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In brief

Invasive candidiasis has high mortality
rates with limited therapeutic options.
Gander-Bui et al. show how macrophage-
secreted IL-1 receptor antagonist (IL-
1Ra) restricts recruitment of fungicidal
neutrophils and drives candidiasis
pathology. Therapeutic IL-1Ra
neutralization protects against lethal
Candida sepsis; however, interferon-
driven amplification of IL-1Ra during viral
infection exacerbates fungal
dissemination and disease.
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SUMMARY

Invasive fungal infections are associated with high mortality rates, and the lack of efficient treatment options
emphasizes an urgency to identify underlying disease mechanisms. We report that disseminated Candida
albicans infection is facilitated by interleukin-1 receptor antagonist (IL-1Ra) secreted from macrophages in
two temporally and spatially distinct waves. Splenic CD169* macrophages release IL-1Ra into the blood-
stream, impeding early neutrophil recruitment. IL-1Ra secreted by monocyte-derived tissue macrophages
further impairs pathogen containment. Therapeutic IL-1Ra neutralization restored the functional competence
of neutrophils, corrected maladapted hyper-inflammation, and eradicated the otherwise lethal infection.
Conversely, augmentation of macrophage-secreted IL-1Ra by type | interferon severely aggravated disease
mortality. Our study uncovers how a fundamental immunoregulatory mechanism mediates the high disease
susceptibility to invasive candidiasis. Furthermore, interferon-stimulated IL-1Ra secretion may exacerbate
fungal dissemination in human patients with secondary candidemia. Macrophage-secreted IL-1Ra should
be considered as an additional biomarker and potential therapeutic target in severe systemic candidiasis.

INTRODUCTION

Sepsis is a severe, life-threatening condition triggered by micro-
bial dissemination via the bloodstream and a maladapted sys-
temic inflammatory response.’ Although fungal sepsis is less
frequent, invasive fungal infections have particularly high mortal-
ity rates.>® Candida albicans represents the most common
cause of fungal bloodstream infection; and despite adequate
antifungal treatment, the overall mortality is 30%-40%,
exceeding 60% in critically ill patients.*> C. albicans is hormally
contained by epithelial barrier immunity and occurs as
commensal in half of the population.® Inborn errors of immunity
highlight the importance of interleukin (IL)-17-mediated path-
ways to avert mucocutaneous colonization, whereas functional
neutrophil responses are critical to prevent systemic infec-
tion.” "% Accordingly, individuals with immunosuppression due
to hematologic malignancies, organ transplantation, AIDS, or
prolonged intensive care hospitalization are highly susceptible
to invasive candidiasis. However, preceding systemic viral infec-

tions,""'? or medical interventions that compromise physiolog-

ical barrier function, such as indwelling devices, parenteral
nutrition, and abdominal surgery, may predispose otherwise im-
muno-competent hosts to disseminated Candida infection.*®
Given the high mortality of invasive fungal infections, the emer-
gence of drug resistant strains, and an increasing number of
high-risk patients, there is great interest in defining underlying
disease mechanisms to develop novel therapeutic strategies.**

Inflammation is the physiological innate response to tissue
damage aiming to eliminate the injuring agent and restore inter-
nal homeostasis.'® Both, the dynamics and the composition of
its powerful effector functions must be precisely adapted to
the characteristics of the invading pathogen to provide appro-
priate defense mechanisms that ensure pathogen clearance
while avoiding extensive tissue damage.'® Therefore, interacting
networks of pro- and anti-inflammatory cytokines orchestrate
the differentiation and recruitment of functionally distinct im-
mune cell populations. Moreover, there are negative feedback
mechanisms, the so-called immune checkpoints, which signal
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Figure 1. Ablation of macrophage-produced IL-1Ra protects against invasive fungal infection

(A) Representative periodic acid-Schiff (PAS), IL-1a, IL-1B, and IL-1Ra staining in the kidney at day 3 p.i. Scale bars, 1,000 pm.

(B) MRNA expression of IL-1B, IL-1Ra, and IL-1R in the kidney at indicated days p.i. (n = 4-8 mice/time point, two pooled experiments).
(C) Quantification of the serum IL-1Ra at indicated days p.i. (n = 12-20 mice/time point).

(D) IL-1Ra production by indicated myeloid cell subsets upon stimulation with LPS, heat-killed C. albicans yeast or hyphae in vitro.

