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Abstract

Intestinal fungi are an important component of the microbiota, and recent studies have unveiled
their potential in modulating host immune homeostasis and inflammatory disease. Nonetheless,
the mechanisms governing immunity to gut mycobiota remain unknown. We identified CX3CR1*
mononuclear phagocytes (MNPs) as essential for the initiation of innate and adaptive immune
responses to intestinal fungi. CX3CR1* MNPs express antifungal receptors and activate antifungal
responses in a Syk dependent manner. Genetic ablation of CX3CR1* MNPs led to changes in the
gut fungal communities and to severe colitis that was rescued by antifungal treatment. A missense
mutation in the gene encoding CX3CR1 led to impaired antifungal responses in Crohn’s Disease
patients. These results unravel the role of CX3CR1* MNPs as mediators of the interactions
between intestinal mycobiota and host immunity during health and disease.

Extensive studies on the intestinal bacteria have demonstrated that alterations in the
microbiota have a dramatic impact on host immunity and contribute to several diseases of
inflammatory origin. Fungi are present in the mammalian intestine (1-5), yet little is known
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about their ability to influence immune homeostasis. The recent advances in deep
sequencing technologies have redefined our understanding of the fungal communities
(mycobiota) colonizing the mammalian barrier surfaces(2). Intestinal fungal dysbiosis has
been shown to influence colitis, alcoholic liver disease and allergic lung disease (3-6),
providing evidence for its potential to influence both local and distal inflammation. Serum
antibodies against Saccharomyces cerevisiae mannan (ASCA) are elevated in several
inflammatory diseases including Crohn’s Disease (CD)(7-9). Systemic ASCA can develop
in response to intestinal fungi (3, 7), providing a possible link between the gut mycobiota
and host immunity. Despite the identification of receptors involved in the recognition and
immunity to intestinal fungi (3, 10), the cell subsets that initiate and regulate mucosal
immune responses to the mycobiota remain unknown.

In the intestinal lamina propria (LP) several subsets of phagocytes respond to bacterial
infections or to fluctuations in the commensal bacterial communities (11-13). Among those,
mononuclear phagocytes (MNPs), marked by the expression of the fractalkine receptor
CX3CR1 (CX3CR1* MNPs), and subsets of dendritic cells (DCs) marked by the differential
expression of the integrins CD11b and CD103, initiate immunity and prime Th17 responses
to both commensal and pathogenic bacteria in the gut (11, 12, 14). Despite their well
described ability to respond to gut bacteria, their role in mucosal immunity to gut fungi is
unknown.

To assess the /n vivo ability of gut resident phagocytes to respond to fungi, we colonized
mice with the opportunistic human commensal Candida albicans and analyzed the changes
in the surface expression of the costimulatory molecules. We found that colonization with C.
albicans altered the surface expression of CD40 and CD86 among CX3CR1* MNPs but not
among the other subsets (Fig. S1A, B). We thus assessed the ability of CX3CR1* MNPs to
recognize intestinal fungi. We purified CX3CR1* MNPs from the intestinal LP, and
compared their RNA-Seq expression profile to those of CD11b*CD103* DCs (Fig. 1A, B;
Fig. S2A) that have been shown to respond to lung fungal infection (14, 15). While both
CD11b*CD103* DCs and CX3CR1" MNPs expressed genes involved in antigen
presentation, CX3CR1* MNPs showed a higher expression of genes involved in fungal
recognition (Fig. 1B; Fig. S2B). Quantitative PCR and flow cytometric analysis confirmed
that transcripts encoding the fungal C type lectin receptors (CLRs) dectin-1 (Clec7a),
dectin-2 (Clec6a) and mincle (Clec4e) were highly present in CX3CR1* MNPs (Fig. 1C, D;
Fig. S3A,B). Further, we examined the /n vivo intake of Candida by phagocytes in the
murine intestine. Confocal microscopy examination revealed that Candida was efficiently
recognized by intestinal phagocytes /in vivo, with over 80% of all CX3CR1* MNPs intaking
Candida (Fig. 1E; Fig. S3C, D; Suppl. Movie 1). These results indicate that gut resident
CX3CR1* MNPs are equipped to efficiently recognize and respond to intestinal fungi /n
Vivo.

