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Debaryomyces is enriched in Crohn’s disease
intestinal tissue and impairs healing in mice
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W

hen a tissue is injured, appropriate
wound healing is necessary to regain
function. Wounds can remain chronically nonhealed or inflamed owing
to a persistent injury stimulus and/or
failure of repair. This occurs in inflammatory
bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC) (1), and is
associated with shifts in luminal microbial
populations (2–6). The potential link between
specific microbes and inflammation in IBD has
been of long-standing interest.
To test the role of microbes in intestinal
mucosal repair, we and others have used a
biopsy injury model where the timing and site
of injuries are known (7–9). Mucosal healing
in this model occurs in distinct phases in which,
immediately upon injury, neutrophils are
recruited to the injured site, followed by the
restoration of an epithelial barrier (7, 10). The
second phase of healing is characterized by
an expansion of fibroblasts and macrophages
in the wound bed that is concomitant with
enhanced epithelial proliferation in the crypts
immediately adjacent to the area of injury,
eventually leading to formation of new crypts
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(7, 8). Arrest of the healing process at any
phase typically leads to chronic inflammation
characterized by a large area lacking crypts
and infiltration by immune cells (9). We found
that the broad-spectrum antibiotics vancomycin, neomycin, ampicillin, and metronidazole
(VNAM) impair healing in wild-type (WT)
mice obtained from two different vendors
(Fig. 1, A and B, and fig. S1A). Despite a known
role for bacterial metabolites (i.e., deoxycholate)
to promote crypt regeneration by modulating
host prostaglandin E2 (PGE2) (9), the phenotype in VNAM-pretreated mice was not dependent on excess PGE2 (Fig. 1, C and D, and fig. S1,
B to D), suggesting that additional mechanisms
contribute to impaired healing. We found multiple lines of evidence suggesting that fungi,
which can expand in the luminal microbiota
after antibiotic treatment (11), contributed to
defective repair after injury in VNAM-pretreated
mice. First, quantitative polymerase chain reaction (qPCR) of the internal transcribed spacer
(ITS) region at day 8 after injury indicated
enhanced abundance of fungi within intestinal wounds of VNAM-pretreated mice (fig. S2A).
Second, antifungal stains at day 8 after injury
showed abundant fungal antigen within all wound
sections examined from VNAM-pretreated mice
(12) and none in vehicle-treated controls (fig.
S2B). Third, the broad-spectrum antifungal agent
amphotericin B (13) reduced fungal antigen detection in the wounds of VNAM-treated mice and
reversed the crypt regeneration defects (Fig. 1, E
and F, and fig. S2C). Taken together, these data
suggest that fungi in the wound bed can inhibit
crypt regeneration after injury.
To determine which fungi were enriched
after VNAM treatment, we first characterized
the luminal mycobiota by isolating DNA from
the stool of VNAM-pretreated mice and controls.
High-throughput sequencing of ITS amplicons
showed considerable interindividual variation

1 of 6

Downloaded from http://science.sciencemag.org/ on March 20, 2021

Alterations of the mycobiota composition associated with Crohn’s disease (CD) are challenging to link to
defining elements of pathophysiology, such as poor injury repair. Using culture-dependent and
-independent methods, we discovered that Debaryomyces hansenii preferentially localized to and was
abundant within incompletely healed intestinal wounds of mice and inflamed mucosal tissues of CD
human subjects. D. hansenii cultures from injured mice and inflamed CD tissues impaired colonic healing
when introduced into injured conventionally raised or gnotobiotic mice. We reisolated D. hansenii from
injured areas of these mice, fulfilling Koch’s postulates. Mechanistically, D. hansenii impaired mucosal
healing through the myeloid cell–specific type 1 interferon–CCL5 axis. Taken together, we have identified
a fungus that inhabits inflamed CD tissue and can lead to dysregulated mucosal healing.