(legend continued on next page)
2 Immunity 56, 1-18, August 8, 2023



Please cite this article in press as: Gander-Bui et al., Targeted removal of macrophage-secreted interleukin-1 receptor antagonist protects against
lethal Candida albicans sepsis, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.06.023

Immunity

disproportionate immune activation and dampen the inflamma-
tory process to prevent immunopathology. However, sepsis is
characterized by a derailment of such pro- and anti-inflamma-
tory pathway homeostasis with concurrent hyper-inflammation
and immune paralysis, resulting in a dysfunctional systemic in-
flammatory response, multi-organ damage, and failure to
contain pathogen replication.’*

The prototypical pro-inflammatory cytokine IL-1 initiates and
coordinates local and systemic inflammatory responses by acti-
vating the IL-1 receptor (IL-1R) on immune and non-immune
cells.’® Both IL-1 cytokines, IL-1o. and IL-1p, are quintessential
for antimicrobial immunity, including to C. albicans.'®'® Still,
excessive IL-1 production is associated with severe acute and
chronic inflammatory conditions, such as autoinflammatory syn-
dromes, rheumatoid arthritis, sepsis, or metabolic disorders.'®*°
Accordingly, IL-1a and IL-1 are subject to highly complex reg-
ulatory mechanisms acting at the transcriptional and posttrans-
lational level, which restrict the generation of the mature cyto-
kines or influence their ability to activate the IL-1R.">"® The
inflammatory effects of bioactive IL-1a and IL-1f are controlled
by the IL-1R antagonist (IL-1Ra), an endogenous inhibitor that
competes for occupancy of the IL-1R but does not trigger down-
stream signaling.'®?" One secreted and three intracellular iso-
forms of IL-1Ra have been described and are derived from the
same IL1RN gene.?” Adding to the complexity of IL-1 regulation,
these individual isoforms are differentially expressed in various
cell types. For example, intracellular IL-1Ra is constitutively ex-
pressed in epithelial cells, whereas secreted and intracellular
isoforms may be induced in diverse leukocyte subsets in
response to pro-inflammatory cytokines, microbial products, or
tissue injury.?> The potency of IL-1Ra-mediated regulation is
evident in the severe inflammatory syndrome of deficiency of
interleukin-1 receptor antagonist (DIRA) patients23 and is ex-
ploited therapeutically for the management of IL-1-mediated dis-
eases.”® However, although the molecular pathways that govern
the generation and secretion of mature IL-1 are well appreci-
ated,”* " much less is known about the regulatory mechanisms
operating at the level of receptor binding, such as IL-1Ra, partic-
ularly with respect to the cell-type-specific regulation of IL-1-
driven inflammation.?®3°

Here, we investigated the expression of IL-1Ra across
different myeloid cell subsets in a murine model of invasive
candidiasis and examined the impact of IL-1Ra produced by
specific cell types on antifungal immunity. We showed that
macrophage-secreted IL-1Ra acted as an innate immune check-
point that prevented efficient pathogen clearance, and its tar-
geted removal protected against lethal C. albicans sepsis. More-
over, we found that macrophage-secreted IL-1Ra was positively
regulated by type | interferon (IFN), reflecting the association
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between secondary invasive candidiasis and preceding viral in-
fections. Together, these results provide a mechanistic explana-
tion for the high disease susceptibility to Candida bloodstream
infection and suggest IL-1Ra-targeted therapies as a novel treat-
ment approach.

RESULTS

IL-1Ra is rapidly expressed upon bloodstream infection
with C. albicans

To establish the relevance of IL-1 signaling during invasive fungal
infection, we examined IL-1 family cytokine expression in the
kidney following intravenous infection with 2.5 x 10° colony-
forming unit (CFU) Candida albicans. IL-1f and IL-1Ra protein
were strongly expressed throughout infectious foci at day 3
post infection (p.i.), whereas few IL-1a positive cells were situ-
ated at the outer margin of lesions (Figure 1A). Transcripts for
IL-1B were already present in the kidneys of naive animals; yet,
IL-1R1 and IL-1Ra could only be detected at very low levels.
However, fungal infection rapidly triggered increased gene
expression of both IL-18 and IL-1Ra in the kidneys, whereas
IL-1R1 mRNA expression stayed unchanged compared with
naive mice (Figure 1B). Furthermore, substantial levels of IL-
1Ra protein were present in the serum of infected mice and
peaked at day 2 p.i. (Figure 1C). In contrast, mature IL-1p cyto-
kine remained undetectable in the peripheral blood and was
likely produced locally in infected tissues (Figure 1A and not
shown). Expression of the IL-1Ra protein in the kidneys coin-
cided with leukocyte recruitment and was limited to inflamma-
tory infiltrates, suggesting immune cells as main IL-1Ra pro-
ducers (Figures 1A, S1, and S2A). Indeed, primary neutrophils,
monocytes, dendritic cells, and bone marrow (BM)-derived mac-
rophages secreted IL-1Ra in response to both Candida morpho-
types in vitro, with highest IL-1Ra levels elicited from monocytes
exposed to Candida hyphae (Figure 1D). These data confirm the
IL-1B/IL-1R1 axis as an important component of the early anti-
fungal immune defense and implicate IL-1Ra produced by
myeloid cells in its regulation.