Both CX3CR1* MNPs and CD11b*CD103* DCs have been shown to play a role in the
regulation of adaptive immunity to commensal and pathogenic bacteria (12, 14, 16, 17) .
CX3CR1* MNPs are involved in the induction of Th17 responses to intestinal bacteria (18)
and are essential for the killing of Candida in the kidneys during systemic infection (19).
Conversely, several studies have suggested a central role for IRF4-dependent CD11b
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*CD103* DCs in intestinal Th17 cell differentiation, as well as Th17-induced bacterial and
fungal clearance in the lung (12, 14). Further, conventional migratory CD11b~ CD103* DCs
have been shown to be a cellular entry point to opportunistic pathogens and are absent in
Batf3~/~ mice (20) (Fig S10A, B). To directly assess the role of different phagocytic subsets
in the induction of anti-fungal immune responses, we crossed flox inducible /r74%" allele
mice or flox inducible Cx3cr1P7R mice (11), with transgenic CdZ1c-Cre mice. The first
strategy allowed the specific ablation of /rf4in DCs leading to the loss of intestinal CD11b
*CD103* DCs (referred as Alrf4 mice), but intact CX3CR1* MNPs (14) (Fig. S4A, B). The
second strategy allowed for the selective depletion of intestinal CX3CR1* MNPs upon
administration of diphtheria toxin (DT, mice referred as ACX3CR1), without affecting
CD11b* CD103* DCs (11) (Fig. S4C-E).

Th17 cells are crucial for the control of fungi at other gastrointestinal sites such as the oral
cavity, while Treg cells suppress fungal infection-related host damage (21, 22). Upon
colonization with C. albicans we observed a strong Th17 response in the colon and
mesenteric lymph nodes (mLNs) that was consistent with other studies (Fig. 2A, B; Fig.
S5A) (23) while the frequency of Foxp3™ Treg cells was not affected (Fig. S5B). We next
determined whether specific phagocytic subsets are involved in Th17 responses to intestinal
fungi. Candiaa colonization induced a consistent increase in Th17 cell frequencies that were
not affected by depletion of CD11b*CD103* DCs (Fig. 2A-B; Fig. S5C, S6A) or lack of
CD11b~CD103* DCs (Fig. S10 C-J). In contrast, a dramatic decrease in Th17 cells was
observed upon depletion of CX3CR1* MNPs in the colon and mLN (Fig. 2C-D; Fig S6B)
but not in the small intestine (Fig. S7A, B). The observed Th17 induction was independent
from segmented filamentous bacteria (SFB) that were absent in our colony (Fig. SSA-C).
Foxp3* Treg cells were not affected by the absence of either phagocytic subset (Fig. S5D;
Fig. S6C; Fig. S7C; Fig. S10 F, J).

