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Rewilding of laboratory mice enhances granulopoiesis
and immunity through intestinal fungal colonization
Ying-Han Chen1†, Frank Yeung1†, Keenan A. Lacey2, Kimberly Zaldana1, Jian-Da Lin3,
Gavyn Chern Wei Bee2, Caroline McCauley2, Ramya S. Barre4, Shen-Huan Liang5,
Christina B. Hansen4, Alexander E. Downie4, Kyle Tio1, Jeffrey N. Weiser2,6, Victor J. Torres2,6,
Richard J. Bennett5, P’ng Loke7*, Andrea L. Graham4*, Ken Cadwell8,9,10*

The paucity of blood granulocyte populations such as neutrophils in laboratory mice is a notable difference
between this model organism and humans, but the cause of this species-specific difference is unclear. We pre-
viously demonstrated that laboratory mice released into a seminatural environment, referred to as rewilding,
display an increase in blood granulocytes that is associated with expansion of fungi in the gut microbiota. Here,
we find that tonic signals from fungal colonization induce sustained granulopoiesis through a mechanism dis-
tinct from emergency granulopoiesis, leading to a prolonged expansion of circulating neutrophils that pro-
motes immunity. Fungal colonization after either rewilding or oral inoculation of laboratory mice with
Candida albicans induced persistent expansion of myeloid progenitors in the bone marrow. This increase in
granulopoiesis conferred greater long-term protection from bloodstream infection by gram-positive bacteria
than by the trained immune response evoked by transient exposure to the fungal cell wall component β-
glucan. Consequently, introducing fungi into laboratory mice may restore aspects of leukocyte development
and provide a better model for humans and free-living mammals that are constantly exposed to environmental
fungi.
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INTRODUCTION
Laboratory mice are extensively used for studying how the micro-
biota contributes to the differentiation and function of the immune
system (1–5). However, laboratory mice kept in ultrahygienic spe-
cific pathogen–free (SPF) facilities lack the microbial exposure that
humans and free-livingmammals experience in amore complex en-
vironment. The artificial laboratory condition may give rise to dif-
ferences between mice and humans in terms of proportions of
leukocyte subsets, immune response to microbial challenges, and
pathogenesis outcomes (6–8). Consistent with a role for microbes
in this discrepancy, laboratory mice display a more mature
immune system resembling that of an adult human after serial in-
fection by pathogens or cohousing with “dirty” mice harboring
pathogens (9–12). In addition to lack of exposure to disease-
causing pathogens, an artificial microbiota composition may also

contribute to the lack of concordance between observations made
in laboratory mice and humans. Mice reconstituted withmicrobiota
fromwildmice through fecal microbiome transplantation (FMT) or
vertical transmission better recreate the unresponsiveness to immu-
notherapies that failed in clinical trials and display an altered course
of influenza infection and colorectal tumorigenesis in these respec-
tive disease settings (13, 14).

The gut microbiota consists of multiple kingdoms of diverse uni-
cellular organisms and, when the term is applied to agents transmit-
ted through cohousing and FMTs, can include viruses and
multicellular parasites with immunogenic properties. Thus, the re-
spective contribution of symbiotic bacteria versus other microbial
agents in thewildmicrobiota to immune development requires clar-
ification. Another barrier toward investigating the natural micro-
biota is that wild mice harbor both environmental microbes and
transmissible agents that straddle the line between commensal
and pathogen. To address these issues, we recently established a
mesocosm system termed “rewilding” in which laboratory mice ex-
perience a seminatural environment through release into an
outdoor enclosure facility (15). A key feature of this outdoor enclo-
sure facility is that the fencing system prevents contact with wild
rodents that potentially harbor pathogens while allowing the mice
to freely explore and encounter the natural plant and insect fauna.
Hence, rewilded laboratory mice are exposed to environmental mi-
crobes but remain seronegative for pathogens excluded from SPF
facilities (16). We previously demonstrated that rewilded mice
display hallmarks of increased immune activation compared with
matched control laboratory mice, which included a notable expan-
sion of granulocytes, a group of myeloid lineage white blood cells
that include first responders such as neutrophils (16, 17). The gut
microbiota of rewilded mice displayed >100-fold increases in fungal
burden compared with laboratory mice, and transferring fungi
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isolated from feces of rewilded mice into laboratory mice repro-
duced the increase in peripheral granulocytes. We were able to
mimic this effect by colonizing the intestines of laboratory mice
with Candida albicans, a model fungus that is commonly detected
in the human gut.

C. albicans, a gut commensal and opportunistic pathogen, colo-
nizesmost individuals since childhood (18–20). The transition from
yeast to hyphal cell morphology has been shown to regulate the
balance between commensalism and invasive infection in the gas-
trointestinal tract (21–27). Commensal C. albicans can stimulate the
differentiation of CD4+ T helper 17 (TH17) cells to improve immu-
nity, fortify the intestinal barrier, and regulate social behavior (28–
33). In addition to this adaptive immune response mediated by lym-
phocytes during gut colonization, bloodstream C. albicans infection
can prime an innate immune memory response mediated by the
myeloid compartment termed trained immunity. To meet the
high demand for phagocytes to contain invasive pathogens, progen-
itors in the bone marrow (BM) rapidly ramp up the differentiation
of myeloid cells through the process of emergency granulopoiesis,
which returns to baseline levels after resolution of the infection (34–
36). However, a number of studies showed that the response to C.
albicans or fungal products has long-term consequences due to the
reprogramming of the myeloid compartment, resulting in an en-
hanced response to reinfection (35, 37–42). In this setting, β-
glucan, a universal-fungal cell wall component, activates dectin-1
and the signaling adaptor caspase recruitment domain-containing
protein 9 (CARD9) to alter chromatin accessibility in trainedmono-
cytes andmacrophages, which enhances production of inflammato-
ry cytokines (41, 43, 44). Although TH17 differentiation after local
activation of CX3CR1+ mononuclear phagocytes during intestinal
colonization by C. albicans is also dependent on dectin-1 (45), it
is unclear whether blood granulocyte expansion in rewilded mice
involves this pathway. Similarly, the qualitative differences
between mobilization of granulocytes after gut colonization versus
transient bloodstream exposure to fungi require a better
understanding.

Here, we found that C. albicans inoculation and fungal coloni-
zation after rewilding of laboratory mice increased the number and
frequency of multipotent progenitors (MPPs) and the myeloid-
biased MPP3 subset in the BM. Optimal expansion of MPP3s re-
quired interleukin-6 (IL-6) but were unexpectedly independent of
dectin-1 and TH17 pathways. This enhanced granulopoiesis led to
an increase in circulating CD62LhiCXCR4lo neutrophils in C. albi-
cans–colonized laboratory mice and rewilded mice, as well as in-
creases in eosinophils exclusively in rewilded mice. A yeast-locked
C. albicansmutant was unable to induceMPP3s in the BM and neu-
trophils in the blood, which was attributed to the lack of production
of the hypha-associated factor candidalysin. In contrast to transient
β-glucan–induced granulopoiesis, fungal colonization sustained the
increased granulopoiesis, which was reflected by persistently high
levels of peripheral neutrophils. Consequently, C. albicans–colo-
nized mice displayed prolonged protection against Staphylococcus
aureus bloodstream infection and yielded greater immunity at
later time points when compared side by side to the previously de-
scribed β-glucan–induced trained immunity model. Together, these
findings implicate intestinal fungi in continuously remodeling
myeloid cell development in the BM and suggest that environmen-
tal fungi may, in part, correct the differences between laboratory
mice and humans.

RESULTS
Intestinal C. albicans colonization enhances granulopoiesis
in the BM
We previously found that inoculating germ-free mice or antibiotics-
treated laboratory mice with C. albicans (SC5314) mimics the in-
crease in blood granulocytes observed in rewilded mice that are
exposed to fungi, such as Aspergillus spp., in a more natural envi-
ronment. C. albicans is a genetically tractable model fungus with
isogenic mutants available for study, and its use allowed us to
compare our findings with the literature on fungal colonization of
the gut. Therefore, we used rewilding and C. albicans colonization
models interchangeably in this study to cross-validate key observa-
tions regarding the mechanism of granulocyte expansion. Although
we previously established that the increase in blood granulocytes in
the antibiotics pretreatment model of C. albicans colonization was
due to an increase in neutrophils (CD11b+Ly6G+), we did not
examine additional cell surface markers that inform neutrophil
biology. Surface levels of the chemokine receptors CXCR4 and
cell adhesion molecule CD62L increase and decrease, respectively,
as neutrophils age (46, 47). We found that the ratio of the newly
released population (CD62LhiCXCR4lo) of neutrophils to the aged
population (CD62LloCXCR4hi) of neutrophils substantially in-
creased in antibiotics-treated C. albicans–colonized mice compared
with noncolonized control mice, suggesting that fungal coloniza-
tion increases the number of fresh neutrophils in the blood
(Fig. 1A and fig. S1A). These results raise the possibility that C. al-
bicans enhances the production of neutrophils.