Ablation of macrophage-produced IL-1Ra protects
against invasive fungal infection

We therefore sought to dissect the impact of IL-1Ra produced by
specific leukocyte subsets on the immune response to
C. albicans using conditional deletion of IL-1Ra selectively in
neutrophils, macrophages, or dendritic cells. We crossed
IL-1Ra™" mice®! with respective Cre-driver strains to delete IL-
1Ra in neutrophils and macrophages (LysM-Cre,** termed IL-
1Ra™*M), in macrophages (Mafb-Cre,*® termed IL-1Ra™#®) and
in CD11c-expressing cells (CD11c-Cre,** termed IL-1Ra®P119)

(E) Generation of conditional IL-1Ra-deficient lines.

(F-H) Candida titers in the kidneys of IL-1Ra"Y*M, IL-1RaM2®, |L-1Ra®"'"°, and wild-type IL-1Ra™" mice on days 3 and 7 p.i. (n > 7 mice/group, three pooled

experiments).

(I) Representative PAS and IL-1Ra staining in the kidneys at day 3 p.i. Scale bars, 1,000 pm.

(J-M) Quantification of histopathological analysis (J-L) and IL-1Ra-positive areas (M) from (I).

(N) Plasma creatinine and BUN concentrations of indicated strains at day 2 p.i. Dashed lines indicate baselines (n = 7-13 mice/group, two pooled experiments).
(O) Quantification of renal Kim-1 and Lcn2 mRNA expression (n = 4-9 mice/group, two pooled experiments).

Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figures S1-S3.
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Figure 2. Macrophage-produced IL-1Ra prevents rapid neutrophil recruitment and inflammation resolution
(A-C) Analysis of blood leukocytes in indicated strains on day 2 p.i. for Ly-6G* CD101* expression (A) and Ly-6G fluorescence intensity (B) of neutrophils, and
frequencies of mature neutrophils, immature neutrophils, and monocytes (C) (n = 6-8 mice/group, two pooled experiments).
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(Figures 1E, S3A, and S3B). Macrophage-specific ablation of IL-
1Ra drastically improved the early immune control of C. albicans
infection in IL-1Ra™*M and IL-1Ra™2™® mice compared with IL-
1Ra™" littermate controls (Figures 1F and 1G). Both strains
reduced fungal titers in the kidneys already at day 3 p.i. and
controlled C. albicans below the limit of detection in the majority
of animals within 7 days. Although IL-1Ra™*™ mice lacked IL-
1Ra in both macrophages and neutrophils, their phenotype
was almost identical to that of IL-1Ra™2® mice lacking IL-1Ra
selectively in macrophages.®® In addition, macrophages and
neutrophils of IL-1Ra™*M mice exhibited residual IL-1Ra expres-
sion in vivo and in vitro, whereas IL-1Ra deletion was highly spe-
cific and efficient in macrophages of IL-1RaM®® mice
(Figures S2B, S3A, and S3B). This rendered major contributions
of neutrophil-expressed IL-1Ra unlikely and identified macro-
phage-produced IL-1Ra as an important negative regulator of
IL-1R signaling during systemic Candida infection. However,
ablation of IL-1Ra in CD11c-expressing cells provided weaker
and only transient protection. Although the kidneys of IL-
1Ra®P""° mice contained lower fungal loads than IL-1Ra™" litter-
mates at 3 days p.i., this difference had disappeared by day 7
(Figure 1H). Thus, IL-1Ra produced by CD11c-expressing cells
influenced the initial antifungal defense but did not impact
long-term control.