Besides Th17 responses, the development of systemic ASCA during intestinal inflammation
is another hallmark of adaptive immunity activation in response to intestinal fungi (3, 7). In
addition to S. cerevisiae, Candida can act as an immunogen for ASCA production (7). Thus
we assessed whether lack of CX3CR1* MNPs also alters the production of systemic 1gG
antibodies against the commensal fungus C. tropicalis (3) commonly found in our colony
during steady state (Fig. S8D). We found that CX3CR1* MNPs depletion reduced IgG-
antibody responses against C. tropicalis without affecting the response against the
commensal bacterial antigen flagellin (Fig. 2E). To assess whether the induction of
antifungal 1gG is dependent on recognition of luminal fungal antigens by CX3CR1* MNPs,
we compared the induction of systemic IgG following intestinal colonization or systemic
infection with C. albicans. While both approaches led to the generation of systemic anti-C.
albicans 1gG in WT mice, depletion of CX3CR1" MNPs led to a significant decrease of
antibody production against intestinal C. albicans (Fig. S9) without affecting the antibody
production upon systemic infection (Fig. 2F). This suggests that the defect in antifungal
antibody production in ACX3CR1 mice is specific to the gut. In contrast, neither the
depletion CD11b*CD103* DCs nor the lack of CD11b~CD103* DCs influenced systemic
anti- Candida antibody production (Fig. S9; Fig. S10K). Consistent with the decreased
antifungal responses, C. albicans burdens are increased in ACX3CR1 mice, but not in Alrf4
and Batf3~~ mice (Fig. 2G; Fig. S10L).
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To further assess the role of CX3CR1* MNPs in the induction of responses to antigens
delivered by intestinal fungi, we fed ACX3CR1 mice and control littermates a recombinant
C. albicans strain expressing a model MHC-11-restricted OT-11 peptide (C.a-OVA, Fig. S11)
and adoptively transferred mice with CFSE-labelled CD4* Thy1.1* OT-II T-cells (Fig.
S12A, B). CX3CR1* MNPs depletion lead to decreased antigen specific proliferation of
Th17 cells in response to C. albicans in both the colon and the mLN (Fig. 2H; Fig. S12C-E).
CX3CR1* MNPs might either directly transport fungal antigens to the mLNs for T cell
priming or pass the antigens to other migratory phagocytes, although both scenarios are
possible (11, 24). Nevertheless, those data demonstrate that CX3CR1* MNPs play an
important role in the induction of Th17 and antibody responses to intestinal fungi, while
CD11b* CD103* DCs and CD11b~ CD103* DCs are not crucial.

Spleen tyrosine kinase (Syk) is crucial for the initiation of the signaling cascade downstream
of several CLRs (Fig. S2) and is highly expressed in CX3CR1* MNPs (Fig. 1B, D; Fig
S3B). We thus generated ASyk CX3CR1 mice (Sykfl x Cx3cri-cre/ERT2'™) to selectively
delete Syk in CX3CR1* cells (Fig S13). Consistently, we observed fungal outgrowth but
impaired Th17 and antifungal antibody responses to intestinal Candlida colonization (Fig 2
I-L; Fig S12F; Fig S14), suggesting that intact CLR signaling in CX3CR1* cells is required
to control fungal colonization and to induce effective adaptive immunity to fungi in the gut.

Having determined that CX3CR1* MNPs recognize intestinal fungi and control gut
antifungal immunity, we next explored whether these cells play a role in shaping the
composition of gut fungal communities. We thus characterized the microbiota upon
CX3CR1* MNPs depletion using high-throughput 1TS1 and 16S sequencing of fungal and
bacterial rDNA. Despite their role in the control of commensal and pathogenic bacteria (11,
16, 25), ablation of CX3CR1* MNPs did not affect beta and alpha diversity of the intestinal
bacterial community (Fig. SISA-E; Fig S16A). In contrast, ablation of CX3CR1* MNPs,
but not CD11b* CD103* DCs, altered the fungal community composition of these mice as
compared to control littermates (Fig. 3A; Fig. S15B; Fig. S16B-D; Fig. S17; Fig. S18).
CX3CR1* MNPs depletion also led to an increase in fungal alpha diversity, that was mainly
driven by an increased abundance and diversity among the Ascomycota phylum (Fig. S15B,
E; Fig. S16C-D). This suggest that CX3CR1* MNPs play a role in immune surveillance and
maintenance of a balanced gut fungal community.