and no significant difference in the relative
abundance of any detectable fungal genera
in the mycobiota composition when we compared control and VNAM-treated mice (fig. S3).
However, similar analysis of ITS amplicons
from mucosal wounds showed a single dominant genus, Debaryomyces, in the VNAMpretreated mice but not controls (Fig. 2, A and
B). These data from wounds are in contrast
to the luminal data, where Debaryomyces
was low to nondetectable in all mice (fig. S3).
To determine if the sequencing represented
live or dead fungi, we cultured wound beds
using fungus-selective Sabouraud dextrose
agar (SDA) plates (Fig. 2A) (14). We found
that only wound homogenates from VNAMpretreated mice contained viable fungal colonies
(Fig. 2, C and D). Debaryomyces was confirmed
by ITS sequencing of pooled colonies (Fig.
2E). Additional sequencing of the ACT1 locus
was performed to identify species and showed
these microbes were Debaryomyces hansenii
(also known as Candida famata) (fig. S4 and
table S1).
D. hansenii, when introduced by gavage into
non–antibiotic-treated, conventionally raised
WT mice was sufficient to impair healing
(Fig. 2, F to H, and fig. S5A). Viable D. hansenii
was recovered from wound homogenates of
WT mice gavaged with D. hansenii, whereas
no growth was observed in wound homogenates from controls (fig. S5, B and C). Notably, colonization of wounds with D. hansenii,
but not Saccharomyces cerevisiae, a yeast
commonly found in human gut microbiota
(15), impaired crypt regeneration (Fig. 2, G
and H, and fig. S5D). We also studied the
effects of D. hansenii on mucosal healing after
dextran sodium sulfate (DSS)–induced colonic mucosal damage (Fig. 2I). Mice gavaged
with D. hansenii showed more extensive mucosal
ulceration and increased crypt loss (Fig. 2, J and
K, and fig. S5E) compared with controls or mice
gavaged with Candida tropicalis, a fungus
enriched in the lumen of CD subjects (16).
These experiments showed that D. hansenii
requires intestinal damage to exert effects on
pathology, whereas opportunistic pathogens
such as C. tropicalis or C. albicans additionally
require disruption of the microbiome and/or
host immunodeficiency (12).
As the role of bacterial factors in the above
experiments is unknown, we also used gnotobiotic
mice in the DSS injury and recovery model.
Germ-free (GF) mice were colonized with
altered Schaedler flora (ASF), a defined bacterial consortium, and then treated with DSS in
the presence or absence of D. hansenii (fig.
S6, A to C). D. hansenii colonization did not
alter the levels of any of the eight ASF bacteria
(fig. S6D). Furthermore, D. hansenii impaired
healing after DSS injury in ASF-colonized
gnotobiotic mice that was characterized by
extensive crypt loss (fig. S7, A and B). Finally,
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To determine how D. hansenii induces CCL5,
we performed an RNA sequencing (RNAseq) analysis of bone marrow–derived macrophages (BMDMs) in the presence or absence
of D. hansenii and found a marked increase
in genes associated with the type 1 interferon
(IFN) pathway (fig. S14). Fungal induction can
induce type 1 IFNs (21). To validate RNA-seq
findings in vivo, we determined that the expression of type I IFN pathway genes, including Irf7, Isg15, and Mx2 (22), were significantly

