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The fungus Candida albicans colonizes the oral mucosal surface of 30–70% of healthy

individuals. Due to local or systemic immunosuppression, this commensal fungus is able

to proliferate resulting in oral disease, called oropharyngeal candidiasis (OPC). However,

in healthy individuals C. albicans causes no harm. Unlike humans mice do not host

C. albicans in their mycobiome. Thus, oral fungal challenge generates an acute immune

response in a naive host. Therefore, we utilized C. albicans clinical isolates which are able

to persist in the oral cavity without causing disease to analyze adaptive responses to oral

fungal commensalism. We performed RNA sequencing to determine the transcriptional

host response landscape during C. albicans colonization. Pathway analysis revealed an

upregulation of adaptive host responses due toC. albicans oral persistence, including the

upregulation of the immune network for IgA production. Fungal colonization increased

cross-specific IgA levels in the saliva and the tongue, and IgA+ cells migrated to

foci of fungal colonization. Binding of IgA prevented fungal epithelial adhesion and

invasion resulting in a dampened proinflammatory epithelial response. Besides CD19+

CD138− B cells, plasmablasts, and plasma cells were enriched in the tongue of mice

colonized with C. albicans suggesting a potential role of B lymphocytes during oral fungal

colonization. B cell deficiency increased the oral fungal load without causing severe OPC.

Thus, in the oral cavity B lymphocytes contribute to control commensal C. albicans

carriage by secreting IgA at foci of colonization thereby preventing fungal dysbiosis.

Keywords: oropharyngeal candidiasis, commensalism, fungi, host-pathogen interaction, B cell, antifungal

immunity

INTRODUCTION

The occurrence of fungal infections is rising and a serious threat to the public health (1), yet
this problem is relatively underappreciated by the press, the public and funding agencies. In
the United States fungal diseases cost more than $7.2 billion annually, including $4.5 billion
from >75,000 hospitalizations and $2.6 billion from ∼9 million outpatient visits (2). Very few
fungal species cause disease in humans. However, some of these opportunistic fungal pathogens
are ubiquitous members of the normal human mycobiome. Indeed, the oral cavity hosts various
commensal fungal species (3). As part of the human mycobiome the polymorphic fungus Candida
albicans colonizes the oral mucosal surface of up to 70% of healthy individuals (4). Due to local
or systemic immunosuppression, this fungus is able to proliferate resulting in oral disease, termed
oropharyngeal candidiasis (OPC) (5). However, in healthy individuals C. albicans causes no harm.
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In fact, commensal fungi, such as C. albicans, are required
for microbial community structure, metabolic function, and
immune priming (6–8). An imbalance of the mycobiome
equilibrium, termed fungal dysbiosis, changes the functional
composition, structure, and metabolic activities of the host
microbial communities (7). Gain of function dysbiosis (9, 10)
may lead to mucosal fungal infection such as OPC. The human
host evolved finely tuned innate and adaptive immune responses
enabling to control fungal commensal organism (5, 11). Unlike
humans mice do not host C. albicans in their mycobiome (12).
Thus, oral fungal challenge with the commonly used laboratory
C. albicans strain SC5314 generates an acute immune response in
a naive host (13). Since the adaptive immunity plays a critical role
in maintaining immune tolerance toward commensal organisms,
such as commensal C. albicans, understanding its relationship
with fungi is critical (14). In an adaptive immunity OPC
rechallenge model using a derivate of the pathogenic C. albicans
strain SC5314, CD4+ Th17 cells protect from mucosal Candida
infection but can be compensated by other IL-17-producing cells
in CD4-deficient hosts (15, 16). However, as a commensal, C.
albicans is in constant interaction with the host epithelium (17).
Therefore, lack of incessant fungal exposure limited our advances
in understanding antifungal adaptive immune responses at
mucosal surfaces in this rechallenge model. Recently, Schonherr
et al. showed that prolonged oral C. albicans colonization
depends on the fungal isolate and can be accomplished without
immunosuppression of the host thus mimicking the scenario
in humans (18). Strikingly, fungal persistence in the oral
cavity is independent of a suppressed antifungal immunity
since regulatory T cells depletion or deletion of the immune
regulatory cytokine IL-10 did not alter the protective type
17 immunity (19). However, tissue-resident memory (TRM)
Th17 cells prevent uncontrolled outgrowth of the commensal
fungus (20).

Immunoglobulin A (IgA) is thought to be a bridge between
the innate and adaptive immunity. IgA is predominantly
induced in response to colonization with commensal organism
therefore maintaining homeostasis via immune exclusion (21–
23). Among the production of mucosal antibodies, particularly
IgA, by tissue-resident B cells is key to controlling the
composition of the microbiome (24). IgA is the dominant
antibody isotype in the mucosal immune system, which widely
exists in the gastrointestinal tract, respiratory tract, vaginal
tract, tears, saliva, and colostrum (25). Immune exclusion is the
primary mechanism by which secretory low-affinity IgA (sIgA)
blocks microorganisms from attaching to mucosal epithelial
cells, thereby preventing colonization, damage, and subsequent
invasion (26).