These observations were corroborated by the histopatholog-
ical examination of infected kidneys (Figure 11). Confirming their
superior ability to contain fungal replication early on (Figures 1F
and 1G), IL-1Ra™*M and IL-1Ra™®® mice showed very
restricted distribution of C. albicans and less inflammation in
kidneys 3 days p.i. (Figures 11-1K). Moreover, IL-1Ra"*" and
IL-1RaMa® mice lost less weight compared with controls, which
was indicative for their reduced general morbidity (Figure S3C).
In comparison, IL-1Ra®®''® mice exhibited an intermediate
phenotype with reduced Candida dissemination and inflamma-
tion at day 3, but unaltered weight loss (Figures 1H, 11, 1L, and
S3C). Consistent with their improved immune control of
C. albicans, we found markedly fewer infectious foci and
reduced IL-1Ra-positive areas in kidney sections of all three
IL-1Ra-deficient strains (Figures 11-1M). The beneficial effect
of IL-1Ra ablation in macrophages was most pronounced in
IL-1RaMa® mice, as illustrated by their reduced creatinine and
blood urea nitrogen levels (Figure 1N) and lower expression
of kidney injury markers Lcn2 and Kim-1 (Figure 10). Alto-
gether, our results establish that ablation of macrophage-pro-
duced IL-1Ra strongly improves the ability to control invasive
Candida infection, resulting in rapid pathogen clearance,
reduced disease severity, and a better preservation of organ
function.
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IL-1Ra controls the recruitment and fungicidal capacity
of neutrophils

To investigate how removal of macrophage-produced IL-1Ra
enabled the efficient containment of systemic candidiasis, we
characterized antifungal immune responses in the respective
IL-1Ra-deficient strains. Macrophage-specific deletion of IL-
1Ra increased the early mobilization and maturation of neutro-
phils in IL-1RaMa® and IL-1Ra™*™ mice, as indicated by greater
proportions of mature CD101* Ly-6G high neutrophils in the
blood on day 2 p.i. (Figures 2A-2C). This effect was strongest
in IL-1RaMa™® mice, which also showed reduced proportions of
circulating immature neutrophils and inflammatory monocytes
(Figure 2C).

The absence of macrophage-produced IL-1Ra also acceler-
ated the recruitment of neutrophils to inflammatory sites. To
exclude feedback mechanisms triggered by differential microbi-
al control, we examined inflammatory responses to non-repli-
cating fungal cell wall components. The peritoneal lavages of
zymosan-primed IL-1RaMa® and IL-1Ra“*M mice contained 3-
and 2-fold more neutrophils, respectively (Figures 2D, S4A,
and S4B). Relative to IL-1Ra™ controls, tissue-infiltrating neu-
trophils in IL-1RaM2® and IL-1Ra™*M mice exhibited substan-
tially augmented fungicidal activity and secreted higher amounts
of IL-1B, indicating their increased activation (Figures 2E and 2F).
Still, deletion of IL-1Ra in CD11c-expressing cells did not affect
neutrophil numbers in the blood and only slightly enhanced their
peritoneal recruitment in IL-1Ra®P""® mice (Figures 2C and 2D);
yet, it endowed tissue-infiltrating neutrophils with enhanced
fungicidal capacity, similar to that observed in IL-1Ra“#® and
IL-1Ra™*M mice (Figure 2E).

Characterization of neutrophil phenotypes in the blood,
spleen, and kidneys revealed an enrichment of CD101" neutro-
phils producing high levels of ROS and higher frequencies of
neutrophils expressing IL-1B and MPO in the kidneys of infected
IL-1RaM2® mice compared with IL-1Ra™" controls (Figures 2G-
2J). Neutrophils in the kidneys of IL-1Ra"“*™ and IL-1Ra®P''°
mice displayed intermediate phenotypes (Figures 2G-2J).
CD63 expression correlated with exposure to Candida in in-
fected organs, but was not influenced by IL1-Ra (Figure 2I).
Removal of IL-1Ra affected neither neutrophil phenotypes nor
fungal titers in the spleen (Figures 2G-2J and S5D). Thus, the
absence of macrophage-produced IL-1Ra promoted the rapid
recruitment of highly fungicidal neutrophils to infected kidneys.

IL-1RaMa® |L-1Ra“*M, and, to a lesser extent, IL-1Ra®P''®
mice restricted fungal replication in kidneys by day 3 p.i.
(Figures 1F=1H). As aresult, they did not exhibit the dysfunctional
hyper-inflammatory response detected in IL-1Ra™" controls
(Figures 11-1L) and expressed lower levels of pro-inflammatory

(D) Absolute neutrophil and monocyte counts in peritoneal lavages of indicated mice at 18 h post zymosan injection.
(E and F) Fungicidal activity (E) and IL-1p secretion (F) of kidney neutrophils purified from indicated mice on day 2 p.i. (n = 6 mice/group).
(G-J) Frequencies of CD101* ROS" (G), pro-IL-18* (H), CD63"* (), and MPO™ (J) neutrophils in the blood, spleen, and kidney of indicated strains on day 2 p.i. (n =4

mice/group, representative experiment of two).