Fungi are present at highest densities in the colon (3) where fungal colonization induced a
strong Th17 response (Fig. S5A). Thus, we next tested whether ACX3CR1 mice are more
susceptible to DSS-induced colitis. Consistent with their inability to mount an efficient
antifungal response, we found that ACX3CR1 mice were more susceptible to DSS colitis as
compared to their littermate controls (Fig. 3C, D; Fig S19A, B). Fluconazole targets most
Candida species and other dimorphic fungi, and ameliorates colitis in mice with defects in
antifungal immunity when used during the onset of intestinal disease (2, 3, 10). Since
CX3CR1* MNPs depletion had a strong effect on Ascomycota, we treated ACX3CR1 mice
with fluconazole. Notably, fluconazole treatment significantly ameliorated intestinal disease
in ACX3CR1 mice (Fig. 3C, D; Fig S19A, B). Transfer of feces from ACX3CR1 mice did
not affect the outcome of colitis in ex-germ free mice (Fig S19C-H), indicating that
ACX3CR1 microbiota is not per-se pathogenic. Further supplementation with C. tropicalis,
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previously shown to affect intestinal conditions in dectin-1 and dectin-3 deficient mice (3,
10, 26), or with C. albicans, led to severe wasting disease, colon shortening and fungal
overgrowth in the intestines of ACX3CR1 mice without worsening the disease in littermate
controls (Fig. 3E; Fig. S20A, B). Despite the increased disease susceptibility and augmented
Candidaburden, ACX3CR1 mice failed to mount a systemic antifungal 1gG antibody
response (Fig. 3F; Fig. S20C, D), consistent with the defective antifungal immunity that we
observed during the steady-state. These results indicate that CX3CR1* MNPs play a crucial
role in controlling fungal microbiota during intestinal disease.

Having established a role for CX3CR1*" MNPs in the control of gut fungi during intestinal
disease, and finding that CX3CR1" MNPs have the potential to intake other species of
mouse and human commensal fungi (Fig. 4A), we explored whether genetic variations of the
human CX3CRI gene affect immunity to fungi in inflammatory bowel disease (IBD).
Defects in CX3CR1 have been shown to increase susceptibility of mice and humans to
systemic candidiasis (19), but not to vulvovaginal and oral candidiasis (27). In contrast, the
role of CX3CRL1 in the initiation of anti-fungal responses in the gut is unknown. We focused
on polymorphisms in the coding region of CX3CR1 gene (Fig. S21) that have been
previously associated with human inflammatory diseases such as arteriosclerosis and
coronary artery disease (28, 29). While none of these polymorphisms were associated with a
predisposition to IBD (Table S1), we identified a striking association of CX3CR1 T280M
(rs3732378) polymorphism specifically with IgG ASCA positivity in a cohort of 503 CD
patients (Fig. 4B, OR=0.59, logistic regression p=3.73E793). In contrast, antibodies against
bacterial and host antigens previously shown to increase in IBD (7) were not affected by this
mutation (Fig. 4B, Table S2). Since ASCA antibodies are directed against both S. cerevisiae
and C. albicans (7), we next assessed whether antifungal antibody responses to common
human commensals are also affected by CX3CR1 T280M. Compared to non-affected
individuals, patients homozygous for CX3CR1 T280M were severely impaired in their
ability to generate systemic 1gG recognizing a variety of gut relevant fungi belonging to the
phylum Ascomycota, while producing normal antibody responses against the bacterial
antigen flagellin (Fig. 4C, D; Fig. S22) consistent with the hypothesis that this mutation in
CX3CR1I leads to impaired responses to fungi in the gut.