In the present study, we utilized C. albicans clinical isolates
which are able to persist in the oral cavity without causing disease
to analyze adaptive responses to C. albicans colonization. We
found that oral fungal colonization upregulates adaptive host
responses, including the upregulation of the immune network
for IgA production. C. albicans colonization increased the total
salivary and tissue IgA levels, thereby preventing adhesion and
invasion of the fungus. Furthermore, B cells, plasmablasts, and
plasma cells accumulated to foci of fungal colonization at the

epithelial surface. Importantly B cell deficiency and antibody-
mediated B lymphocyte depletion increased the commensal
C. albicans load without causing severe OPC. Thus, in the oral
mucosa accumulating B lymphocytes and secreted IgA control
commensal C. albicans carriage by preventing fungal outgrowth.

MATERIALS AND METHODS

Ethics Statement
All animal work was approved by the Institutional Animal Care
and Use Committee (IACUC) of the Lundquist Institute at
Harbor-UCLAMedical Center.

Organisms and Cell Lines
The C. albicans strains SC5314 (27), 529L (28), and CA101 (18)
were used in the experiments and were grown as described
previously (29). The Streptococcus oralis strain was purchased
from the American Type Culture Collection (ATCC; #35037)
and was grown in brain heart infusion broth. The OKF6/TERT-
2 oral epithelial cell line (30) was grown as described (31). The
OKF6/TERT-2 cells have been authenticated by RNA-Seq (32),
and have been tested for mycoplasma contamination. The cell
line of murine tongue-derived keratinocytes (TDKs) were kindly
provided by S. LeibundGut-Landmann and grown as previously
described (33).

Mouse Model of Oropharyngeal
Candidiasis
Six week old male C57BL/6J, B6.129S2-Ighmtm1Cgn/J (muMt),
and B6.129S7-Rag1tm1Mom/J (Rag1 KO) mice were purchased
from Jackson laboratories and housed for 1 week in a pathogen
free facility prior infection. The mice were randomly assigned
to the infection groups. OPC was induced in mice as described
previously (34, 35). Briefly, for inoculation, the animals were
sedated, and a swab saturated with 2 × 107 C. albicans cells was
placed sublingually for 75min. For colony-forming unit (CFU)
enumeration the tongues were harvested, weighed, homogenized
and quantitatively cultured. Wild-type (C57BL/6J) mice were
sacrificed after 2, 5, 11, and 20 days of infection. muMT and
Rag1 KO mice were sacrificed after 7 days of oral infection
with the commensal stains 529L and CA101, respectively.
To determine CFUs of commensal outgrowth after systemic
immunosuppression wild-type mice were colonized with 529L
and CA101. On day 11 and 13 post oral infection mice were given
a subcutaneous injection of 25 mg/kg triamcinolone (Kenalog-
10, Bristol-Myers Squibb Company). The researchers were not
blinded to the experimental groups because the endpoints (oral
fungal burden) were an objective measure of disease severity.
Saliva was collected at day 11 post infection into chilled
tubes after intraperitoneal carbachol injection (100 µl at 10
mg/ml). For antibody depletion, wild-type mice were treated
intraperitoneally with 300 µg of anti-mouse B220 (RA3.3A1/6.1,
BioXCell) and 300 µg of anti-mouse CD19 (1D3, BioXCell), or
isotype controls (2A3, BE0094, BioXCell) on day−1, 4, and 9
relative to infection. For RNA sequencing tongues from 3 Sham-
infected and 3 529L colonized mice after 5 and 11 days post
infection were processed for analysis.
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RNA Sequencing
Total RNA was isolated as described elsewhere (32) and RNA
sequencing was performed by Novogene Corporation Inc.
(Sacramento, USA). mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. To generate the cDNA
library the first cDNA strand was synthesized using random
hexamer primer and M-MuLV Reverse Transcriptase (RNase
H−). Second strand cDNA synthesis was subsequently performed
using DNA Polymerase I and RNase H. Double-stranded cDNA
was purified using AMPure XP beads and remaining overhangs
of the purified double-stranded cDNA were converted into blunt
ends via exonuclease/polymerase. After 3’ end adenylation a
NEBNext Adaptor with hairpin loop structure was ligated to
prepare for hybridization. In order to select cDNA fragments
of 150∼200 bp in length, the library fragments were purified
with the AMPure XP system (Beckman Coulter, Beverly, USA).
Finally, PCR amplification was performed and PCR products
were purified using AMPure XP beads. The samples were read on
an Illumina NovaSeq 6000 with≥20million read pair per sample.