Hematopoietic stem cells (HSCs) are defined as the Lin−Sca-1+c-
Kit+ (LSK) fraction of the BM that give rise to nonself-renewing
MPPs. MPPs, composed of three subsets, give rise to leukocyte pop-
ulations. MPP2 and MPP3 are myeloid-biased MPP subsets that
develop toward erythrocyte/megakaryocyte andmonocyte/granulo-
cyte lineages, respectively, whereas MPP4 commits to lymphoid
lineage development (48, 49). To examine whether the expansion
of peripheral neutrophils is attributed to the response of the
myeloid progenitor pool, we used flow cytometry to analyze the
BM in germ-free mice and antibiotics-treated mice colonized by
C. albicans. Compared with mock-treated controls, germ-free
mice 21 days after oral gavage with C. albicans displayed increases
in the total cellularity of the femoral BM and the number of MPPs
(CD48+CD150−LSK) but not HSCs (Fig. 1, B to D, and fig. S1B). In
addition, the number of myeloid-biased MPP3 subset (Flt3−

CD150−CD48+LSK) that gives rise to neutrophils was greatly in-
creased (Fig. 1, E and F). Although absolute number of lymphocyte
precursor MPP4s (Flt3−CD150−CD48+LSK) increased, the ratio of
MPP4 to MPP3 was reduced (Fig. 1G), indicating a skewing toward
granulocyte differentiation. C. albicans–colonized antibiotic-
treated mice also displayed a comparable increase in total MPPs
and the MPP3 subset but not MPP4 (fig. S1, C and D), demonstrat-
ing that fungal colonization favors myeloid-lineage commitment in
both the germ-free and antibiotics pretreatment models. Treatment
of C. albicans mono-associated mice with the antifungal drug flu-
conazole decreased fungal burden and reduced neutrophils in the
blood along with the frequency of myeloid progenitor pools
(Fig. 1, H to J, and fig. S1E). These results suggest that persistent
colonization with fungi is essential to maintain the elevated
granulopoiesis.
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Fig. 1. Inoculation of laboratory mice with C. albicans drives expansion of myeloid progenitors. (A) Ratio of newly released (CD62LhiCXCR4lo) population to aged
(CD62LloCXCR4hi) population of Ly6G+ peripheral neutrophils from antibiotic-treated mice 21 days after inoculation with PBS or C. albicans. n = 4 mice per group. (B) The
cellularity of total BM cells from germ-free mice 21 days after inoculation with PBS or C. albicans. n = 4 mice per group. (C) Representative flow cytometry plots depicting
gating strategy for HSCs and progenitors in BM from germ-free mice inoculated with PBS or C. albicans. LSK cells were gated from Lin− cells and characterized as Sca1+c-
Kit+ cells. A subpopulation of LSK was further characterized as MPP (CD48+CD150−LSK). (D) Quantification of number of LSK and MPPs from (C). n = 4 mice per group. (E)
Representative flow cytometry plots depicting gating strategy used to identify MPP subsets in BM from germ-freemice inoculated with PBS or C. albicans. MPP4 cells were
gated on Flt3+LSK and identified by CD48 and CD150. MPP3 and MPP2 cells were gated on Flt3−LSK and identified by CD48 and CD150. (F) Quantification of the number
of MPP subsets from (E). (G) Ratio of MPP4 to MPP3. (H) Germ-free mice were administrated fluconazole in the drinking water continuously starting from day 7 after
inoculation with PBS or C. albicans. Blood and BM analysis were performed day 21 after inoculation. n = 4 mice per group. (I) Frequency of neutrophils in the peripheral
blood of germ-freemice treated as in (H). (J) Frequency of MPPs andMPP3 in the BM of germ-freemice treated as in (H). Dots in bar graphs correspond to individual mice.
Mean and SD are shown. *P < 0.05, **P < 0.01, and ****P < 0.0001 by two-tailed Student’s t test between groups. ns, not significant.
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Rewilding increases granulopoiesis
To determine whether granulopoiesis is enhanced after exposure to
the natural environment, we performed an independent rewilding
experiment in which 6- to 8-week-old SPF laboratory mice were re-
leased into the enclosure and captured 6 weeks later, at which point
their immune profile was compared with littermate controls kept in
the conventional animal facility. Given that the previous rewilding
experiment was performed in 2017, we first confirmed that granu-
locyte expansion was reproducible and not subject to year-to-year
variation in the local environment of the outdoor facility (e.g., veg-
etation, weather, etc.). Despite the 2-year interval between experi-
ments, rewilded mice displayed a similar expansion of
granulocytes (SSChi) in the periphery as before (Fig. 2A). Our pre-
vious rewilding experiment did not include flow cytometry markers
for distinguishing granulocyte subsets. Although the increase in
blood neutrophils was not statistically significant, a positive corre-
lation between the abundance of circulating neutrophils and fungal
burden was still observed in rewilded mice (fig. S2A). In addition,
neutrophils from rewilded mice displayed a dramatically altered cell
surface staining for CD62L and CXCR4 compared with laboratory
controls indicative of an increase in newly generated (CD62Lhi
CXCR4lo) cells (Fig. 2, B and C), similar to C. albicans–colonized
laboratory mice. Rewilded mice displayed a substantial increase in
eosinophils that was not observed in C. albicans–colonized labora-
tory mice (Fig. 2A and fig. S2B). This difference could be explained
by the presence of other fungal taxa in the outdoor enclosure. To
test this possibility, we gavaged laboratory mice every other day re-
peatedly for 2 weeks with a consortium of “wild” fungi that we pre-
viously isolated from rewilded mice (16) and found that this
treatment induced an increase in peripheral eosinophils (fig.
S2C). Thus, we believe that C. albicans is useful for mechanistic
probing how fungi induce neutrophil expansion, whereas wild
fungi might better recapitulate the full effect of rewilding. Consis-
tent with our previous finding that rewilded mice harbored a signif-
icant increase in stool fungal burden, we readily observed the
presence of fungi associated with the mucus layer in the small intes-
tine of rewilded mice. In contrast, fungi were nearly undetectable in
laboratory mice (Fig. 2D). These results highlight the reproducibil-
ity of granulocyte expansion and fungal colonization in our rewild-
ing system, and also identify eosinophils as a uniquely expanded
population in mice captured from outdoors.

Like C. albicans–colonized mice, rewilded mice showed a signif-
icantly increased BM cellularity and the number and frequency of
MPPs. In addition, rewilded mice displayed a higher absolute
number but not proportion of HSCs than laboratory mice (Fig. 2,
E to G, and fig. S2D). Rewilding also led to an increase in the
number and frequency of myeloid-biased MPP3s and not lym-
phoid-biased MPP4s (Fig. 2, H and I, and fig. S2E). In contrast to
the periphery where the neutrophils are mature (Ly6G+), neutro-
phils in the BM can be segregated into mature Ly6G+CXCR2+
and immature Ly6Glo/+CXCR2− populations (50). Using these
markers, we found the frequency of immature neutrophils increased
and mature neutrophils decreased in the BM of rewilded mice com-
pared with laboratory mice (fig. S2F). In human BM, the majority of
neutrophils are immature. Therefore, we believe that fungal coloni-
zation brings the steady state of neutrophil development in labora-
tory mice to more closely resemble human BM development.
Overall, these results demonstrate that rewilding leads to enhanced

granulopoiesis giving rise to younger neutrophils in the periphery,
similar to inoculation of laboratory mice with C. albicans.

Fungal colonization of the gut induces sustained changes
to the host immune system
To determine whether the time course of granulopoiesis differs
between invasive infection and gut colonization, we attempted to
compare the immune response between oral and intravenous inoc-
ulation with C. albicans. Because the gut colonization model in-
volves antibiotic pretreatment, mice received the same antibiotics
regimen prior to intravenous injection with a nonlethal dose of C.
albicans. Unexpectedly, intravenous injection led to similar levels of
C. albicans gut colonization as the oral route of inoculation
(Fig. 3A). Thus, we concluded that the intravenous C. albicans in-
jection model is inappropriate for investigating transient exposure
to fungi and turned to a simpler established model of acute antifun-
gal responses.