(K'and L) Characterization of renal inflammation in indicated mice on day 2 p.i. by absolute counts of leukocyte subsets (K) and cytokine concentrations (L) (n = 6

mice/group).

(M) Heatmap displaying the top 30 differentially expressed genes (DEGs) in the kidneys of indicated mice at day 2 p.i. (Z scores of individual mice).

(N) GSE analysis representing changes in MSigDB hallmark pathways in the kidneys of infected IL-1Ra

Mafb fI/fl

over IL-1Ra™" mice.

(O) Key DEGs within Gene Ontology (GO) term inflammatory response in the kidneys of IL-1Ra™" and IL-1Ra™3® mice. Mean Z scores, 5 mice/group.
Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figures S4 and S5.
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cytokines (Figures 2L and S4C). In addition, the kidneys of IL-
1RaMa™® and IL-1Ra“Y*M mice contained less neutrophils and in-
flammatory monocytes at this time, which may reflect the lower
fungal burden and accelerated inflammation resolution in these
mice (Figures 2K, 4D, and S5A). Bulk tissue RNA-seq of infected
kidneys and gene set enrichment analysis (GSEA) associated the
absence of macrophage-expressed IL-1Ra in IL-1RaM2® mice
with the suppression of inflammatory pathways including IL-6/
Jak/Stat3 signaling, IFN-o. response, and TNF-a signaling
(Figures 2M and 2N). Besides I/1rn, transcripts reduced in the kid-
neys of IL-1Ra™3™® mice included key chemoattractants Ccl2,
Cxcl2, and Cxcl1; adhesion molecule Icam1; the regulator of
NF-kB signaling, Nfkbia; and antifungal effector Cybb (Fig-
ures 20, S4E, and S4F). We conclude that deletion of macro-
phage-specific IL-1Ra promotes rapid neutrophil-mediated
pathogen elimination, which limits the detrimental hyper-inflam-
mation triggered by sustained fungal proliferation.

Serum IL-1Ra is produced by CD169* macrophages of
the splenic marginal zone

Minimal residual Cre activity in neutrophils and monocytes
prompted us to address a potential cell-intrinsic function of IL-
1Ra. However, partial removal of IL-1Ra in mixed BMC equally
affected the recruitment and effector functions of cells origi-
nating from both, IL-1Ra-expressing and IL-1Ra gene-modified
BM (Figures S6A-S6G). This suggested a cell-extrinsic effect,
likely mediated by IL-1Ra secreted from macrophages. Given
that these results emphasized an essential role of macro-
phage-secreted IL-1Ra and provided that we detected substan-
tial levels of circulating serum IL-1Ra in infected mice (Figure 1C),
we next sought to assess the impact of IL-1Ra secreted into the
blood circulation and to identify the macrophage subset contrib-
uting to serum IL-1Ra production.

Bloodstream infection with C. albicans stimulated the release
of serum IL-1Ra in wild-type mice; yet, this response was absent
from IL-1Ra"*M, IL-1RaMa™®, and IL-1Ra®P"'"® mice (Figure 3A).
Likewise, lipopolysaccharide (LPS) infusion elicited vigorous
serum IL-1Ra production, which was considerably reduced in
all conditional IL-1Ra-deficient strains tested (Figure 3B). Intra-
venous injection of either Candida or LPS induced expression
of the IL-1Ra protein in the splenic marginal zone. Splenic IL-
1Ra production corresponded to the presence of IL-1Ra in
serum and was strongly reduced in IL-1Ra™*M, |L-1RaMa®,
and IL-1Ra®P"'"® mice primed with Candida or LPS (Figures 3C
and 3D). EYFP expression confirmed a history of Cre activity in
cells present in the marginal zone of EYFPYM, EYFPMa® and
EYFPCP'® mice. Mafb-Cre-activity appeared to EYFP-mark
cells in the splenic marginal zone most extensively and also
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affected macrophages in the red pulp (Figures 3E and 3F). This
corresponded well to the efficient IL-1Ra deletion in the spleens
and sera of IL-1Ra™@™ mice, as well as their robust protection
against invasive candidiasis. Immunofluorescence co-staining
identified CD169" macrophages of the splenic marginal zone
as main producers of IL-1Ra, whereas MARCO™ macrophages
appeared IL-1Ra negative (Figure 3G).