Downstream Data Processing
Downstream analysis was performed using a combination of
programs including STAR, HTseq, and Cufflink. Alignments
were parsed using Tophat and differential expressions
were determined through DESeq2. KEGG enrichment
was implemented by the ClusterProfiler. Gene fusion and
difference of alternative splicing event were detected by Star-
fusion and rMATS. The reference genome of Mus musculus
(GRCm38/mm10) and gene model annotation files were
downloaded from NCBI/UCSC/Ensembl. Indexes of the
reference genome was built using STAR and paired-end clean
reads were aligned to the reference genome using STAR (v2.5).
HTSeq v0.6.1 was used to count the read numbers mapped of
each gene. The FPKM of each gene was calculated based on
the length of the gene and reads count mapped to it. FPKM,
Reads Per Kilobase of exon model per Million mapped reads,
considers the effect of sequencing depth and gene length for
the reads count at the same time (36). Differential expression
analysis was performed using the DESeq2 R package (2_1.6.3).
The resulting P-values were adjusted using the Benjamini and
Hochberg’s approach for controlling the False Discovery Rate
(FDR). Genes with an adjusted P-value < 0.05 found by DESeq2
were assigned as differentially expressed (cutoff fold change 1.5,
Supplementary Table 1). To allow for log adjustment, genes
with 0 FPKM are assigned a value of 0.001. Correlation were
determined using the cor.test function in R with options set
alternative = “greater” and method = “Spearman.” To identify
the correlation between the differences, we clustered different
samples using expression level FPKM to see the correlation using
hierarchical clustering distance method with the function of
heatmap, SOM (Self-organization mapping) and kmeans using
silhouette coefficient to adapt the optimal classification with
default parameter in R. We used clusterProfiler R package to
test the statistical enrichment of differential expression genes in
KEGG pathways. The high-throughput sequencing data from
this study have been submitted to the NCBI Sequence Read
Archive (SRA) under accession number PRJNA657562.

Adhesion and Invasion Assay
Adhesion of C. albicans and invasion into oral epithelial cells
was quantified by a differential fluorescence assay as described
previously (31, 37). Briefly, OKF6/TERT-2 cells were grown
to confluency on fibronectin-coated circular glass coverslips in
24-well tissue culture plates. C. albicans was incubated with
100µg/ml sIgA (BioRad) for 30min. The epithelial cells were
infected with 2 × 105 yeast-phase C. albicans SC5314 cells per
well (multiplicity of infection; MOI 1) and incubated for 2.5 h,
after which they were fixed, stained, and mounted inverted
on microscope slides. The coverslips were viewed with an
epifluorescence microscope, and the number of endocytosed
organisms per high-power field was determined, counting at least
100 organisms per coverslip. Each experiment was performed at
least three times in triplicate. To determine the effect of saliva
from infected mice on Candida adhesion and invasion saliva
from 3 mice was pooled, diluted 1:1 in PBS and incubated with
C. albicans before added to 2 × 105 the murine keratinocyte
cells for 2.5 h. Fungal adhesion and invasion were determined as
described above.

Cytokine and Chemokine Measurements
in vitro
Cytokine levels in culture supernatants were determined as
previously described (38). Briefly 2 × 105 OKF6/TERT-2 cells
in a 24-well plate were infected with C. albicans SC5314 at
a MOI of 5. Prior to infection C. albicans was coated with
sIgA as described above. After 8 h of infection, the supernatant
was collected, clarified by centrifugation and stored in aliquots
at −80◦C. The concentration of inflammatory cytokines and
chemokines in the medium was determined using the Luminex
multipex assay (R&D Systems). Each condition was tested in
three independent experiments.

IgA ELISA
To determine IgA levels saliva was collected as described above,
and diluted 1:10 in PBS. Tongue homogenates were collected
as described previously (38) and analyzed for IgA levels using
manufactures instructions (IgA Elisa Mouse, Invitrogen).

Immunofluorescence
To determine B220+ and IgA+ cell localization in vivo, 30–
50-µm-thick sections of OCT-embedded tongues were fixed
with cold acetone. Next, the cryosections were rehydrated in
PBS and then blocked using BSA. To detect IgA (FITC, mA-
6E1, Invitrogen) or B220 (Alexa 488, RA3-6B2, Biolegend)
positive cells sections were incubated with 1:50 diluted antibody
overnight. To detect C. albicans, the sections were also stained
with an anti-Candida antiserum (Biodesign International)
conjugated with Alexa Fluor 568 (Thermo Fisher Scientific) for
1 h. To visualize the nuclei, the cells were stained with DAPI (4′,6-
diamidino-2-phenylindole). The sections (z-stack) were imaged
by confocal microscopy. To enable comparison of fluorescence
intensities among slides, the same image acquisition settings were
used for each experiment.
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Salivary IgA Binding to S. oralis
108 S. oralis were incubated with 10 µl saliva for 45min isolated
from Sham-infected mice, or mice infected with C. albicans 11
days post infection. Bacteria were washed 3 times before stained
with anti-IgA antibody (FITC, mA-6E1). The stained organisms
were analyzed on FACSymphony system (BD Biosciences), and
the data were analyzed using FACS Diva (BD Biosciences) and
FlowJo software (Treestar).