β-Glucan is an abundant fungal cell wall polysaccharide that
elicits host responses through activating innate immune receptors
such as dectin-1 (51, 52). Therefore, we performed a time course
analysis comparing the effect of intraperitoneal injection with β-
glucan and oral gavage with C. albicans in antibiotics-treated
mice. Intraperitoneal injection of β-glucan led to expansion of
SSChi granulocytes and neutrophils in the blood as early as 24
hours after treatment compared with control mice, which returned
to baseline levels by day 3 (Fig. 3, B to D). In contrast, the frequency
of peripheral granulocytes and neutrophils reached a plateau at day
3 in mice orally inoculated with C. albicans and remained high
throughout the course of the experiment, matching the stable
levels of colonization observed in the stool (Fig. 3, C to E). The
number of blood eosinophils and monocytes were largely unaffect-
ed by β-glucan injection and C. albicans gut colonization (fig. S3, A
and B). MPPs and MPP3s in the BM were increased and remained
high in mice orally inoculated with C. albicans. However, different
from the time course of neutrophil expansion in the blood, the in-
crease in these progenitor populations after β-glucan injection led
to a gradual decline rather than a steep drop at day 3 (Fig. 3, F and
G). These findings indicate that fungal colonization of the gut leads
to sustained granulopoiesis and stable expansion of neutrophils,
whereas a single intraperitoneal injection of β-glucan induces tran-
sient changes.

Fungal colonization enhances granulopoiesis
independently of dectin-1 and TH17 pathways but in a
manner dependent on IL-6R signaling
Antigen-presenting cells activated by dectin-1 and other pattern
recognition receptors that signal through CARD9 can induce the
differentiation of TH17 cells that mediate neutrophil mobilization
through IL-17A (53, 54). Therefore, it is possible that C. albicans
colonization induces sustained dectin-1 signaling. However, daily
intraperitoneal injection of β-glucans for 7 days did not induce a
significant increase in peripheral neutrophils and eosinophils (fig.
S4A). Although repetitive β-glucan injection induced a slight in-
crease in MPP3s, in contrast to C. albicans–colonized mice,
MPP2s were also increased and the ratio of MPP4 to MPP3 was
comparable to the mock-treated mice (fig. S4. B and C). These
results raise the possibility that the effects of intestinal fungal colo-
nization are dectin-1 and CARD9 independent. C. albicans coloni-
zation still induced increases in MPP3s in the BM and peripheral
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Fig. 2. Rewilding increases granulopoiesis. (A) Frequency of granulocytes (SSChi), neutrophils (Ly6G+), and eosinophils (Siglec-F+) in the peripheral blood of rewilded
mice (wild) and control micemaintained in the laboratory condition (lab). Neutrophils and eosinophils were gated on Live+CD45+CD11b+. n = 8 lab and 12 rewildedmice.
(B) Representative flow cytometry plots of newly released (CD62LhiCXCR4lo) and aged (CD62LloCXCR4hi) neutrophils. (C) Quantification of proportion of fresh and aged
neutrophils. n = 8 lab and 12 rewilded mice. (D) Confocal images of ileum sections immunostained with anti-candida antibody (nonspecifically labels fungi) and coun-
terstained with FITC-lectins mixture, which binds to oligosaccharide structures of mucins. Scale bars, 100 μm. (E) The cellularity of total BM cells from lab and rewilded
mice. n = 9 lab and 7 rewilded mice (E, G, and I). (F) Representative flow cytometry plots of LSK (Lin−cKit+Sca1+) andMPPs (CD48+CD150−LSK). (G) Cell number of LSK and
MPPs in the BM of lab and rewildedmice. (H) Representative flow cytometry plots of MPP4, MPP3, andMPP2. (I) Cell number of MPP subsets in the BM of lab and rewilded
mice. Dots in bar graphs correspond to individual mice. Mean and SD are shown. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by two-tailed Student’s t test
between groups.
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Fig. 3. Intestinal C. albicans colonization leads to sustained granulopoiesis. (A) CFUs of C. albicans in feces from antibiotic-treated mice 21 days after oral inoculation
with C. albicans or intravenous injection with a nonlethal dose (1 × 104 CFUs). n = 5 mice per group. (B) Experimental model of C. albicans colonization and β-glucan
injection in antibiotic-treated mice. Blood and BM were collected on days 1, 3, 14, and 21 of inoculation for flow cytometry analysis. n = 6 mice per group. (C and D)
Frequency of granulocytes (SSChi) and neutrophils in the peripheral blood from mock, C. albicans–colonized and β-glucan–injected mice. (E) C. albicans CFUs in feces
collected from antibiotic-treated mice inoculated with C. albicans on indicated days. (F and G) Frequency of MPPs and MPP3 in the BM frommock, C. albicans–colonized
and β-glucan–injected mice.
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neutrophils in mice lacking dectin-1 (Clec7a) or CARD9 (Fig. 4A
and fig. S4D). Dectin-1– and CARD9-deficient mice displayed
similar amounts of C. albicans in the stool as their wild-type litter-
mates (Fig. 4B). Also, rewilded dectin-1– and CARD9-deficient
mice exhibited enhanced granulopoiesis, including an increased

number in MPPs and MPP3, upon being released into the
outdoor enclosure (Fig. 4C and fig. S4E). In addition to dectin-1,
we also examined the role of Toll-like receptor 2 (TLR2), which rec-
ognizes phospho-lipomannans and chitin from the fungal cell wall
(55, 56). We found that C. albicans colonization induced increases

Fig. 4. Fungal colonization enhanc-
es granulopoiesis in a manner de-
pendent on IL-6R signaling. (A)
Frequency of neutrophils in the pe-
ripheral blood and MPP3 in the BM
from antibiotic-treated Dectin-1−/−

mice 21 days after inoculation with C.
albicans. n = 6 PBS control and n = 7 C.
albicans–colonized mice. (B) Fungal
CFUs in feces from C. albicans–colo-
nized wild-type, Dectin-1−/−, and
Card9−/− mice on day 21. n = 5 mice
per group. (C) Quantification of
number of MPP3 in the BM of labora-
tory and rewilded wild-type (n = 9 lab
and 7 rewilded mice), Dectin-1−/− (n =
8 lab and 10 rewilded mice), and
Card9−/− (n = 8 lab and 8 rewilded
mice) mice. (D) Frequency of neutro-
phils in the peripheral blood andMPPs
and MPP3 in the BM from antibiotic-
treated Rorc−/− mice 21 days after in-
oculation with C. albicans. n = 5 PBS
control and n = 7 C. albicans–colo-
nized mice. (E) Quantification of IL-1β
(n = 5) and IL-6 (n = 3) in the BM ex-
tracellular fluid from antibiotic-treated
mice 21 days after inoculation with
PBS or C. albicans. (F) Frequency of
neutrophils in the peripheral blood
and MPP3 in the BM on day 7 from
mice treated with anti–IL-1α, anti–IL-
1β, or IgG isotype control antibodies
on days −1, 1, 3, and 5 days after in-
oculation with C. albicans. n = 4 mice
per group. (G) Frequency of neutro-
phils in the peripheral blood and
MPP3 in the BM from mice treated
with anti–IL-6R or IgG isotype control
antibodies on days −1, 1, 3, and 5 days
after inoculation with C. albicans. n =
10 mice per group. (H) Quantification
of IL-6+ cells gated on live cells in the
peripheral blood and BM from antibi-
otic-treated mice 21 days after inocu-
lation with PBS or C. albicans by flow
cytometry. (I) Proportion of live IL-6+

cells that are CD45+CD11b+ (left) and
quantification of live cells that are IL-6+

myeloid cells (CD45+CD11b+) (right) in
the BM from antibiotic-treatedmice 21
days after inoculation with PBS or C.
albicans. (J) Cytokine gene expression
across cell types identified by scRNA-
seq analysis. Dots in bar graphs corre-
spond to individual mice. Mean and
SD are shown. *P < 0.05, **P < 0.01, and ****P < 0.0001 by two-tailed Student’s t test between groups (A, D, E, and H) and ordinary one-way ANOVA with Holm-Šidák
multiple comparisons test (C, F, and G). Antibiotic-treated groups (A and D to I).
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in MPP3 in the BM and peripheral neutrophils in mice lacking
TLR2 (fig. S4F). Similarly, in our previous study (16), rewilded
mice deficient in nucleotide binding oligomerization domain con-
taining 2 (NOD2), another molecule shown to sense fungi (57), ex-
hibited a comparable expansion of granulocytes as rewilded wild-
type mice.

IL-17A can promote granulopoiesis by inducing increased circu-
lating levels of granulocyte colony-stimulating factor (G-CSF) (58,
59). Therefore, we examined the possibility that the TH17 response
mediates neutrophil expansion during C. albicans gut colonization.
As demonstrated by others (33, 45), we observed that C. albicans
colonization increased IL-17 production by CD4 T cells and the
proportion of RoRγt+ CD4 T cells in the small intestine and
colon (fig. S4, G and H). However, antibiotics-treated Rorc−/−

mice, which are deficient in IL-17–producing cells, still displayed
an in increase in blood neutrophils and expansion of MPPs and
MPP3 in the BM upon C. albicans colonization (Fig. 4D). We
also found that CD4 T cells in general were dispensable by depleting
the CD4 T cells in C. albicans–colonized wild-type mice (fig. S4I).
Together, these results suggest that C. albicans colonization modu-
lates neutrophil development independent of canonical fungal
sensing receptors such as dectin-1 and antifungal immune
pathways.