In summary, we identified a specific subset of gut resident phagocytes, namely the
CX3CR1* MNPs, which are able to recognize and respond to the gut mycobiota in a Syk-
dependent manner. CX3CR1* MNPs can influence adaptive immune responses to gut fungi
and control the mycobiota during experimental colitis. In humans, we found that a CX3CR1
polymorphism is strongly associated with a decrease of antifungal antibody responses in CD
patients. CX3CR1 T280M is a common polymorphism (23.3% heterozygous and 4.4%
homozygous (30)) and has been previously associated with extra-intestinal inflammatory
diseases (28, 29). Conceivably, gut mycobiota and CX3CRI-dependent immune responses
might further contribute to extra-intestinal manifestations of inflammatory diseases. In
support to this notion, antifungal antibodies are increased in patients with alcoholic liver
disease, spondyloarthritis, Graves’ disease and systemic lupus erythematosus (6-9).
Altogether, our findings provide evidence for the influence of gut mycobiota on both local
and systemic immunity which is mediated by the recognition of intestinal fungi by
CX3CR1* MNPs.
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Fig. 1. CX3CR1 mononuclear cells express antifungal receptorsand recognize fungi in the

intestine

(A) RNA sequencing (RNA-seq) analysis was performed on sorted CD11b* CD103*
dendritic cells and CX3CR1* mononuclear phagocytes. Volcano plot of P-value versus FC
comparing gene expression in the two cell subsets; red dots indicate an FDR of <0.05. (B)
Logarithmic count per million (log(cpm)) normalization of genes involved in antigen
presentation (left panel) or fungal recognition (right panel). (C) The expression of antifungal
CLRs was confirmed by RT-gPCR. (D) Representative flow cytometry histogram of
dectin-1, dectin-2 and Syk expression among CD11b~ CD103*; CD11b* CD103* and
CD11b* CX3CR1* cells in colons of WT mice. (E) Representative confocal imaging of the
intake of C. albicans-RFP (red) by CX3CR1* MNPs (green, CX3CR1*, DAPI*) and other
cell types (blue, CX3CR1™, DAPI™) in the intestine. Bar graphs represent mean = SEM of
individual mice (N=4-7), representative of at least two independent experiments. */<0.05,

**P<0.01, one-way ANOVA.
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Fig. 2. CX3CR1" MNPs control gut antifungal immunity
Colonic lamina propria cells were collected from Alrf4 mice (orange bars) or littermates

(lit, grey bars) fed (C.a) or not (NT) with 5107 C. albicans at day 10. (A and B) Expression
of RORyt and IL-17 by CD4" T cells (pooled from two independent experiments). CdZlc-
Cre*’~ CX3CRIPTR mice (ACX3CR1, green bars) or Cd1lc-Cre™~ CX3CRIPTR littermates
(lit, grey bars) were treated with diphtheria toxin (DT), and fed with C. albicans. (C and D)
RORyt and IL-17 expression by the CD4* T cells in the colon (pooled from three
independent experiments). (E) IgG against the commensal C. tropicalis and flagellin. (F)
Systemic 1gG responses following i.p injection with C. albicansat day 1, 2 and 5 (pooled
from two independent experiments). (G) C. albicans in the feces of control, Alrf4 and
ACX3CR1 mice at day 10 (dots represent individual mice). ACX3CR1 mice and littermates
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were transferred with purified CD4* Thy1.1* OT-II cells, fed C. albicans-OVA and
sacrificed after 10 days. (H) Representative plots of CD4* Thy1.1* OT-II cells proliferation
in the colon (pooled from three independent experiments). Cx3cr1-Cre-ERT*~ Syk™f mice
(ASyK) or littermates (L.itt) treated with tamoxifen and fed with C. albicans. (1) RORyt
expression by CD4" T cells in the colon (pooled from two independent experiments). (J) C.
albicans in the feces at day 10 (dots represent individual mice). (K) 1gG responses against C.
tropicalis at day 10 (n=5 per group). (L) Quantification of proliferating CFSE~ CD4*
Thy1.1* OT-II cells in the colon (pooled from two independent experiments). Statistical
analysis: Data are presented as mean +/— SEM; */<0.05, **/<0.01, ***/<0.001 (Mann-
Whitney Test (E, G, J, K, L), one-way ANOVA (B, C, D, F)).
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glg 3. Depletion of CX3CR1* MNP affects gut mycobiota and resultsin exacer bated intestinal
|sease