Flow Cytometry of B Lymphocytes
To determine the number of B lymphocytes in themouse tongues
single cell suspension were generated as described previously
(39, 40). Briefly, mice were orally infected with C. albicans as
described above. After 11 days of infection, the animals were
administered a sublethal anesthetic mix intraperitoneally. The
thorax was opened, and a part of the rib cage removed to
gain access to the heart. The vena cava was transected and the
blood was flushed from the vasculature by slowly injecting 10ml
PBS into the right ventricle. The tongue was harvested and cut
into small pieces in 100 µl of ice-cold PBS. 1 ml digestion
mix (4.8 mg/ml Collagenase IV; Worthington Biochem, and
200µg/ml DNase I; Roche Diagnostics, in 1x PBS) was added
after which the tissue was incubated at 37◦C for 45min. The
resulting tissue suspension was then passed through a 100µm
cell strainer. The single-cell suspensions were incubated with
rat anti-mouse CD16/32 (2.4G2; BD Biosciences) for 10min in
FACS buffer at 4◦C to block Fc receptors. For staining of surface
antigens, cells were incubated with fluorochrome-conjugated
(FITC, PE, PE-Cy7, allophycocyanin [APC], APC-eFluor 780)
antibodies against mouse TER-119 (TER-110, BioLengend),
CD326 (G8.8, BioLegend), CD11b (M1/70, BioLegend), Gr-
1 (RB6-8C5, BioLegend), CD3 (17A2, BioLegend), CD8a (53-
6.7, BioLegend), CD4 (GK1.5, BioLegend), CD45R/B220 (9RA3-
6B2, BioLegend), CD19 (6D5, BioLegend), CD138 (281-2,
BioLegend). After washing with FACS buffer, the cell suspension
was stained with a LIVE/DEAD fluorescent dye (7-AAD;
BD Biosciences) for 10min. For intracellular staining, cell
viability was determined using BD Horizon Fixable Viability
Stain 780 (BD Biosciences) followed by Cytofix/Cytoperm (BD
Biosciences) treatment staining with KI67 antibody (16A8;
BioLegend). The stained cells were analyzed on FACSymphony
system (BD Biosciences), and the data were analyzed using FACS
Diva and FlowJo software. Only single cells were analyzed, and
cell numbers were quantified using PE-conjugated fluorescent
counting beads (Spherotech).

RESULTS

Commensal C. albicans Isolates Persist in
the Oral Cavity and Cause OPC During
Systemic Immunosuppression
To investigate if oral commensal C. albicans isolates (18, 19)
induce adaptive immune responses we infected wild-type mice
orally with a pathogenic strain SC5314 and two commensal
C. albicans isolates 529L and CA101, respectively. While oral
infection with the pathogenic C. albicans strain led to significant

body weight loss and rapid clearance from the oral cavity, the
commensal strains 529L and CA101 colonized the oral mucosa
and persisted for over 20 days without inducing significant
weight loss in the host (Figures 1A,B). Although the commensal
strains persist in the oral cavity, we noticed a significant
decline between day 2 and 5 post infection (Figure 1B) similar
what has been reported previously (20). Despite the fact that
distinct C. albicans clinical isolates are able to persist in the
oral cavity it is unclear if these strains can outgrow and
induce severe oral disease. The induction of prolonged OPC in
naive mice has been extensively studied using corticosteroids
(31, 34, 35, 37, 38). To test the potential of commensal
fungal outgrowth during immunosuppression we colonized mice
with the C. albicans strains 529L and CA101 for 11 days
and induced systemic immunosuppression using triamcinolone
(Figure 1C). The administration of triamcinolone resulted in
significant body weight loss and >40-fold increase in oral
fungal burden (Figures 1D,E). These data indicate that systemic
immunosuppression leads to fungal outgrowth of colonizing
commensal C. albicans in the oral cavity.

C. albicans Oral Colonization Induces
Upregulation of Adaptive Immune
Response Signatures
To obtain genome-wide information about the host response
to commensal C. albicans colonization in the oral cavity, we
performed RNA sequencing. Given the fact that the tested
persisting C. albicans strains 529L and CA101 behaved similarly
in the mouse model of OPC (Figure 1) we used 529L (41) as
a representative commensal strain to assess the transcriptional
commensal-specific host response landscape at 5 and 11 days
post-infection compared to Sham-infected mice (Figure 2A).
Using unsupervised hierarchical clustering, we found oral
C. albicans colonization leads to robust changes and dynamic
host responses (Figure 2B). C. albicans colonized mice were
clustered in one group, with four broad gene clusters. Pathway
analysis revealed an upregulation of adaptive host responses due
toC. albicans persistence (Figure 2C), including the upregulation
of the immune network for IgA production, antigen processing
and presentation, and T cell receptor signaling (Figures 2D–F).
Thus, oral fungal colonization leads to a robust induction
of adaptive immune responses in C. albicans immunological
naive mice.

Oral C. albicans Colonization Upregulates
Salivary IgA and Induces Migration of IgA
Secreting Cells in the Oral Epithelial Layer
sIgA inhibits the adhesion of C. albicans hyphae to polystyrene
(42). Since epithelial adhesion and invasion are required
for C. albicans oral infection (4, 43) we determined if the
physiological sIgA concentration found in healthy individuals
(44) prevents adhesion of C. albicans to and invasion of human
oral epithelial cells. Incubation of the pathogenic C. albicans
strain SC5314 with sIgA decreased adherence and invasion of
OKF6-TERT2 oral epithelial cells (Figure 3A) and adhesion of
the commensal strains 529L and CA101, respectively. Of note,
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FIGURE 1 | Commensal C. albicans strains cause OPC during immunosuppression. (A) Body weight (mean± range) of mice orally infected with indicated strains.