Other cytokines are known to regulate the expansion of HSCs
and differentiation into myeloid progenitors, such as IL-1, IL-6,
and granulocyte-macrophage colony-stimulating factor (GM-CSF)
(60). As expected, we found that IL-1β and IL-6 were significantly
increased in the BM of C. albicans–colonized mice (Fig. 4E). We
injected IL-1α– or IL-1β–specific neutralizing antibodies to assess
their contribution. C. albicans–colonized mice undergoing IL-1α
or IL-1β blockade displayed equivalent MPP3 levels to isotype
control–treated mice; yet, peripheral neutrophils were decreased
in the anti–IL-1β–injected mice (Fig. 4F). In contrast, blocking
the IL-6 receptor (IL-6R) reduced theC. albicans–mediated increase
in MPP3. The neutrophil levels of anti–IL-6R–treated C. albicans–
colonized mice and control mice not colonized by C. albicans were
similar (Fig. 4G). GM-CSF blockade did not reduce either neutro-
phils or MPP3 in C. albicans–colonized mice (fig. S4J). Therefore,
fungal colonization in the gut leading to an increase in granulopoi-
esis was dependent on IL-6R signaling and independent of IL-1 and
GM-CSF. However, IL-1β might play a role in regulating neutrophil
mobilization from the BM.

To test whether the increase in IL-6 upon C. albicans coloniza-
tion was a result of local expansion of IL-6–producing cells, we har-
vested the blood and BM cells from mock-treated or C. albicans–
colonized mice and quantified IL-6+ cells by flow cytometry. C. al-
bicans colonization increased the proportion of IL-6+ cells locally in
the BM and not in the blood (Fig. 4H). IL-6+ myeloid cells (CD45+
B220−CD3e−CD19+) increased in C. albicans–colonized mice and
were the main source of IL-6 in the BM (Fig. 4I and fig. S5A). To
further define the cell types that contributed to Il6 expression, we
performed single-cell RNA sequencing (scRNA-seq) on BM cells
isolated from mock-treated and C. albicans–colonized mice. We
used unsupervised dimensionality reduction analysis combined
with unbiased cell type recognition using the ImmGenData open-
source (expression) reference database to identify various hemato-
poietic populations consisting of murine progenitors, neutrophils,
monocytes, plasmacytoid dendritic cells, macrophages, Mast/baso-
phils, and B and T lymphocytes (fig. S5B). The Il6-expressing

cluster was enriched for Fcer1a (Fc epsilon RI), Cd200r3
(CD200R3), and Mcpt8 (Mast cell protease 8) expression, identify-
ing the cells as amast/basophil subset (Fig. 4J and fig. S5C). Analysis
of several other detectable cytokines indicated that the Il6 expres-
sion pattern was distinct in our dataset. For instance, Il1b and
Il18 expression was mainly detected in neutrophils and macrophag-
es, respectively (Fig. 4J). Consistent with previous studies showing
that human and mouse HSC/progenitors respond to IL-6 (61, 62),
expression of genes encoding the IL-6R complex, Il6ra and gp130
(Il6st), was detected in the “progenitor” cluster, and their expression
was up-regulated in response to C. albicans colonization (fig. S5, D
and E). These results indicate that granulopoiesis induced by C. al-
bicans colonization is associated with the expansion of IL-6+
myeloid cells, in particular mast/basophils, in the BM.

Hypha-associated candidalysin promotes granulopoiesis
C. albicansmorphogenesis and associated virulence factors play im-
portant roles in the host immune response and commensal fitness
(63–65). Histological analyses of C. albicans in mouse intestines
with periodic acid–Schiff (PAS) staining, which stains polysaccha-
rides on the surface of C. albicans, showed plenty of oval-shaped
cells that indicated the typical yeast morphology (Fig. 5A). Elongat-
ed morphological structures were also visible. Similar results were
obtained by immunofluorescence microscopy (Fig. 5B). A large
quantity of yeast-like C. albicans were detected in the mucus layer
close to the intestinal epithelium, but excluded from the tissue, sug-
gesting lack of invasion.

The transcription factors EFG1 and FLO8 are essential for fila-
mentous growth and regulate the expression of virulence factors in
response to environmental cues, such as temperature, pH, or nutri-
ents (66–69). Thus, to examine whether these morphogenic regula-
tors of C. albicans were required for promoting granulopoiesis in
the BM, we compared mice colonized with wild-type versus
efg1∆/∆ and flo8∆/∆ mutant C. albicans. Although these yeast-
locked mutants displayed similar burden in stool as the isogenic
wild-type control, both efg1∆/∆ and flo8∆/∆ C. albicans lost the
ability to induce MPP3 in the BM and neutrophils in the blood
(Fig. 5, C and D). We confirmed that structures indicative of
hyphal morphology were absent in mice colonized by flo8∆/∆
C. albicans (Fig. 5E). Among the most characterized factors that
are up-regulated during hyphal formation in C. albicans is the im-
munogenic mycotoxin candidalysin (70). The candidalysin-defi-
cient (ece1∆/∆) mutant did not increase granulocyte and
neutrophil levels compared with mock-treated mice. Furthermore,
ece1∆/∆ C. albicans induced significantly reducedMPPs andMPP3
compared with wild-type C. albicans. Fungal burdens in stools of
wild-type and ece1∆/∆ C. albicans were comparable (Fig. 5, F to
H). In addition, the proportion of newly released neutrophils
(CD62LhiCXCR4lo) in mice colonized by these C. albicans
mutants was similar to control uninoculated mice (Fig. 5I). These
findings indicate that the hypha-associated virulence factor ECE1
promotes granulopoiesis.

Fungal colonization enhances protection against gram-
positive bacterial infections
We next asked whether the response to fungal colonization of the
gut leads to altered susceptibility to bloodstream infection by S.
aureus, a bacterial pathogen sensitive to granulocytes (71). Consis-
tent with this possibility, laboratory mice colonized with C. albicans
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Fig. 5. Candidalysin promotes granulopoiesis. (A) PAS-stained colonic section from C. albicans–colonized antibiotic-treated mice. White and yellow arrows indicate
yeast and hyphal structures, respectively. Scale bar, 10 μm. (B) Confocal images of wild-type C. albicans–colonized colon sections immunostained with anti-candida
antibody and counterstained with FITC-lectins mixture. Region of interest is magnified in right. Arrows indicate the hyphal structure. Scale bar, 100 μm. (C) Fungal
CFUs in feces from antibiotic-treated mice 21 days after inoculation with wild-type C. albicans and yeast-locked mutants. (D) Frequency of neutrophils in the peripheral
blood and MPP3 in the BM on day 21 after wild-type and mutant (efg1∆/∆ and flo8∆/∆) C. albicans inoculation. n = 7 mice per group. (E) Confocal images of colon
sections frommice colonized with the FLO8 deletion mutant immunostained with anti-candida antibody and counterstained with FITC-lectins mixture. Region of interest
is magnified in right. Scale bar, 100 μm. (F) Frequency of SSChi granulocytes and neutrophils in the peripheral blood on day 21 after wild-type and mutant (ece1∆/∆) C.
albicans inoculation. (G) Frequency of MPPs and MPP3 in the BM on day 21 after wild-type and mutant (ece1∆/∆) C. albicans inoculation. n = 5 PBS control, n = 5 wtCA-
colonized mice, and n = 4 mutant (ece1∆/∆) CA–colonized mice. (H) Fungal CFUs in feces from antibiotic-treated mice 21 days after inoculation with wild-type and
ece1∆/∆ C. albicans. (I) Frequency of fresh neutrophils (CD62LhiCXCR4lo) in the peripheral blood on day 21 after wild-type and mutant C. albicans inoculation. Dots
in bar graphs correspond to individual mice. Mean and SD are shown. *P < 0.05, **P < 0.01, and ****P < 0.0001 by ordinary one-way ANOVA with Holm-Šidák multiple
comparisons test.
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for 3 weeks displayed substantially enhanced survival after intrave-
nous infection by methicillin-resistant S. aureus (MRSA) strain
USA300 (Fig. 6A). Our experiments examining cell surface
markers suggest neutrophils from C. albicans–colonized mice
were qualitatively different. To examine phagocytic capacity ex
vivo, we cocultured neutrophils and green fluorescent protein
(GFP)–labeled S. aureus incubated with serum to allow for opsoni-
zation and used heat-treated serum in which complement proteins
were inactivated as a control. Neutrophils isolated from C. albicans–
colonized mice exhibited enhanced phagocytosis of opsonized S.
aureus (Fig. 6, B and C), indicating that fungal colonization
boosted both quantity and function of neutrophils. In addition,
we found S. aureus burden in various organs were decreased in C.
albicans–colonized mice compared with control mice, especially in
the blood and lungs (fig. S6A). Fungal colonization has been shown
to contribute to expansion of protective TH17 cells and induce an
antifungal immunoglobulin G (IgG) response against pathogens
(30, 72). To rule out potential cross-reactivity of lymphocytes
between microbes, recombination activating gene 1 (RAG-1)–defi-
cient mice, lacking mature B and T lymphocytes, were challenged
with S. aureus after 3 weeks of C. albicans colonization. C. albi-
cans–colonized RAG-1–deficient mice, which we confirmed
showed comparable fungal burden in the stool as other experi-
ments, displayed improved survival during S. aureus infection com-
pared with the noncolonized control Rag-1−/− mice (Fig. 6D and
fig. S6B). In contrast, depletion of neutrophils with anti-Ly6G anti-
bodies abrogated the protection conferred by C. albicans coloniza-
tion (Fig. 6E). Although the degree of survival among control
groups was variable, which may be inherent to sepsis models (73),
these results show that C. albicans consistently protected the host
across experiments when neutrophils are present. Also, C. albicans
mutants that are unable to induce MPP3 in the BM and neutrophils
in the blood, efg1∆/∆ and flo8∆/∆, completely lost the ability to
protect the mice from S. aureus infection (Fig. 6F and fig. S6C).
Last, the protection induced by fungal colonization was not specific
for S. aureus infection; C. albicans–colonized mice also improved
survival after intraperitoneal or intranasal infection with Streptococ-
cus pneumoniae (Fig. 6G and fig. S6D). Together, these results show
that immune alterations associated with C. albicans colonization of
the gut enhance protection against gram-positive bacterial
pathogens.