Feces from ACX3CR1 or WT littermates (Litt) mice were collected 7 days after
administration of the first DT dose. (A) NMDS plot of distance ordination based on Bray-
Curtis dissimilarities in the colon for fungal OTUs (WT n=5; ACX3CR1 n=6). (B) Alpha
diversity (Simpson diversity index) among the Ascomycota (left) and Basidiomycota (right)
phyla; pooled from two independent experiments, mean +/— SEM, each circle denotes one
mouse. (C) Weight change during DSS colitis in ACX3CRL1 or control littermates following
short-term treatment with fluconazole (FI) or no treatment (NT) (pooled from two
independent experiments). (D) Representative plots of neutrophil infiltration (CD11b*
Gr-1i9Ny in the colon following DSS administration. (E) Weight change during DSS colitis
in ACX3CR1 or control littermates fed with C. tropicalis (C.t) (mean +/— SEM, lit n=5;
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ACX3CR1 n=5). (F) C. tropicalis cfulg in the feces of ACX3CR1 or control littermates at
day 7 (dots represent individual mice, mean +/— SEM). (K) Systemic 1gG responses against
C. tropicalis were assessed by ELISA. Statistical analysis: */<0.05, **/<0.01, ***F<0.001
(Mann-Whitney Test (B, F), two-way ANOVA (C, E)).

Science. Author manuscript; available in PMC 2018 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leonardi et al.

Page 15

A P, kudriavazevii S. cerevisiae A. amstefodami A. versicolor
20um

20um 20um
—_— ==

B D Candida Pichia  Saccharomyces
SNP  serology FA* FU$S OR L95 US5 P 0.8 15 - 55
anca 0181 0174 113 077 184 0535 3 : . sl
cbir 0165 0182 088 063 123 0459 3 0.61 | ol ® |
rs3732378 2 0159 0.202 069 048 098  0.041 Sail™ o m ClS
igg.asca 0135 0205 058 041 084 373E3 o s . o _,._ 104 =
- = &= W S
c ASCA Flagellin . sal oo | e
300, M8 __ _ms g L S GG AA GG AA GG AA
—
g : Aspergillus Wallemia Malassezia
3 * ns ns
m 20 20 1.00 7 109 —— o4y ——
= ir) $ .
S 5 =] : 037 |
= - i ] . .
10 : 10 i Qos{ % * o5 L oz .
* = " = - i <
= B ; s . B 1 T oW
4 : = 5, L
0 - _ﬁ =0 - s ool ¥ =T o0 0.0
GG AG AA GG AG AA GG AA GG AA GG AA

Fig. 4. Polymorphismsin the coding region of the CX3CR1 geneis associated with decreased
anti-fungal 1gG responsesin CD patients

(A) Representative pictures of the intake of fungal species (colored) by CX3CR1* MNPs
(grey) in the colon. (B) Association between the missense mutation rs3732378 and the
systemic serologic markers anti-neutrophil cytoplasmic antibodies (anca), flagellin (chir),
Pseudomonas fluorescens — associated sequence 1-2 (i2), and anti S. cerevisiae 19G
antibodies (igg.asca) among 503 CD patients. FA, frequency affected; FU, frequency
unaffected; L95 and U95, lower and upper 95th confidence interval. (C) 1gG ASCA and
anti-flagellin (chir) 1gG responses were assessed in the sera from rs3732378 homozygous
(AA), heterozygous (AG) and control (GG) CD patients by ELISA (dots represent individual
patients, bar represent mean). (D) 1gG responses against different commensal fungi
(Candida albicans, Pichia kudrazevii, Saccharomyces cerevisiae, Aspergillus amstellodamii,
Wallemia sebi, Malassezia restricta were assessed (dots represent individual patients, bar
represent mean). Statistical analysis: */<0.05, **/<0.01, ***/<0.001 (Mann-Whitney test
(D), one-way ANOVA (C)).
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