*P < 0.05, **P < 0.01 (n = 10; Mann–Whitney). (B) Oral fungal burden of wild-type mice infected with indicated strains. Results are median of two independent

experiments (n = 5). **P < 0.01 (Kruskal-Wallis). The y-axis is set at the limit of detection (20 CFU/g tissue). (C) Mouse model of immunosuppressed OPC during C.

albicans colonization. Triam, triamcinolone. (D) Body weight (mean ± range) of mice starting day 11 during fungal colonization and immunosuppression. Day 11 post

infection set as 100%. (E) Oral fungal burden of wild-type mice infected with indicated commensal strains 11 days post oral infection. Results are median of two

independent experiments (n = 6). **P < 0.01 (Mann-Whitney). The y-axis is set at the limit of detection (20 CFU/g tissue).

the persisting C. albicans strains showed remarkable reduction
of epithelial adhesion and invasion compared to the pathogenic
strain SC5314 (Figure 3A). High slgA levels are found in various
secretory fluids, including saliva (45). Therefore, we measured
IgA levels in the saliva of commensal and pathogenic strain
infected mice, and found that C. albicans oral commensal
colonization with 529L and CA101 increased the abundance of
total IgA, while infection with the pathogenic strain SC5314 did
not upregulate salivary IgA compared to Sham-infected mice
(Figure 3B). Next, we measured if the saliva from Sham- or
C. albicans-infected mice is able to prevent fungal adhesion
to and invasion of murine tongue-derived keratinocytes (33)
using the pathogenic strain SC5314. Saliva from commensal
colonized mice was able to prevent epithelial adhesion and
invasion compared to saliva from Sham-infected mice or mice
infected with the pathogenic strain SC5314 (Figure 3C). The
majority of the hosts entire pool of activated B cells is located
near the mucosa as well as exocrine glands (46). Thus, we

assessed tissue distribution of IgA+ cells in Sham-infected mice,
or mice infected either the pathogenic strain SC5314 or the
commensal strains 529L and CA101, respectively. IgA+ cells
accumulated exclusively in oral epithelial and submucosal layers
of mice colonized with the commensal C. albicans strains 529L
and CA101 (Figure 3D). Consistent with this observation total
IgA levels increased in tissue homogenates of commensal C.
albicans colonized mice after 11 days of infection (Figure 3E).
By secreting proinflammatory cytokines and chemokines, oral
epithelial cells are vital for limiting fungal proliferation during
OPC (4, 5). In vivo commensal C. albicans strains fail to induce a
strong acute inflammatory response (18). Therefore, we assessed
oral epithelial proinflammatory cytokine/chemokine production
in the presence and absence of sIgA. We found that binding of
sIgA to C. albicans dampend the secretion of the inflammatory
mediators CXCL8/IL-8, IL-1α, and IL-1β while CCL20 secretion
was unaffected (Figure 3F) suggesting that C. albicans-IgA
interactions reduces a subset of the proinflammatory epithelial
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FIGURE 2 | C. albicans oral colonization induces upregulation of adaptive response pathways in immunocompetent mice. (A) Scheme of infection with 529L or Sham

and time points of RNA isolation. (B) Heat map showing hierarchical clustering of C. albicans colonization with 529L in the oral cavity after 5 and 11 days of genes

with a fold change of FC >1.5. Red denotes genes with high expression levels, and blue denotes genes with low expression levels. The color ranging from red to blue

indicates log10 (FPKM+1) value from highest to lowest. (C) Identified pathways of enriched genes FC >1.5, adjusted P< 0.05. Shown is the gene ratio (Genes of

pathway/all different expressed genes; padj ≤ 0.5). (D–F) Heat map of enriched genes of corresponding pathways.
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FIGURE 3 | Oral fungal colonization upregulates mucosal IgA preventing C. albicans epithelial adhesion and invasion. (A) Indicated C. albicans strains were incubated

with sIgA prior to infection of the OKF6/TERT-2 oral epithelial cell line. The cells were infected for 2.5 h, after which the number of adhered and invaded organisms was

(Continued)
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FIGURE 3 | determined using a differential fluorescence assay. Box Whisker plot shows three experiments, each performed in triplicate. Orgs/10 HPF, organisms per

10 high-power fields; Ctrl, control. Statistical significance was determined using Mann-Whitney test (*P < 0.05; **P <0.01). (B) Total IgA amounts in saliva (diluted

1:10) determined by ELISA. Saliva was collected after 11 days of infection with indicated C. albicans strains. Three independent experiments performed in triplicate.

**P < 0.01; ****P < 0.0001 (Kruskal-Wallis). (C) Indicated C. albicans strain was incubated with saliva of infected with prior infection of the murine keratinocyte cell

line. The cells were infected for 2.5 h, after which the number of adhered and invaded organisms was determined using a differential fluorescence assay. Box Whisker

plot shows three experiments, each performed in dublicate. Orgs/10 HPF, organisms per 10 high-power fields. Statistical significance was determined using

Kruskal-Wallis test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). (D) Immunofluorescence of IgA in tongues 11 days post oral infection with indicated strains.