Intestinal fungal colonization mediates longer-lasting
protection compared with innate immune training
Our finding that C. albicans improves survival of Rag1−/− mice in a
manner dependent on neutrophils during S. aureus infection indi-
cates that fungal colonization mediates protection by enhancing
innate immunity. β-Glucan, a potent stimulant of trained immuni-
ty, reprograms the immune cells epigenetically or functionally to
enhance host responses (74). Trained immunity stimulated by β-
glucan induces impressive broad-spectrum protective responses
against secondary infections (38, 39, 75). Although our results
showed that granulopoiesis wanes over time in transiently stimulat-
ed mice compared with persistent fungal colonization (Fig. 3), BM
cells from mice injected with β-glucan display an enhanced ability
to reinitiate myeloid cell differentiation upon rechallenge, indicat-
ing that some immune changes are sustained in this model (76).
Because persistent exposure to fungi maintains granulocyte levels
in the blood (Fig. 3), we investigated whether fungal colonization

would afford greater protection from a bacterial infection compared
with the previously described β-glucan–induced trained immunity
that involves a recall response. To test our hypothesis, we compared
laboratory mice colonized by C. albicans through oral inoculation
and mice injected intraperitoneally with β-glucan that received a
secondary challenge with S. aureus either at 7 days or 3 weeks
after colonization or injection (Fig. 7A). β-Glucan–induced circu-
lating neutrophil levels return to baseline at these time points
(Fig. 3D); therefore, any protection can be attributed to innate
immune memory. At the 7-day time point, C. albicans colonization
and β-glucan injection led to a similar degree of enhanced protec-
tion compared with control mice (Fig. 7B). In contrast, at 3 weeks
after treatment, protection against S. aureus induced by β-glucan
was absent, yet fungal colonization was capable of sustaining en-
hanced immunity (Fig. 7, C and D). Consistent with this finding,
intestinal C. albicans protected Dectin-1−/− mice from S. aureus in-
fection (Fig. 7E). Overall, fungal gut colonization led to sustained
changes to the host immune system that mediated greater and pro-
longed protection against pathogenic infection.

DISCUSSION
Granulocyte abundance and function is one of the most recognized
differences between humans and mice. Granulocytes make up only
5 to 10% of leukocytes in mouse blood but 50 to 70% in humans.
Our results indicate that the environment, specifically sustained
stimulation by intestinal fungi, may account for at least part of
this difference by regulating granulopoiesis in the BM. A compre-
hensive study showed that gut fungal communities in SPF C57BL/6J
laboratory mice vary across vendors and are shaped by the environ-
ment, bacterial communities, and diet (77). Although the degree of
fungal colonization and community composition is likely facility
dependent, most studies do not report the retrieval of fungi from
SPF mice through culturing techniques. Therefore, fungal burden
may be low in many conventional animal facilities, as we previously
observed (16). In addition to our report, another group showed that
wild mice have significantly higher relative abundance of intestinal
fungi (13). Thus, a certain level of fungal colonization may be the
norm for free-living mammals. Consistent with this idea, the effect
of rewilding on granulocytes and acquisition of intestinal fungi was
reproducible across years. However, in contrast to the carefully con-
trolled laboratory experiments in which mice are inoculated with a
defined amount of C. albicans, we consistently observed greater var-
iance in granulocyte numbers among rewilded mice. We previously
showed a positive correlation between granulocyte and fungal abun-
dance, and the specific association between neutrophils and fungal
burden was confirmed here. Considering that humans display inter-
individual differences in fungal microbiota, including the presence
and abundance of pro-inflammatory C. albicans strains (78, 79), in-
terindividual variation in fungal exposures and immune traits may
be another aspect of human biology that is captured in the outdoor
mouse enclosure (80).

We note that fungal colonization of mice falls short of fully re-
capitulating the relative proportion of various leukocytes observed
in humans and that many environmental and species-intrinsic
factors likely contribute to deficiencies in the laboratory mouse
model for studying human immunity. Exposure to pathogens, as
opposed to commensals, may be particularly important for the mat-
uration of certain aspects of the adaptive immune system (9, 12).We
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Fig. 6. Intestinal colonization by C. albicans protects against gram-positive bacterial infections. (A) Survival after intravenous (i.v.) injection of S. aureus on day 21
after PBS (mock, n = 14) or C. albicans (n = 12) inoculation. Antibiotics-containing water was swapped with regular water 24 hours before S. aureus infection. Three
independent repeats. (B) Representative flow cytometry plots of neutrophils isolated from the BM of mock and C. albicans–colonized mice incubated with GFP-
labeled S. aureus together with untreated or heat-inactivated (HI) mouse serum for 20 min at an MOI of 25. (C) Quantification of frequency of GFP+ neutrophils from
(B). n = 3 mock and n = 5 C. albicans–colonized mice. (D) Survival of Rag1−/− knockout mice infected with S. aureus on day 21 after PBS (n = 7) or C. albicans (n = 8)
inoculation. Two independent repeats. (E) Survival of mice infected with S. aureus on day 21 after PBS or C. albicans inoculation and treated with anti-Ly6G or IgG isotype
control antibodies on days−1, 1, 3, 5, and 7 days after infection. n = 7mice per group. (F) Survival ofmice infected with S. aureus on day 21 after inoculationwith PBS, wild-
type, or mutant C. albicans (efg1∆/∆ and flo8D/flo8∆/∆). n = 22 mice per group. Two independent repeats. (G) Survival of mice injected intraperitoneally with S. pneumo-
niae on day 21 after PBS or C. albicans inoculation. n = 12 mice per group. Dots in bar graphs correspond to individual mice. Mean and SD are shown. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 by ordinary one-way ANOVA with Holm-Šidák multiple comparisons test (C). (A and D to G) log-rank Mantel-Cox test.
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also note that the pronounced eosinophil expansion observed in re-
wilded mice was not reproduced with C. albicans inoculation. Fungi
isolated from rewilded mice better recapitulated the increase in pe-
ripheral eosinophils, suggesting that even among fungi, the exact
host response to intestinal exposure is dependent on the fungal
species and strains.