We directly examined the relevance of splenic IL-1Ra produc-
tion for the serum IL-1Ra response and antifungal immune de-
fense in splenectomized wild-type mice infected with C. albi-
cans. Prior surgical removal of the spleen reduced the levels of
Candida-induced serum IL-1Ra compared with mock-treated,
Candida-infected controls (Figure 3H). Moreover, splenectomy
conferred increased resistance against Candida replication,
as indicated by reduced fungal loads (Figure 3l), restricted
Candida dissemination and lower inflammation in kidneys
(Figures 3J-3M). To verify that serum IL-1Ra was, indeed,
secreted by splenic CD169" macrophages, we adopted a clodr-
onate depletion protocol that allows selective targeting of mar-
ginal zone-resident macrophages by exploiting their distinct re-
population kinetics®® (Figures 3N, S6H, and S6l). Depletion of
splenic marginal zone macrophages and marginal metallophilic
macrophages reduced serum IL-1Ra levels to that of uninfected
mice (Figure 30) and was associated with an increased recruit-
ment of CD101* neutrophils and of IL-1B* neutrophils to the kid-
ney (Figures 3P and S6J-S6M). Collectively, these findings
establish a direct correlation between IL-1Ra expression in
CD169* macrophages of the splenic marginal zone and the pro-
duction of serum IL-1Ra following hematogenic dissemination of
C. albicans.

Serum IL-1Ra represents an innate immune checkpoint
mediating impaired pathogen control and dysfunctional
hyper-inflammation during invasive fungal infection

Our findings so far revealed that macrophage-produced IL-1Ra
impedes the efficient early containment of disseminated candidi-
asis by restricting the tissue recruitment and antifungal capacity
of neutrophils. They also indicated a substantial contribution of
serum IL-1Ra released from splenic CD169" macrophages. To
examine the impact of circulating IL-1Ra on the immune
response to Candida, we next reconstituted the pool of serum
IL-1Ra in IL-1RaMa™® mice with intravenous infusions of the re-
combinant IL-1Ra protein. We reasoned that because IL-
1RaMa™® mice were deficient in both circulating serum IL-1Ra
and IL-1Ra produced by macrophages within infected tissues,
this approach would allow to selectively investigate the contribu-
tion of serum IL-1Ra. Bolus injection of recombinant IL-1Ra
raised serum IL-1Ra levels in Candida-infected IL-1RaMa™®

(E) Cartoon depicting EYFP-reporter used in (F).
(

F) Representative EYFP-staining in the spleen of Cre-reporter mice at 5 h post LPS injection. Scale bars, 200 pm.

(G) Immunofluorescence co-staining for MARCO (cyan), CD169 (green), IL-1Ra (red), and DAPI (dark blue) in the spleen on day 2 p.i. Scale bars, 200 um (left) and

50 pum (right).

(H-K) Analysis of splenectomized (SE) and control (ctrl) mice on day 3 p.i. for serum IL-1Ra (H), and Candida titers (I), PAS (J), and IL-1Ra staining (K) in the kidney.

Scale bars indicate 1,000 um (n = 8 mice/group).

(L and M) Histopathological evaluation of fungal dissemination (L) and inflammation (M) in (J) (n= 4-6 mice/group, representative experiment).
(N-Q) Analysis of clodronate liposome-treated (CL) and control (ctrl) mice on day 3 p.i. for macrophage depletion (N), serum IL-1Ra (O), and CD101* (P) and pro-

IL-1B* (Q) neutrophils (Q) in the kidney. Scale bars, 500 pm.

Error bars represent mean + SEM. *p <0.05; **p <0.01; **p <0.001; ****p <0.0001.

See also Figure S6 and supplemental information.
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mice initially above that of IL-1Ra competent mice but main-
tained wild-type levels for up to 18 h (Figures 4A and S7A). We
therefore administered two daily injections throughout the
experiment to fully replenish serum IL-1Ra in IL-1Ra“#® mice.
The absence of IL-1Ra in the splenic marginal zone following
Candida infection (Figure 4B) or in peritoneal exudates during
zymosan peritonitis (Figure 4C) confirmed that this regimen
restored exclusively serum IL-1Ra, but not the locally secreted
cytokine. Reconstitution of serum IL-1Ra almost completely re-
verted the protected phenotype of IL-1RaM@® mice to that of
IL-1Ra™" controls. For example, the enhanced neutrophil recruit-
ment to zymosan priming observed in IL-1Ra™#® mice was abro-
gated upon replenishing their serum IL-1Ra (Figure 4D). Like-
wise, reconstitution of serum IL-1Ra restricted the fungicidal
and phagocytic activities of neutrophils in IL-1Ra™3® mice to
the level of IL-1Ra-competent wild-type mice. Moreover, the
ex vivo effector functions of neutrophils from IL-1RaV2® mice
but not from IL-1Ra-reconstituted IL-1Ra™#™® mice were ampli-
fied by in vitro IL-1B stimulation, suggesting that the absence
of serum IL-1Ra in vivo increased the sensitivity of neutrophils
to local IL-1B stimulation (Figures 4E and 4F). Indeed, when pri-
mary neutrophils were pre-pulsed with IL-1Ra in vitro, this abol-
ished their IL-1R signaling upon subsequent exposure to IL-18
even after removal of unbound extracellular IL-1Ra (Figure 4G).
As could be expected from these results, IL-1Ra-reconstituted
IL-1Ra™3® mice no longer controlled Candida replication in their
kidneys as efficiently as IL-1Ra™3® mice. Instead, they pre-
sented with higher fungal loads, increased Candida dissemina-
tion and stronger renal inflammation (Figures 4H-4K); thus,
they displayed a phenotype similar to that of IL-1Ra™" controls.
This showed that the pronounced immediate resistance of IL-
1RaM#™® mice to Candida was mainly attributable to the lack of
serum IL-1Rain these mice and emphasized the impact of serum
IL-1Ra on the early immune control of C. albicans. In addition, it
suggested that targeted removal of IL-1Ra might provide a valid
strategy to harness the endogenous antifungal response during
disseminated candidiasis.