increased in the wounds of D. hansenii–
colonized mice compared with controls (fig.
S15). Furthermore, in concordance with CCL5
expression data, IFN-b mRNA was also preferentially induced in the wound bed F4/80+
macrophages in vivo (fig. S16). We then measured CCL5 in the supernatants of D. hansenii–
infected macrophages isolated from WT and
Ifnar−/− mice. The absence of Ifnar completely
abolished the production of CCL5, suggesting
that type 1 IFN activity is upstream of CCL5
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Fig. 1. Broad-spectrum antibiotic–mediated inhibition of colonic crypt regeneration was reversed by
treatment with amphotericin B. (A and B) WT mice were pretreated for 4 weeks with antibiotics (VNAM) or
vehicle, biopsy injured, and analyzed at day 12 after injury. Representative hematoxylin and eosin (H&E)
images (A) and wound bed lengths (B) are shown (n = 11 to 17 wounds per group; seven or eight mice per
group). (C and D) VNAM-pretreated mice were biopsy injured and treated with NS-398 (PGE2 synthesis
inhibitor) or vehicle (control) twice daily from days 4 to 10 after injury. Representative H&E images (C) and
wound bed lengths (D) are shown (n = 11 to 12 wounds per group; five mice per group) at day 12 after injury.
(E and F) VNAM-pretreated mice were administered amphotericin B (AmpB) or vehicle (control) and then
biopsy injured. Representative H&E images (E) and wound bed lengths (n = 12 or 13 wounds per group; five to
seven mice per group) at day 12 after injury are shown. Significance (unpaired Student’s t test): ****P <
0.0001; N.S., not significant. All values in (B), (D), and (F) are means ± SEM. Dashed black lines in (A), (C),
and (E) represent wound bed lengths (largest distance between the crypts). Scale bars, 100 mm.
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oral inoculation of GF mice with D. hansenii, in
the absence of ASF bacteria, also impaired wound
healing after DSS injury (fig. S7, C and D). This
latter experiment suggests that bacterial factors are not required for D. hansenii to affect
wound repair, though we cannot rule out their
role in conventionally raised mice (17, 18). These
studies demonstrate, with multiple models of
intestinal injury and repair, that D. hansenii can
fulfill Koch’s postulates and is sufficient to impair wound healing in the intestine.
To determine the mechanism by which
D. hansenii impairs healing, we first established
the cell type that D. hansenii preferentially
localizes with in vivo. Immunofluorescence
analysis of VNAM-treated colonic wounds, where
Debaryomyces is the dominant fungus detected
(Fig. 2, B and E), indicated that the majority of
intracellular fungi were located within F4/80+
macrophages (fig. S8A). We also found that
prelabeled D. hansenii, when administered to
biopsy injured WT mice, preferentially colocalized with F4/80+ macrophages (fig. S8B).
Finally, analysis of sorted wound bed cells of
D. hansenii–infected WT mice also showed
that F4/80+ macrophages predominantly contained D. hansenii, as shown by sequencing
and culture of the intracellular contents of
these cells (Fig. 3, A and B, and fig. S8C). These
findings are consistent with a preferential
infiltration of macrophages within wounds
colonized by D. hansenii (fig. S8, D and E). To
identify the most prominent immune responses induced by D. hansenii introduction,
we compared the expression of 111 cytokines
in parallel from wound tissue and macrophage
lysates. D. hansenii was not broadly proinflammatory and instead induced a robust
production of CCL5 both in vitro and in vivo,
which we further validated by enzyme-linked
immunosorbent assay (ELISA) and in situ
hybridization in multiple models (Fig. 3C and
fig. S9). Notably, expression of CCL5 was preferentially induced in F4/80+ macrophages in
the wound bed in vivo (fig. S10).
We thus hypothesized that D. hansenii colonization impairs wound healing through
CCL5 up-regulation. Accordingly, in contrast
to WT littermate controls, D. hansenii gavage
did not impede mucosal healing in Ccl5−/− mice
despite similar colonization within wounds as
in WT mice (Fig. 3, D to F, and fig. S11). We
tested if this phenotype in Ccl5−/− mice was
potentially due to developmental defects. In the
DSS recovery model, we found that WT mice
infected with D. hansenii and treated with a
CCL5-neutralizing antibody rescued the wound
repair defect (fig. S12). We found that the receptor for CCL5, CCR5 (19), was required for
the detrimental effects of D. hansenii (fig. S13).
On the basis of our findings and considering that CCL5 is increased in CD (20), we propose that CCL5 is a potential therapeutic target
in CD.
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(23), was required for D. hansenii–induced
CCL5 production; mice lacking Stat1 in myeloid cells were protected from D. hansenii–
induced healing defects compared with littermate
controls (Fig. 3, J to L). We tested candidate

induction (Fig. 3G). In further support of this
result, the pathogenic effects of D. hansenii
were abolished in biopsy-injured Ifnar−/− mice
(Fig. 3, H and I). We also found that Stat1, a key
transcription factor downstream of IFNAR
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Fig. 2. Debaryomyces was enriched in wounds of VNAM-pretreated mice; its administration to conventionally
raised or gnotobiotic mice led to impaired crypt regeneration. (A to E) WT mice, pretreated for 4 weeks with
VNAM or Kool-Aid (control), were biopsy injured and wounds were analyzed at day 8 after injury. A schematic
representation (A) and relative abundance of fungi in the wounds (B) are shown. C, control; V, VNAM treated.
The representative cultures (C) and counts of viable colonies (D) are for 14 to 16 wounds per group with
four to six mice per group. Significance (unpaired Student’s t test): **P < 0.01. In (E), we show the identification
of fungi by ITS sequencing of the pooled colonies per mouse in (C). (F to H) WT mice gavaged with
phosphate-buffered saline (PBS; controls), D. hansenii (B6A1), or S. cerevisiae were biopsy injured and wounds
were analyzed at day (d) 12 after injury. The experimental scheme (F), representative H&E images (G), and
wound bed lengths are shown for 13 to 19 wounds per group with six to eight mice per group. (I to K) WT mice
were gavaged with PBS (control), D. hansenii, or C. tropicalis and analyzed after DSS recovery. The experimental
setup (I), representative H&E images (J), and percent colonic crypt loss (n = five to seven mice per group) are shown.
Significance [one-way analysis of variance (ANOVA) and Tukey’s post hoc test]: ****P < 0.0001. All values in (D),
(H), and (K) are means ± SEM. Dashed black line in (G) represents wound bed length. Scale bars, 100 mm.
Jain et al., Science 371, 1154–1159 (2021)