Mechanistic insight came from our finding that transcription
factors controlling hyphal morphogenesis were necessary for

enhanced granulopoiesis, leading us to identify candidalysin as an
essential factor in this host response. Candidalysin induces mem-
brane damage in target cells to evoke cytokines including IL-6
and IL-1β (70). Other fungi produce mycotoxins, which may
explain why exposure to fungi in the outdoor enclosure induces
similar (but not identical) outcomes as colonization by C. albicans.
In addition, fungal sensors such as dectin-1 were dispensable,
further supporting a model in which granulopoiesis is driven by

Fig. 7. Intestinal C. albicans colonization mediates longer-lasting protection from S. aureus compared with β-glucan stimulation. (A) Schematic depicting ex-
perimental procedure in (B). Antibiotic-treated mice were orally inoculated with PBS (mock) (n = 7) or C. albicans (n = 9) or intraperitoneally injected with β-glucan (1 mg)
(n = 9). Antibiotics-containing water was swapped with regular water on day 6 and mice were injected i.v. with S. aureus on day 7. (B) Survival of mice infected with S.
aureus on day 7 after inoculation with C. albicans or β-glucan. (C) Schematic depicting experimental procedure in (D) and (E). Similar to (A) except mice were injected i.v.
with S. aureus on day 21. (D) Survival of mice infected with S. aureus on day 21 after inoculation with C. albicans or β-glucan. n = 25 mice per group. Two independent
repeats. (E) Survival of Dectin-1−/− mice infected with S. aureus on day 21 after inoculation with C. albicans or β-glucan. n = 7 mice per group. *P < 0.05 and **P < 0.01 by
log-rank Mantel-Cox test (B, D, and E).

S C I ENCE IMMUNOLOGY | R E S EARCH ART I C L E

Chen et al., Sci. Immunol. 8, eadd6910 (2023) 23 June 2023 12 of 19

D
ow

nloaded from
 https://w

w
w

.science.org at Princeton U
niversity on June 18, 2025



subtle cellular damage by candidalysin, although our findings do
not rule out a role for orthogonal pathways that are triggered by
yeast-to-hyphae transition. Multiple pathogen sensors act in an
overlapping or redundant manner during innate immune
memory and TH17 response elicited by intravenous injection and
gut colonization with C. albicans, respectively (81, 82), and al-
though β-glucan has received the bulk of attention, a recent study
showed that fungal mannans travel through the lymph from the pe-
riphery to stimulate a potent CARD9-independent immune re-
sponse (83).

The functional consequences of the enhanced granulopoiesis in
response to fungal colonization were profound. C. albicans can ex-
acerbate the adverse consequences of S. aureus infection when
found together, such as through fungal hypha-associated adhesions
factors that promote mixed biofilm formation (84–86). We found
that when colonization was restricted to the gut, even after a
month after the initial inoculation, C. albicans continued to
sustain high levels of peripheral neutrophils and substantially pro-
tected against bacterial infection. This observation motivated us to
compare gut colonization with transient stimulation of antifungal
defense, an established trigger of granulopoiesis. Similar to the
short-term response to systemic infection by C. albicans (87), we
found that neutrophils expanded and declined rapidly in the pe-
riphery in a 3-day span after β-glucan injection. Despite this
return to baseline, we reproduced observations in the literature by
showing that β-glucan injection provided enhanced protection
through trained immunity when the bacterial challenge occurred
a week after priming. However, β-glucan injection failed to confer
protection at 1 month after priming. The recall response is poten-
tially slower or less efficient at later time points when innate
immune memory wanes, whereas mice experiencing persistent
fungal colonization benefit from constitutively high levels of circu-
lating fresh neutrophils. It is also possible that reprogramming leads
to a qualitatively different response that relies on monocytes and
macrophages more so than neutrophils (38, 39). In addition, the
fungal determinants of short- versus long-term effects on the host
are distinct. When delivered intravenously, C. albicans defective in
hypha-associated gene expression was able to confer short-term
protection from subsequent infectious disease challenges similar
to β-glucan injection (27). In contrast, we found that protection
conferred by gut colonization was dependent on the hypha-associ-
ated gene expression program.

In conclusion, our results indicate that fungal colonization con-
tinually promotes granulopoiesis and neutrophil expansion
through a mechanism distinct from infection-induced emergency
granulopoiesis or trained immunity. The sustained immune activa-
tion offers prolonged protection against bloodstream pathogens.
Recent evidence highlights a previously unappreciated heterogene-
ity of neutrophils, which may be key for their function during infec-
tious and chronic diseases, such as cardiovascular inflammation
and cancer (88–90). The newly produced neutrophils induced by
fungi may carry distinct characteristics that are missing in laborato-
rymice. Given that humans and free-livingmammals are exposed to
fungi from the environment constantly, introducing fungi into lab-
oratory mice is likely to better recapitulate certain aspects of mam-
malian biology.

MATERIALS AND METHODS
Study design
The aim of this study was to reveal how intestinal fungi modulate
HSCs and progenitors, in particular myeloid-biased MPP3, leading
to increased granulopoiesis and circulating neutrophils in the
blood. In addition to rewilding in which laboratory mice experience
a seminatural environment through release into an outdoor enclo-
sure facility, we used human commensal fungi, C. albicans, in the
laboratory to recapitulate the expansion of granulocytes. MPPs
and MPP3 in BM were analyzed by flow cytometry to determine
the levels of granulopoiesis. β-glucan injection, which mimics
fungal infection, was used to compare to fungal colonization in
the gut. Last, we assessed their protective potential against gram-
positive bacteria. Mice were randomly assigned to individual
groups and analyzed without excluding outliers. The rewilding pro-
cedure and facility is described in detail below. All laboratory exper-
iments were performed at least two times independently. The
number of mice and statistics used in the studies are included in
the figure legends.

Mice and wild enclosure
All mouse lines were on a C57BL/6J background and bred onsite in
an MNV/Helicobacter-free SPF facility at NYU Grossman School of
Medicine. C57BL/6J [wild type (WT)],Dectin-1−/− (Clec7a−/−), and
Card9−/− mice were initially purchased from the Jackson Laborato-
ry. Rorc(γt)–enhanced GFP (Rorc−/−) mice were obtained from
D. Littman, NYU Grossman School of Medicine. All animal work
was approved by NYU Langone Institutional Animal Care and Use
Committee (IACUC; #IA16-0087 and #IA16-00864). For experi-
ments performed within the institutional SPF facility that involved
inoculation with microbes, 6- to 10-week-old mice of both sexes
were used and compared with control-treated littermates. Litter-
mates of mice used for rewilding experiments were generated
from multiple breeding pairs and randomly assigned to either
remain in the institutional vivarium (laboratory mice) or released
into the outdoor enclosures (rewilded mice) to control for the mi-
crobiota at the onset of the experiment. Outdoor enclosures were
previously described (15, 16) and the protocols for releasing the lab-
oratory mice into the outdoor enclosure facility were approved by
Princeton IACUC (#1982-17).

The Stony Ford outdoor enclosure was previously described (15,
16). In brief, the enclosure consists of wedges, eachmeasuring about
180 m2 and fenced by 1.5-m high zinced iron walls that are buried
>80 cm deep and topped with electrical fencing to keep out terres-
trial predators. A straw-filled shed is provided in each enclosure,
along with two watering stations and a feeding station, so that the
same mouse chow used in the laboratory (PicoLab Rodent Diet 20)
was provided ad libitum to all mice. Mice outdoors, however, also
had access to food sources found within the enclosures, including
berries, seeds, and insects. Twelve WT, 10 Dectin-1−/−, and eight
Card9−/− female laboratory mice were housed in the enclosure
for 6 to 7 weeks. Nine WT, eight Dectin-1−/−, and eight Card9−/−

matched littermates were maintained in the institutional vivarium
for comparison. Longworth traps baited with chow were used to
catch mice after release. All rewilded mice were caught in the
final trapping for terminal analyses and all laboratory control
mice were recovered. Euthanasia was performed by CO2 asphyxia-
tion, and blood, femur, and intestinal tissue were harvested. The
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presence of macroscopic parasites in multiple organs and micro-
scopic parasites by histology was analyzed to confirm that the
mice in the outdoor enclosure were free from parasite infection in
rewilding experiments.

Construction of C. albicans strains
Yeast extract, peptone, and dextrose (YPD) medium was prepared
as previously described (91). Synthetic complete medium (SCM)
medium was prepared as for SCD medium (91) except 2%
maltose was included in place of dextrose. YPD supplemented
with nourseothricin (200 μg/ml; Werner BioAgents, Jena,
Germany) was used to select for nourseothricin-resistant
(NATR) strains.

To generate an efg1∆/∆ strain, pRB721 (25) was digested with
Apa I and Sac I and transformed into SC5314 strain to generate
NATR EFG1 heterozygotes. Integration was checked by polymerase
chain reaction (PCR) using oligos 2284/4438 and 2286/4439. The
SAT1 marker was recycled by growing on SCM medium and a
second round of transformation performed to delete the remaining
EFG1 allele using pRB721 to create a NATR efg1 null. Correct inte-
gration was confirmed and the absence of the EFG1 gene established
by PCR using oligos 819/828. The SAT1 marker was recycled by
growth on maltose to generate the NAT-sensitive (NATs) efg1
null strain CAY10195.