We therefore tested whether in vivo neutralization of IL-1Ra
prior to infection increased the ability of wild-type mice to
contain fungal infection (Figure S7B). Daily injections of a neutral-
izing antibody against murine IL-1Ra®® efficiently depleted
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serum IL-1Ra; yet, it did not affect IL-1Ra protein expression in
the splenic marginal zone (Figures 4L and 4M). Furthermore, pre-
ventive IL-1Ra neutralization greatly improved the immune con-
trol of Candida infection, as illustrated by reduced fungal titers,
limited Candida dissemination, and lower tissue inflammation
in infected kidneys (Figures 4N-4P). We observed that serum
concentrations of IL-1Ra peaked on day 2 p.i. and returned to
naive levels by day 7 p.i. (Figures 1C and 4Q). We hence scruti-
nized whether therapeutic IL-1Ra neutralization protected
against lethal C. albicans infection (Figure S7C). Indeed, IL-1Ra
neutralization with onset at day 2 p.i. reduced fungal titers and
markedly enhanced the survival of wild-type mice upon high
dose C. albicans challenge (Figures 4Q-4S). The phenotypes
of IL-1Ra*M, [L.-1RaMa™® and IL-1Ra®®''® mice already re-
vealed that an early suppression of fungal replication prevented
the dysfunctional inflammatory response observed in wild-
type IL-1Ra™" controls (Figure 2L). These observations were
confirmed following the depletion and reconstitution of serum
IL-1Ra. Whereas IL-1Ra™3™ mice displayed very low pro-inflam-
matory cytokine levels in the kidney, reconstitution of serum IL-
1Ra in these mice not only hampered their ability to restrict
Candida proliferation (Figure 4H) but also caused renal hyper-
inflammation similar to that seen in IL-1Ra™" mice (Figures 4T
and S7E). Conversely, neutralization of IL-1Ra promoted the
rapid immune control of Candida in wild-type mice and was
associated with greatly reduced inflammatory profiles in their
kidneys (Figures 40, 4U, and S7F). These data directly link
macrophage-produced IL-1Ra to the ineffective immune control
of invasive fungal infection and the resulting dysfunctional in-
flammatory response and thereby suggest serum IL-1Ra as a
biomarker and potential therapeutic target for disseminated
candidiasis.

IL-1Ra secreted by infiltrating macrophages limits
pathogen elimination in infected tissue

Our findings demonstrate the significant impact of serum IL-1Ra
on the immune defense against Candida. Nevertheless, the tran-
sient protection observed in IL-1Ra®P'"® mice indicated that
later stages of the response were influenced by IL-1Ra secreted
from a second macrophage population sensitive to gene dele-
tion mediated by Mafb-Cre but not CD11c-Cre. We therefore

Figure 4. Serum IL-1Ra mediates the impaired pathogen control and dysfunctional hyper-inflammation during disseminated Candida

infection

(A-C) Analysis of IL-1Ra reconstitution in IL-1Ra“a™®

mice in the serum (A) and spleen (B) during Candlida infection and in peritoneal lavage (C) during zymosan-

induced peritonitis (A, n = 7 mice/group; C, n = 9 mice/group). Scale bars, 200 um.

(D-F) Characterization of peritoneal infiltrates of IL-1Ra-reconstituted IL-1Ra

activity (E), and phagocytosis (F) (n = 6 mice/group, two pooled experiments).