12 March 2021

3 of 6

Downloaded from http://science.sciencemag.org/ on March 20, 2021

CFU per 100 mg
wound tissue

Control

**

500

Relative abundance

D

C

pathways upstream of CCL5 and found the
effects of D. hansenii were Dectin-1 independent but partially dependent on Toll-like
receptor 3 (fig. S17). Collectively, these findings suggest that D. hansenii requires type 1
IFN and CCL5 in myeloid cells to impair
mucosal healing after injury.
Because CD is characterized by impaired
mucosal healing and is closely associated
with fungal dysbiosis (24, 25), we hypothesized that Debaryomyces is present in the
tissues obtained from individuals with CD.
In the first cohort (WashU), we obtained ileal
biopsy tissue from CD patients (n = 7) and
healthy controls (n = 10) undergoing routine endoscopy (table S2). These tissues were
homogenized and streaked on SDA (Fig. 4A).
Fungi were present in all the homogenates
from CD biopsy tissues, but only 1 of 10 healthy
biopsy tissues (Fig. 4B). Debaryomyces was
detected in all CD patient tissue samples as
determined by ITS sequencing of pooled
colonies (Fig. 4B). In the WashU cohort, we
then used an alternative approach. We performed ITS sequencing on genomic DNA
isolated directly from ileal resection samples of CD patients (n = 6) and found that
Debaryomyces was significantly enriched
in inflamed regions compared with uninflamed regions from the same patient (Fig.
4, C and D, and fig. S18). Notably, inflamed
regions of CD tissue samples from surgical
resections were highly enriched for culturable
Debaryomyces (Fig. 4E). Despite detectable
Debaryomyces sequencing reads in noninflamed
regions (Fig. 4D), we were unable to recover
viable fungi in five of six tissue samples. Having
confirmed the presence of Debaryomyces using
two independent approaches, we expanded the
analysis of CD samples from our WashU cohort
using D. hansenii species-specific primers (26).
We found that D. hansenii was significantly
enriched in inflamed areas of both the ileum
(n = 7) and colon (n = 8) compared with respective uninflamed counterparts (Fig. 4F). We
used this approach to validate the presence of
D. hansenii in ileal CD samples (n = 10) from
another clinical center, Cedars-Sinai. In this
second cohort, D. hansenii demonstrated increased abundance in inflamed ileal tissue
compared with uninflamed ileal tissue from
the same patient (Fig. 4F).
As serum antibodies directed against fungi
have been associated with severe CD (27), we
tested if antibodies in CD serum could recognize D. hansenii. Using a clinical isolate of
D. hansenii (CDA1) (table S3), we found that
immunoglobulin A (IgA) that recognized this
strain was increased in the serum of CD patients
compared with healthy controls (fig. S19A). In addition, the level of IgA showed a significant correlation with serum CCL5 levels (fig. S19, B and C).
To ascertain whether human clinical isolates
of D. hansenii were capable of inducing repair
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defects, we gavaged WT mice with D. hansenii
CDA1; as anticipated, this isolate resulted in
impaired crypt regeneration in the biopsy injury model, an effect reversed by amphoter-

A

icin B treatment (Fig. 4, G to I). Notably,
administration of amphotericin B, in the absence
of D. hansenii gavage, did not demonstrate
any obvious defects in repair of WT mice (fig.
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suggesting that targeting this microbe could
be a therapy for CD.
D. hansenii is commonly found in a variety
of dairy products, in particular, different varieties of cheese and processed meats, and is
considered to be a rare human fungal pathogen (28). For technical and experimental reasons, it is unclear if D. hansenii is an intestinal
symbiont. Two independent reports recently
showed D. hansenii in association with UC
and colorectal cancer (29, 30); however, the
functional role of D. hansenii in the context of
human diseases has not yet been characterized. Here, we confirmed that both mouse and
human isolates of D. hansenii impede repair,
providing a previously uncharacterized host
microbial axis that can be targeted to improve
mucosal healing in IBD. We provide direct
evidence that the mycobiota ecosystem in
the tissue is not well reflected in the fecal
material, and it was only profiling of intestinal
tissue that allowed us to isolate D. hansenii
and test functionality. Thus, our findings
support the use of a combination of culturedependent and -independent approaches from
affected organs to identify pathogenic microbiota members in human diseases.
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Fungal aggravation
The gut microbiota includes not only prokaryotes, viruses, protists, and occasionally helminths, but also fungi. The
role that fungi play in this symbiosis has long been overlooked. While investigating alterations to the gut microbiota in
mice with mucosal damage and human subjects with Crohn's disease, Jain et al. discovered the fungus Debaryomyces
hansenii localized to wounds in inflamed mucosal tissue (see the Perspective by Chiaro and Round). Impaired healing
was associated with antibiotic treatment, overgrowth of the fungus, and subsequent induction of a type I interferon−CCL5
axis by macrophages. The fungus was observed within macrophages. Such persistent injury stimulus is a hallmark of
inflammatory bowel diseases, including Crohn's disease and ulcerative colitis. It is not known whether this salt-tolerant
fungus is a natural symbiont, but it is used in the food industry for surface ripening of cheese and meat products.
Science, this issue p. 1154; see also p. 1102