IgA is shown in green, and C. albicans (Ca) in red. DAPI (blue) visualizes the tissue. Upper, middle panel scale bar 200µm. Lower panel scale bar 50µm. (E) Total IgA

amounts in tongue homogenates determined by ELISA. Tongues were collected after 11 days of infection with indicated C. albicans strains; N = 5. *P < 0.05;

**P < 0.01 (Kruskal-Wallis). (F) Indicated C. albicans strains were incubated with sIgA prior to infection of the OKF6/TERT-2 oral epithelial cell line. The cells were

infected for 8 h after which CXCL8/IL-8, CCL20, and IL-1α/β were determined in the supernatant. Box Whisker plot shows three experiments triplicate. Uninf;

uninfected; Ctrl, control. Statistical significance was determined using Kruskal-Wallis (*P < 0.05; **P < 0.01; ****P < 0.0001).

FIGURE 4 | Fungal colonization increases cross-specific IgA levels. (A) Representative flow plots of salivary IgA bound to S. oralis. NS, No Saliva. (B) The percentage

of IgA+ S. oralis. Results are median of two independent experiments with 5 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 (Kruskal-Wallis).

response. Collectively, our data suggest that fungal colonization
upregulates salivary and tissue IgA production by inducing
migration of IgA+ cells in close proximity of colonizing fungi
and thereby preventing adhesion and invasion of fungi in the
oral cavity.

C. albicans Oral Colonization Increases
Cross-Specific IgA Levels in the Oral Cavity
Secretory IgA can have a measurable reactivity to a diverse subset
of the microbiota. IgAs interact with commensal organisms
by canonical Fab-dependent and non-canonical carbohydrate-
dependent binding (47). Therefore, we tested if salivary IgA
of infected mice binds to the common oral commensal
Streptococcus oralis (48). While IgA from Sham-infected and
mice infected with the pathogenic strain SC5314 were able
to bind S. oralis (Figures 4A,B) IgA binding to S. oralis
increased >7-fold when the bacteria were incubated with
saliva from commensal colonized mice. Thus, oral colonization
with commensal C. albicans increases total levels of cross-
specific IgAs.

Mucosal B Lymphocytes Expand During
Oral Fungal Colonization
Following the initiation of an immune response, B lymphocytes
preferentially migrate back to initial sites of antigen encounter
(49). We therefore determined B lymphocyte distribution
in the oral cavity of infected mice. B lymphocytes (B220+

cells) were enriched during oral commensal colonization
with 529L and CA101 in the whole tongue (Figure 5A,
Supplementary Figure 1A) localized in the oral epithelial and
submucosal layers during fungal colonization (Figures 5B,C).
The expansion of B220+ cells could be due to local proliferation
(50). Therefore, WT mice were infected orally and intracellular
Ki67 was measured by flow cytometry. On day 11, Ki67+B220+

cells were more frequent in the infected oral mucosa of mice
infected with the commensal C. albicans strains compared to
Sham controls or pathogenic infected mice (Figures 5D,E).
Thus, the expansion of B220+ cells during Candida oral
colonization can be accounted for by proliferation at the
site of fungal persistence. Next we determined B lymphocyte
subpopulations including plasma cells (CD19− CD138+),
plasmablasts (CD19+ CD138+), and mature B cells (CD19+
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FIGURE 5 | B lymphocytes accumulate in the oral epithelial and submucosal layers during fungal colonization. (A) B220+ cell infiltration in tongues of

immunocompetent wild-type mice after 11 days of infection with indicated C. albicans strains (n = 6). B220+ cells were gated on singlets live CD4− CD8− CD11b−

Gr-1− TER-119− EpCam−. Results are median from combined results of two independent experiments. **P < 0.01 (Kruskal-Wallis). (B) Immunofluorescence of

(Continued)
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FIGURE 5 | B220+ cells in tongues 11 days post oral infection with indicated strains. B220 is shown in green, and C. albicans (Ca) in red. DAPI (blue) visualizes the

tissue. Scale bar 200µm. (C) Scale bar 50µm. (D) Representative flow plots of Ki67+ B220+ cells in the tongue after 11 days of infection. Cells were gated on

singlets live B220+. (E) The percentage of Ki67+ B220+ cells. Results are median of a single experiment with 5 mice per group. *P < 0.05 (Kruskal-Wallis). (F) Total

numbers of plasma cells (PC; CD19− CD138+), plasmablasts (PB; CD19+ CD138+), and mature B cells (CD19+ CD138−) were determined after 11 days post

infection with indicated strains. Cells were gated on singlets live B220+ CD4− CD8− CD11b− Gr-1− TER-119− EpCam−. Results are median from combined results

of two independent experiments (n = 6). *P < 0.5; **P < 0.01 (Kruskal-Wallis). (G) Percentage of plasma cells, plasmablasts, and mature B cells were determined

after 11 days post infection with indicated strains. *P < 0.5 (Kruskal-Wallis).

CD138−) in Sham-infected mice, mice infected with the
pathogenic strain SC5314, or the commensal strains 529L
and CA101 (Supplementary Figure 1B). We found that oral
colonization with the commensal strains 529L and CA101
increased the tissue distribution of plasma cells, plasmablasts, and
mature B cells, while no difference in B lymphocyte populations
could be observed when mice were infected with the pathogenic
C. albicans strain SC5314 compared to Sham-infected mice
(Figure 5F). Although the total B lymphocyte numbers increased
during commensal colonization (Figure 5F) the plasma cell
population expanded and the CD138− CD19+ B cell frequency
decreased in commensal colonized mice compared to Sham-
infected mice (Figure 5G). Thus, oral fungal colonization results
in expansion of B lymphocytes.

