with APC or PE conjugated I-Ab:2W1S55-68 tetramer at room temperature for 60 min, and enriched using anti-APC or anti-

PE antibody conjugated magnetic beads (Militenyi Biotec) as described (Moon et al., 2007). Samples were acquired using an FACS-

Canto (BD) cytometer and analyzed using FlowJo software (Tree Star).

Isolation of Kidney Leukocytes
Kidneys were minced and digested with collagenase D (1 mg/mL) and DNase (0.1 mg/mL) in complete DMEM medium at 37�C
200 rpm for 30 min. The digest was then passed through a 70 mm filter to obtain single cell suspensions. Leukocytes were isolated

by centrifugation at 2000 rpm for 20 min on a 40% and 80% Percoll gradient. Residual red blood cells were lysed by hypertonic so-

lution (10 mMHKCO3, 16 mMNH4Cl, pH 7.3) before further manipulation. Single cell suspensions were stained with APC conjugated

I-Ab:2W1S55-68 tetramer at room temperature for 60 min before surface and intranuclear staining.

In Vivo Cell Depletion or Cytokine Neutralization
The following antibodies were administered to mice for in vivo cell depletion or cytokine neutralization: anti-CD4 (clone GK1.5); anti-

IL-17A (clone 17F3), anti-IL17F (cloneMM17F8F5), anti-Gr-1 (clone RB6-8C5), anti-Ly6G (clone 1A8), or each respective isotype anti-

body control (mouse IgG1, rat IgG2b, and rat IgG2a) by intraperitoneal injection (0.6 mg each antibody per mouse) beginning 1 day

prior toC. albicans intravenous infection or 7 days prior to blood collection. Thereafter, 0.3 mg of the same antibody was administered

every two days until the end of the experiment.

Imaging
BHI agar plates containing fungal colonies were imaged by the In Vivo Imaging System (Perkin Elmer) using the GFP and Cy5.5 filter

sets. Fluorescence intensity was quantified by region-of-interest calibration using the Cy5.5-filter set image as background and

showing the ratio properties as pseudo-color images (rainbow pseudo-color shows ratio high to low as red to blue), and analyzed

using Nikon Elements software.
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Reactive Oxygen Production
Peripheral blood was collected via retro-orbital bleeding frommice. To detect production of reactive oxygen species, RBC lysed pe-

ripheral blood cells were seeded into 96-well round-bottom plates (23 105/well) in the presence of 0.45 mMdihydrorhodamine 123 for

15 min, then stimulated with 100 mg/mL C. albicans extract (Greer Laboratories) for 60 min.

Airway Reactivity and Inflammation
Mice were anesthetized with ketamine/xylazine and hung by their front incisors on an angled stand. 100 mg house dust mite extract

(Greer Laboratories) in 40 mL sterile saline was administered intratracheally. 10 days later, mice were challenged with the same

amount of house dust mite extract. 48 hours after the second intratracheal challenge, airway resistance in response to inhaled meth-

acholine (100 mg/mL) wasmeasured using FlexiVent (SCIREQ). Saline perfused lungs were minced and digested with collagenase D

(1 mg/mL) and DNase (0.1mg/mL) in complete DMEMmedia for 30 min at 37�C with gentle shaking (200 rpm). The tissue digest was

then passed through a 70 mm filter to obtain single cell suspensions. For intracellular cytokine staining, single cell preparations from

the lung were stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin (eBioscience Cell Stimulation Cocktail) for 4.5

hours at 37�C and 5% CO2 in the presence of BD GolgiPlug.

Human peripheral blood cells
Anticoagulated peripheral blood was RBC lysed, and cells seeded into 96-well round-bottom plates (2 3 105/well). Thereafter, trip-

licate wells were stimulatedwith heat-killedC. albicans (106 CFU equivalents) and anti-humanCD28 (5 mg/mL, BDBioscience) or anti-

human CD28 for 24 hours at 37�C, and with supplementation of the media with GolgiPlug (BD Biosciences) for the last 6 hours.

Fecal DNA Extraction and Shotgun Metagenome Sequencing
DNA extraction was performed by mixing 0.1 g stool with 0.35 mL Epicenter Masterpure Yeast DNA Purification lysis buffer to which

was added 3500U of Epicenter Ready Lyse solution. Two 5-mm stainless steel beads were added and the samples were vortexed for

1 hour at room temperature. The samples were frozen at –80�C briefly then thawed and the supernatant was transferred to a new

tube, to which 0.15 mLMPC Protein Precipitation Reagent was as added. After centrifugation (13,000 x g) for 10 min the supernatant

was added to new tube to which 0.2 mL 100% ethanol was added. The samples were incubated at –20�C for 30 min. DNA was then

purified on Invitrogen PureLink DNA columns following the manufacturer’s instructions. DNA concentration was determined using

Qubit analyzer, and diluted to 200 ng/mL. Salinibacter ruber genomic DNA (which is not a component of the human microbiota)

was then added to each sample at a fixed concentration (1.4 pg/mL) as a reference standard. Nextera XT adapters following

manufacturer’s instructions, and sequencing was performed on an Illumina NextSeq500 machine using 150-bp DNA paired end

reads to a depth of approximately 2 million base pairs per sample. Raw sequence data was demultiplexed and converted to fasta

format and subjected to downstream analysis.