To delete the FLO8 gene, a pSFS-FLO8 knockout plasmid
(pRB989) was first constructed. Oligos 4988/4989 and 4990/4991
were used to PCR amplify 5′ and 3′ untranslated regions of the
FLO8 gene from the SC5314 strain background. These two frag-
ments were cloned into pSFS2A (92) using Apa I/Xho I and Sac
I/Sac II sites, respectively. To create a flo8∆/∆ strain, pRB989 was
cut by Apa I/Sac I and transformed into SC5314, generating a FLO8/
flo8∆ strain. PCR was performed to check integration using oligos
4982/4438 and 5076/4439. After recycling the SAT1 marker by
growth on SCM, pRB989 plasmid was again digested by Apa I/
Sac I to perform the second round of transformation, resulting in
a flo8/flo8 mutant. PCR checks were performed using oligos 4982/
4438, 5076/4439, and 5200/4986. The NATRmarker was recycled by
growth on SCM to generate the NATS flo8∆/∆ strain CAY10993.

To generate SC5314 ece1∆/∆, oligos 4248/4249 were used to
amplify the ARG4 and HIS1 cassettes from a published ece1∆/∆
and transformed into strain SN95 (93). Cells were grown on SC
medium without arginine to select for transformants. Junction
PCR checks were performed using oligos 4252/4287 and 4286/
4253. The transformation was repeated to delete the second ECE1
allele and transformants grown on SC medium lack of histidine and
arginine. Transformants were PCR checked using oligos 4250/4251
for open reading frame, 4252/4289 for the 5′ junction, and 4288/
4253 for the 3′ junction. To generate the NATR version of ece1∆/
∆, the pDis3 plasmid was used to integrate into the NEUT5L locus
as described previously (94). The plasmid was linearized by
NgoMIV and transformed into ece1∆/∆ to create NATR
CAY11507. PCR checks were performed using oligos 3055/3056.

C. albicans inoculation
A single colony of wild-type or mutant C. albicans was cultured in 5
ml of Sabouraud dextrose (SD)media with chloramphenicol (25 μg/
ml; Sigma-Aldrich) at 30°C for 16 hours. Cells were pelleted at
1000g for 5 min and washed with 1× sterile phosphate-buffered
saline (PBS) three times. C. albicans then was resuspended in 2

ml of 1× PBS. Germ-free or antibiotics-treated (1 g of ampicillin
and 0.5 g of streptomycin in 1 liter of sterilized water) mice were
orally gavaged with 150 μl of C. albicans [~2 × 107 colony-
forming units (CFUs) per mouse] using plastic feeding tubes
(Instech Laboratories). After the inoculation of C. albicans, feces
and organs were collected and analyzed at different time points ac-
cording to the experiments. For depletion of colonized C. albicans,
germ-free mice were supplemented with fluconazole (0.5 g/liter) in
drinking water for 2 weeks. The fecal pellets were homogenized in
PBS and serial dilutions of fecal samples were plated on SD plates to
determine the fungal CFU of wild-type and mutant strains.

Isolation of mouse LP cells
Lamina propria (LP) cells were harvested as previously described
(95). In brief, small intestine and colonic tissues were cut open
and washed with PBS, and fat was removed. The tissues were incu-
bated first with 20 ml of Hank’s balanced salt solution (HBSS;
Gibco) with 2% Hepes, 1% sodium pyruvate, 5 mM EDTA, and 1
mM DL-dithiothreitol (Sigma-Aldrich) for 15 min at 37°C with 220
rpm and then with new 20 ml of HBSS with 2% Hepes, 1% sodium
pyruvate, and 5 mM EDTA for 10 min at 37°C with 220 rpm. The
tissue bits were washed with HBSS, minced, and then enzymatically
digested with collagenase (0.5 mg/ml; Sigma-Aldrich) and deoxyri-
bonuclease I (0.01 mg/ml, Sigma-Aldrich) for 30 min at 37°C with
200 rpm. Digested solutions were passed through 70-μm nylon
mesh (ELKO Filtering) and isolated cells were resuspended in
40% Percoll (Sigma-Aldrich), layered onto 80% Percoll, and centri-
fuged without brake at room temperature at 2200 rpm for 22 min.
Cells were recovered from the interphase and washed with
RPMI1640 (Corning) containing 10% fetal bovine serum (FBS;
Peak Serum) and used as LP cells.

Flow cytometry analysis
Whole blood was collected through cardiac puncture frommice and
kept in a heparin containing tube on ice. Femur was isolated from
the surrounding tissue and cleaned with a surgical scalpel and paper
towels to remove surrounding muscle and connective tissue. The
BM content was flushed out and BM fluid was collected and kept
at −80°C until all samples were collected and analyzed together.
A total of 200 μl of blood sample and all BM cells were resuspended
in 5 and 2.5 ml of 1× red blood cell lysis buffer (BioLegend, CA),
respectively, for 10 min to lyse the red blood cells. After two
washes with cold PBS, BM and blood cells were signalized
through 35-μm strainer with ice-cold fluorescence-activated cell
sorting (FACS) buffer (PBS, 2% FBS, and 1 mM EDTA). Single-
cell suspensions of BM cells in FACS buffer was counted using an
automatic cell counter with trypan blue (Countess 3, Thermo Fisher
Scientific). The staining antibodies for flow cytometry were pur-
chased from Thermo Fisher Scientific, BioLegend, or BD Bioscienc-
es. For cell surface staining, cells were incubated with antibodies at
4°C for 20 min and fixed for 20 min at room temperature. All an-
tibodies were used at a dilution of 1:100 unless otherwise noted. For
cell surface phenotype analysis, a mouse lineage antibody cocktail
(BD Biosciences, 1:10), anti–Siglec-F (E50-2440), anti-B220 (RA3-
6B2), anti-NK1.1 (PK136), anti-TCRβ (H57-597), anti-CD3ε (145-
2C11), anti-CXCR4 (L276F12), anti-Ly6G (1A8), anti-CD62L
(MEL-14), anti-CD45 (30-F11), anti-CD4 (GK1.5), anti-CD8a
(53-6.7), anti-CD127 (A7R34), anti-Ly6C (AL-21), anti-CD11b
(M1/70), anti-Flt3 (CD135) (A2F10, 1:50), anti–Sca-1 (Ly6A/E)
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(E13-16L7), anti-CD150 (TC15-12F12.2, 1:50), anti-CD48 (HM48-
1), anti–c-Kit (CD117) (2B8), anti-CD115 (AFS98), anti-GR1
(RB6-8C5), and anti-CXCR2 (5E8/CXCR2) were used. For cytokine
staining, cell was plated in RPMI1640 and stimulated with 1× cell
stimulation cocktail (plus transport inhibitors) (eBiosciecne) for 4
hours at 37°C. For intracellular staining of cytokines, cells were per-
meabilized with intracellular staining permeabilization wash buffer
(BioLegend) at room temperature for 20 min in the presence of an-
tibodies. For intracellular staining of the transcription factor, cells
were permeabilized with the Foxp3/transcription factor staining
buffer set (BD Biosciences) at room temperature for 45 min in
the presence of antibodies. The following antibodies for intracellu-
lar staining were used: anti–IL-6 (MP5-20F3), anti–IL-17A (TC11-
18H10.1), anti-RORγt (562894), and anti-GATA3 (L50-823). Dead
cells were excluded using Invitrogen Fixable Blue Dead Cell Stain
Kit (Thermo Fisher Scientific). Flow cytometry data were acquired
on the ZE5 cell analyzer (Bio-Rad) and analyzed on FlowJo
version 10.8.1.

Cytokine measurements
To collect BM extracellular fluid, BM content in a femoral bone was
harvested by centrifugation at 13,000 rpm for 15 s and resuspended
with ice-cold PBS (50 μl). The supernatant then was collected after
pelleting cells by centrifugation at 350g for 5 min at 4°C. Cytokines
in supernatants were measured using the mouse IL-6 and IL-1 β/IL-
1 F2 DuoSet enzyme-linked immunosorbent assay (R&D systems)
according to the manufacturer’s instructions.

Cell depletions and cytokine neutralization
To deplete immune cells or neutralize cytokines, antibiotics-treated
mice were injected intraperitoneally 1 day before and every other
day after C. albicans inoculation until 7 days after inoculation
with 200 μg of InVivoMab anti–IL-6R (clone 15A7; BioXCell),
100 μg of InVivoMab anti-Ly6G (clone 1A8; BioXCell), InVivoMab
anti-CD4 (clone GK1.5, BioXCell), InVivoMab IL-1α (clone ALF-
161; BioXCell), InVivoMab IL-1β (clone B122; BioXCell), and In-
VivoMab GM-CSF (clone MP1-22E9; BioXCell) in 100 μl of PBS,
respectively. Mock or C. albicans control mice received equal
volumes of PBS or equal amounts of InVivoMab rat IgG isotope
control antibodies (clone LTF-2; BioXCell). At day 7, mice were eu-
thanized and organs were harvested for further analysis.