Mucosal B Lymphocytes Control
Commensal Fungal Load in the Oral Cavity
Mice with Rag1 deficiency, the absence of endogenous B- and
T cells, show increased susceptibility to oral fungal infection by
the pathogenic C. albicans strain SC5314 (15). To determine
the effect of Rag1 deficiency during commensal colonization
we infected WT and Rag1 KO mice with the commensal
strains 529L and CA101. After 5 days of infection Rag1 KO
mice lost significantly more body weight compared to WT
mice (Figure 6A). Next, we determined the oral fungal burden
after 7 days of infection. Rag1 KO mice had an increase in
fungal burden by >100-fold (Figure 6B) (20). Since Rag1 KO
mice lack B- and T cells, we determined the importance of B
lymphocytes during oral fungal colonization (51). In a mouse
model of fungal asthma, mice lacking the Ig mu-chain (muMT)
produce IgG and IgE, but not IgA (52). Therefore, we infected
WT and muMT mice with the commensal C. albicans strains
529L and CA101, respectively. muMT lost slightly more body
weight after 7 days post infection compared to WT mice
(Figure 6C). Since the IgA pathway was already induced after
5 days of commensal colonization (Figure 2C) we determined
the oral fungal after 7 days post oral inoculation. muMT mice
either colonized with 529L or CA101 had an increased fungal
burden by >2 to 5-fold (Figure 6D). In a different approach we
treatedmice with B220/CD-19 antibodies during commensal oral
colonization (Figure 6E) thereby reducing mucosal B220+ cells
(Supplementary Figure 2). B220/CD-19 depletion had minimal
effect on body weight of colonized mice (Figure 6F), but
increased the oral fungal load by >3-fold after 11 days of
colonization (Figure 6G). Thus, the absence of B lymphocytes or
the lack of IgA results in commensal C. albicans dysbiosis in the
oral cavity.

DISCUSSION

Healthy individuals have a protective Candida-specific mucosal
immunity which limits fungal proliferation, invasion, and
therefore preventing disease (5). Besides the innate immune
response, the adaptive immunity to C. albicans is crucial
to control mucosal fungal outgrowth (11). T cells are an
integral component of the antifungal adaptive immune response
and provide direct and indirect means of controlling fungal
proliferation. Individuals with mutations in the Th17 pathway
suffer from chronic mucocutaneous candidiasis (CMC) (53–
55). Similarly to humans, mice exposed to C. albicans generate
long-term adaptive Th17 cell responses that confer additional
protection from infection (15, 56). In mice oral fungal persistence
is independent of a suppressed antifungal immunity but requires
tissue-resident memory Th17 cells to maintain stable fungal
colonization (19, 20).

By utilizing persisting commensal C. albicans clinical isolates
we show that oral colonization generates mucosal adaptive
immune response signatures, including antigen processing
and presentation, and T cell receptor signaling. In the oral
mucosa monocyte-dependent and tissue-resident dendritic cells
(DCs) orchestrate the antigen-specific T cell priming toward
pathogenic C. albicans (57). Secretory antibodies of the IgA
class released by effector B cells, including plasma cells, form
the first line of immune protection against pathogens and
antigens at mucosal surfaces linking the innate and adaptive
host immunity (22, 58). Furthermore, mucosal IgA governs
quantitative and qualitative control of commensal composition
(59). Our data indicates that oral persistence of commensal
C. albicans stimulates accumulation of B lymphocytes, including
plasmablasts and plasma cells, to sites of fungal colonization,
where these cells upregulate IgA production (Figure 7). This
finding is in agreement with earlier reports showing that that
oral mucosal defense againstCandida involves innate phagocytes,
T and B cell recruitment, as well as local antibody production
with a prominent IgA component (60, 61). In a mouse
model, oral fungal persistence is associated with a weakened
proinflammatory host response compared to the pathogenic
C. albicans strain SC5314 thus preventing C. albicans elimination
at the onset of colonization (18, 19). While pattern recognition
of fungi induces a strong epithelial proinflammatory response
(38, 43, 62) the IgA-Candida interaction dampens this robust
innate response by inhibiting epithelial adherence and invasion
of the fungus. Here we show that immune exclusion is a result
of Candida-IgA interactions in vitro. However, the in vivo
mechanism remains unclear. A recent study showed that IgA-
mediated pathogen cross-linking enchains the organism, thereby
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FIGURE 6 | B lymphocytes contribute to commensal control in the oral cavity. (A) Body weight of Rag1 deficient and wild-type mice during oral commensal

C. albicans colonization. *P < 0.05; **P < 0.01 (n = 5; Mann-Whitney). (B) Oral fungal burden of Rag1 KO and WT mice infected with indicated strains. Results are