Taxonomic Assignment of DNA Reads
Paired-end sequencing reads from each sample were aligned with Kraken (Wood and Salzberg, 2014) against a custom genome

database consisting of the human genome and approximately 40,054 bacterial, fungal, viral and parasitic genomes. The database

was derived initially from all bacteria, fungi, and viruses in the RefSeq genome database (ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/,

accessed 11/27/2017) as well as the human genome database (GR38Ch; ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/

vertebrate_mammalian/Homo_sapiens/latest_assembly_versions/). Manual curation was used to add additional Bacteroides, Para-

bacteroides, and Clostridia genomes including draft genomes from NCBI Assemblies (https://www.ncbi.nlm.nih.gov/assembly) and

PATRIC (https://www.patricbrc.org/view/Taxonomy/2#view_tab=genomes). Additional fungal and viral genome sequences were

recovered from the above two resources and dedicated viral (https://www.viprbrc.org/brc/home.spg?decorator=vipr, http://www.

virusite.org/) and fungal (http://fungidb.org/fungidb/) databases. Reads were assigned initially using Kraken and then using Bracken,

which uses a Baysean approach to rebalance reads that might have had several possible assignments. Taxonomic count data was

normalized by rarefaction. Species that contributed less than 0.01% of overall mapped reads or were present in less than 10% of the

samples were removed. To calculate genome equivalents of total bacterial species in each fecal sample, total read counts were first

normalized across samples. Read counts per sample were then multiplied by 150 (the length of sequence read) then divided by the

genomic size of each bacterial species, which yielded normalized genome equivalents per sample. Genomic equivalents were then

then normalized to the known quantity of added Salinibacter ruber genome equivalents. Finally, genome abundance of all bacterial

species were summed to yield the total bacterial abundance (genome equivalents) per sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using Prism (Graphpad) software. The unpaired two-tailed Student’s t test was used to compared

differences between two groups. One-way ANOVA with Tukey’s test for multiple comparisons was used to evaluate experiments

containing more than two groups. Repeated-measures two-way ANOVA was used to evaluate time course experiments. To identify

species that significantly differed between patient groups,Wilcoxon pairwise rank sum test was used to identify taxa that were signif-

icantly different between patient groups and the resulting p values were subjected to Bonferroni correction. Shrinkage Linear

Discriminant Analysis (SLDA; a form of Linear Discriminant Analysis) was utilized to calculate effect size. Corrected p values with
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FDR< 0.1 and SLDA effect size > 0.2 are considered significantly different between groups. As the number of species differing among

groups was very large, the much more stringent cutoffs of effect sizeR10, and FDR < 0.05 (Wilcoxon rank sum test with Bonferroni

correction) were applied to the data for the purposes of graphical representation. Survival curveswere analyzed by Log-rank (Mantel-

Cox) test. Non-linear regression was used to evaluate the association between human CD4+ T cell IL-17 production or neutrophil

IL-17RC expression each compared with fecal colonization density.

DATA AND SOFTWARE AVAILABILITY

The accession number for the shotgun sequencing data reported in this paper is under NCBI accession numbers SAMN10948878-

10948895 (see Key Resources Table for additional details).
Cell Host & Microbe 25, 404–417.e1–e6, March 13, 2019 e6


	Commensal Candida albicans Positively Calibrates Systemic Th17 Immunological Responses
	Introduction
	Results
	C. albicans Intestinal Colonization Protects against Invasive C. albicans Systemic Infection
	Systemic Expansion of Protective IL-17-Producing CD4+ T Cells with Commensal C. albicans Specificity
	IL-17 Responsiveness in Circulating Neutrophils Increased with C. albicans Intestinal Colonization
	Protection against Systemic Infection Requires Persistent C. albicans Intestinal Colonization
	Commensal C. albicans Conferred Protection Extends to Other Extracellular Pathogens
	Commensal C. albicans Activation of Systemic Th17 Inflammation Promotes Susceptibility to Airway Inflammation
	C. albicans Fecal Colonization Density Positively Correlates with Systemic Fungal-Specific Th17 Inflammation

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Mice
	Microbes
	Human Subjects

	Method Details
	Antibiotic and Antimycotic Agents
	Microbial Propagation and Infection
	Cell Staining, Stimulation and Flow Cytometry
	Isolation of Kidney Leukocytes
	In Vivo Cell Depletion or Cytokine Neutralization
	Imaging
	Reactive Oxygen Production
	Airway Reactivity and Inflammation
	Human peripheral blood cells
	Fecal DNA Extraction and Shotgun Metagenome Sequencing
	Taxonomic Assignment of DNA Reads

	Quantification and Statistical Analysis
	Data AND Software Availability