Isolation of primary mouse neutrophils and serum
Adult micewere euthanized and whole blood from cardiac puncture
was then collected in heparin containing tubes. Designated serum
from supernatant was collected after centrifuging at 2000 rpm for 5
min and stored at 4°C until future use. The hind limbs of each
mousewerewashed with an excess of 70% EtOH. Skin was separated
until the femurs were exposed, allowing for removal at the proximal
hip and distal knee joint. Excess tissue and muscle were removed
with paper towels, and clean bones were placed in fresh 1× PBS
on ice. The BM cells were flushed out, washed with FACS buffer,
and filtered through a 70-μm cell strainer. Single-cell suspensions
of whole blood cells and BM cells in FACS buffer were counted
using an automatic cell counter with trypan blue and placed on
ice. Neutrophil enrichment was performed using EasySep Mouse
Neutrophil Enrichment Kit (Stem Cell Technology) following the
manufacturer’s instructions.

Neutrophil phagocytosis assay
GFP–S. aureus (USA300) strain was streaked to single colonies on a
tryptic soy agar (TSA) plate. Single colonies were inoculated in
tryptic soy broth (TSB) broth for overnight culture and then subse-
quently subcultured 1:100 for 3 hours in TSB at 37°C with shaking.
Subcultures were centrifugated at 4000 rpm and resuspended to
final infection concentration (108 cells per ml) in cold PBS. Bacteria
was opsonized by mixing 1:1 with fresh mouse serum or heat-inac-
tivated control at 37°C on rotary board for 45 min. Neutrophils
from whole blood and BM were isolated as described above. Neu-
trophils were seeded at 105 cells per well in RPMI + 10% FBS con-
taining 96-well plates. Plates were allowed to rest for 10 min on
rotary board at 37°C, opsonized bacteria were then added at a mul-
tiplicity of infection (MOI) of 20, and the place was returned to the
incubator. After 20 min, the plate was immediately placed on ice for
3 min and extensively washed twice with cold PBS. Neutrophils
were stained for live/dead with blue reactive dye and neutrophil
cell surface markers as previously described.

Imaging of C. albicans in the murine intestine
At 21 days after inoculation of wild-type C. albicans or mutant
strains, mice were euthanized, and segments with feces of the
ileum and colon were fixed in the Methanol-Carnoy’s solution
[60% (v/v) dry methanol, 30% (v/v) chloroform, and 10% (v/v)
glacial acetic acid] for 48 hours at room temperature. Fixed
tissues were processed twice in 100% ethanol for 20 min and
twice in xylene for 15 min, and embedded in paraffin wax. The sec-
tions of the tissues were first dewaxed with an initial incubation at
60°C for 10 min and two additional incubations in xylene substitute
solution. The samples were rehydrated in the solutions with a de-
scending ethanol gradient (100, 95, 70, and 50%) for 3 min (two
times each) and followed by two washes in water. The sections
were then ready for PAS or immunofluorescence staining. For
imaging of fungi, after one wash of 0.1% Triton X-100/PBS for 5
min, the sections were blocked with 5% normal goat serum for 30
min and sequentially incubated with anti–C. albicans (Thermo
Fisher Scientific) antibody and fluorophore-tagged secondary anti-
bodies. Samples were counterstained with fluorescein isothiocya-
nate (FITC)–conjugated UEA-1 (for mucin) for 45 min at 4°C.
Last, sections were mounted with ProLong Diamond (Thermo
Fisher Scientific) and imaged with Zeiss LSM710.

Single-cell RNA sequencing
Femur BM cells were harvested from four PBS-treated and four C.
albicans–colonized female mice. Cells from individual mouse were
hashtagged using the 3′ CellPlex Kit Set A (10x Genomics PN-
1000261) according to the manufacturer’s protocol and counted
using a Bio-Rad TC20 automated cell counter. Single cells were
then encapsulated into emulsion droplets using Chromium Con-
troller (10x Genomics). scRNA-seq and cell multiplexing libraries
were constructed using Chromium Single Cell 3′ version 3.1
Reagent Kit and 3′ Feature Barcode Kit (PN-1000268 and
1000262, respectively) according to the manufacturer’s protocol.
Amplified complementary DNA was evaluated on an Agilent Bio-
Analyzer 2100 using a High-Sensitivity DNA Kit (Agilent Technol-
ogies) and final libraries on an Agilent TapeStation 4200 using
High-Sensitivity D1000 ScreenTape (Agilent Technologies). Indi-
vidual libraries were diluted to 2 nM and pooled for sequencing.
Pools were sequenced with 100-cycle run kits (28-bp Read1, 8-bp
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Index1, and 91-bp Read2) on the NovaSeq 6000 Sequencing System
(Illumina).

scRNA-seq data processing
The CellRanger’s pipeline version 7.0.0 was used to demultiplex cel-
lular barcodes and aligned reads against the mouse genome (mm10
ensemble). Downstream RNA-seq analysis was done with Seurat
version 4.0.0 on R version 4.2.1 with the filtered RNA and lipid-
derived hashtag oligo (HTO) featured counts. Cells containing
more than 20% mitochondrial DNA and less than 300 feature
genes were filtered out for initial quality control. HTOs were nor-
malized using centered log ratio transformation and demultiplexed
with the function HTODemux to identify doublets; additional dou-
blets were removed using the scDblFinder package with a calculated
doublet rate of 0.14. Regularized negative binomial regression was
performed for RNA normalization using the SCTranformation
function. Principle components analysis was performed, and the
Louvain algorithm determined unsupervised clustering with 20 di-
mensions. Uniform manifold approximation and projection repre-
sentation based on totalVI dimension reduction of RNAwas used to
visualize data. Cell types were determined by a combination of un-
biases clustering, canonical cell typemarker signatures, and cell type
annotation via the SingleR package with the ImmGenData and
MouseRNAseqData open-source (expression) reference databases
in the CellDex package. The Wilcox test assessed differentially ex-
pressed genes between clusters and treatment groups with a Benja-
min-Hochberg P value adjustment.

Bacteria strains and growth conditions
S. aureus strain USA300 LAC clone AH1263 (96), S. pneumoniae
P2406 (serotype 4, strain TIGR4; clinical isolate with streptomycin
resistance) (97), and S. pneumoniae P2090 (serotype 3; ATCC 6303)
were used for in vivo infection studies. S. aureus strains were grown
on TSA or TSB. S. aureus cultures were grown in 5 ml of medium in
15-ml tubes shaking with a 45° angle at 37°C. For all experiments, S.
aureus was grown in TSB overnight and a 1:100 dilution of over-
night cultures was subcultured into fresh TSB. S. aureus grown to
early stationary phase (3 h) was collected and normalized by
optical density at 600 nm for further experimental analysis. S. pneu-
moniae P2406 and P2090 were grown statically in TSB at 37°C to
mid-log phase (optical density of 1.0 at 620 nm), washed once in
Dulbecco’s PBS (dPBS), and diluted to obtain a dose of 100 CFU/
gram of body weight in 100 μl of dPBS and a dose of 104 CFU in 80
μl of dPBS respectively.

In vivo infections
Mice under antibiotics treatment were inoculated with wild-type C.
albicans or mutant strains and colonized for 21 days. Twenty-four
hours before bacterial challenge, antibiotics in drinking water was
replaced to regular water. For S. aureus infection, mice were anes-
thetized with Avertin [2,2,2-tribromoethanol dissolved in tert-amyl
alcohol and diluted to a final concentration of 2.5% (v/v) in 0.9%
sterile saline] by intraperitoneal injection. Mice then were chal-
lenged with 1 × 107 CFUs by retro-orbital injection. Signs of mor-
bidity (>30% weight loss, ruffled fur, hunched posture, paralysis,
inability to walk, or inability to consume food or water) were mon-
itored after infection. For S. pneumoniae P2406 infection, mice were
inoculated via the intraperitoneal route and monitored daily after
infection. For intranasal inoculation, mice were administered

S. pneumoniae P2090 after anesthesia with isoflurane and moni-
tored daily.

Quantification and statistical analysis
Statistical parameters including the definition of central value and
the exact number (n) of mice per group are annotated in the corre-
sponding figure legend. Results in graphs and bar plots are dis-
played as mean ± SD. Statistical analysis was performed with
GraphPad Prism version 9.2 for Mac (GraphPad) by using an un-
paired two-tailed Student’s t test to evaluate differences between two
groups. For statistical analysis of multiple groups, the ordinary one-
way analysis of variance (ANOVA) with Holm-Šidák multiple com-
parisons test was applied. For statistical analysis of survival among
groups, log-rankMantel-Cox test was applied. (∗P value < 0.05, ∗∗P
value < 0.01, ∗∗∗P value < 0.001, and ∗∗∗∗P value < 0.0001; ns, not
statistically significant).
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