(Continued)
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FIGURE 6 | median of a single experiment (n = 5). **P < 0.01 (Mann-Whitney). The y-axis is set at the limit of detection (20 CFU/g tissue). (C) Body weight of muMT

and wild-type mice during oral commensal C. albicans colonization. *P < 0.05 (n = 5; Mann-Whitney). (D) Oral fungal burden of muMT and WT mice infected with

indicated strains. Results are median of a single experiment (n = 5). *P < 0.05 (Mann-Whitney). The y-axis is set at the limit of detection (20 CFU/g tissue). (E) Scheme

B lymphocyte depletion during commensal OPC using anti-B220/CD19 antibodies. (F) Body weight of B lymphocyte depleted and isotype control mice. **P < 0.01 (n

= 5–6; Mann-Whitney). (G) Oral fungal burden 11 days post infection of B lymphocyte depleted and isotype control mice infected with commensal C. albicans strains

529L and CA101. Results are median of 5–6 mice per group from two independent experiments. *P < 0.05; **P < 0.01 (Mann-Whitney).

FIGURE 7 | Model of B lymphocyte responses during commensal C. albicans colonization in the oral cavity. In a naive host, salivary and tissue IgA binds to

commensal bacteria, which in turn regulates mucosal immunity and microbial compostion. During colonization with commensal C. albicans, IgA+ B cells, in particular

mature B cells, plasmablasts and plasma cells, migrate into the oral epithelium and submucosal layers, where they increase the production of polyspecifc-IgAs. The

IgA bound to C. albicans will reduce fungal adherence and invasion resulting in a dampened proinflammatory response. Created with BioRender.com.

preventing separation after division resulting in clumping
(63). This enchained growth accelerates pathogen clearance.
Therefore, it is possible that IgA not only prevents C. albicans
adhesion and epithelial invasion it also traps the fungus resulting
in enchained growth and clearance.

Reduced salivary flow rate in oral diseased states such as
Sjögren’s syndrome, or during cytotoxic and radiation therapy
increases oral carriage of Candida spp. and is associated
with an increase in OPC (64, 65). The saliva, as part
of the humoral immune system, contains many molecular
factors which restrict microbial growth, including antimicrobial
peptides and IgA (66, 67). Plasma cells reside in the salivary
glands and produce IgA which is then secreted in the saliva
(45). Here we show that oral fungal persistence not only
increases the migration of IgA+ B lymphocytes to sites
of Candida colonization, fungal persistence also increases

IgA amounts in the saliva thus providing a barrier against
invading fungi.

Early studies indicated that among patients with CMC
over 50% appear to have reduced IgA antibodies (68). The
most common humoral immune immunodeficiency is inherited
selective IgA deficiency (69). Although selective IgA deficiency
is a mild form of immunodeficiency, some patients develop
a variety of significant clinical problems, such as CMC
(70). Furthermore, Candida infections in individuals with X-
linked agammaglobulinemia (XLA), a mutation in the gene
encoding for Bruton tyrosine kinase (BTK) which leads to
impaired peripheral B cell maturation, have been described
(71–73). Lymphoid cancers patients treated with ibrutinib, a
BTK inhibitor, develop invasive fungal infections including
candidemia (74). In this context, patients targeted by B cell
therapy using the anti-CD20 monoclonal antibody rituximab
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present with candidemia (75). Considering that systemic
Candida infections predominantly originate from mucosal
barriers (76, 77) B cell responses therefore limit, in part,
commensal fungal proliferation and dissemination frommucosal
sites. β-glucan, a fungal cell wall component, is able to directly
activate B lymphocytes leading to a proinflammatory cytokine
response (78), however this mechanism seems dispensable
during acute OPC since mice with B cell deficiency are not
more susceptibility to pathogenic C. albicans infection (79–
81). Because mice lacking B cells exhibited an increase in oral
commensal C. albicans carriage without causing severe disease
we propose that tissue-resident B lymphocytes, in conjunction
with IgA, maintain a stable commensal fungal community in
the oral cavity, while T cells in particular Th17 cells prevent
commensal breakthrough and severe disease. Thus, mucosal
B lymphocytes and their antibody responses monitor fungal
exposure in the oral cavity to sustain commensal tolerance
and immunity.

The finding that C. albicans oral colonization increases the
IgA production leading to increased IgA binding of S. oralis
ex vivo suggests that fungal colonization may shape the oral
microbial community by inducing B cell expansion and cross-
specific antibody secretion. It will be of great interest to analyze
the contribution of commensal C. albicans colonization to oral
diseases, such as periodontitis or oral lichen planus.
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an adjusted P-value < 0.05 found by DESeq2 were assigned as differentially

expressed genes that showed ratios log2 ≥± 0.58 were considered to be different

regulated.

Supplementary Figure 1 | Gating of infiltrating B lymphocytes. Cells were gated

on singlets live B220+ CD4− CD8− CD11b− Gr-1− TER-119− EpCam− and

distinguished by CD19 and CD138 expression. Plasma cells (PC; CD19−

CD138+), plasmablasts (PB; CD19+ CD138+), and B cells (CD19+ CD138−)

were determined.

Supplementary Figure 2 | Tissue B220+ antibody depletion. Flow plot of B220+

cells in the tongue 11 days post infection commensal infection.
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