Mafb

mice at 18 h post i.p. zymosan by absolute counts (D), fungicidal neutrophil

(G) Western blot analysis of IL-1R-signaling in neutrophils with or without prior IL-1Ra pulse treatment.
(H, 1, and K) Characterization of IL-1Ra-reconstituted mice at day 3 p.i. by fungal titers (H), cellular infiltrates (I), PAS and IL-1Ra staining (K) in the kidney. Scale

bars, 2,000 pm. (n = 7 mice/group, two pooled experiments).

(J) Histopathological quantification of fungal replication and inflammation in (K).

(L-P) Preventive IL-1Ra neutralization (NT) at day 3 post Candida infection examined by IL-1Ra expression in the serum (L) and spleen (M), PAS and IL-1Ra
staining (N), and fungal kidney titers (O). Scale bars, 200 um in (M), 1,000 pm in (N) (bottom), and 2,000 pm (N) (top).

(P) Histopathological quantification of Candida replication and inflammation in (N) (n = 6-10 mice/group, three pooled experiments).

(Q-S) Therapeutic IL-1Ra neutralization in Candida-infected wild-type mice assessed by serum IL-1Ra (Q), renal Candida titers (R), and survival probability (S)

(n = 6-7 mice/group, two pooled experiments).

(T and U) Inflammatory profiles in the kidneys of indicated mice following reconstitution (T) or neutralization (U) of IL-1Ra as determined by cytokine array (n = 5-7

mice/group).

Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S7.
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interrogated the relevance of IL-1Ra produced locally in infected
tissues and characterized the IL-1Ra-responses of kidney-infil-
trating leukocytes. Neutrophils, inflammatory monocytes, and
kidney-resident macrophages comprised the main leukocyte
populations present in kidneys on day 3 p.i. (Figure 2K). Analysis
of fluorescence-activated cell sorting (FACS)-purified cells from
infected mice revealed highest mMRNA expression of IL-1Ra in
neutrophils, whereas all three populations expressed IL-18 and
IL-1R1 at comparable levels (Figure 5A). Still, exposure of naive
primary cells to Candida in vitro provoked much stronger IL-1Ra
protein secretion from monocytes than from neutrophils. Simul-
taneous IL-1p cytokine stimulation affected IL-1Ra secretion of
neither monocytes nor neutrophils (Figure 5B). However, we
found that type | IFN markedly augmented the Candida-elicited
IL-1Ra secretion in monocytes; yet, it did not affect IL-1Ra
release from neutrophils (Figure 5B). Likewise, neutrophils iso-
lated from infected kidneys secreted low levels of IL-1Ra irre-
spective of ex vivo exposure to Candida or type | IFN (Figure 5C).
In contrast, inflammatory monocytes isolated from the same an-
imals released substantial amounts of IL-1Ra in response to
Candida, which were further augmented by additional IFN-
stimulation (Figure 5C). Western blot analysis revealed that neu-
trophils predominantly expressed the 16 kDa intracellular iso-
form of IL-1Ra, which may explain the discrepant mRNA expres-
sion and cytokine secretion detected for these cells in response
to Candida (Figure 5D). Taken together, these data identified in-
flammatory monocytes as main early IL-1Ra producers in in-
fected tissue and suggested the positive regulation of their
response by type | IFN.

Intracellular mRNA staining by Prime Flow analysis confirmed
that inflammatory monocytes represented more than 50% of to-
tal IL-1Ra mRNA-positive leukocytes on day 2 p.i. (Figure 5E).
However, a contribution of monocyte-secreted IL-1Ra to the
enhanced protection seen in IL-1Ra™3® or IL-1Ra®P''® mice
seemed unlikely, as both strains contained wild-type proportions
of IL-1Ra mRNA-positive monocytes (Figure 5F) and given that
EYFPMa® and EYFPCP''C reporter mice displayed negligible
Cre activity in kidney-infiltrating monocytes (Figures 5G, 5H,
and S7G). Nevertheless, we observed the appearance of a sec-
ond Ly-6C'® MHC II* F4/80* IL-1Ra-producing population, pre-
sumably monocyte-derived macrophages, which comprised
40% of IL-1Ra producers by day 5 p.i. (Figures 5I-5L and
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S7H). This subset exhibited higher Cre activity in EYFPMaf®
than in EYFPCP''° reporter mice, suggesting that IL-1Ra would
be more efficiently deleted in these cells in IL-1Ra™#™® mice
(Figures 5K and 5L). Provided that type | IFN augmented IL-
1Ra secretion from monocytes, we examined its impact on the
macrophage-produced IL-1Ra response. Type | IFN was not
required to induce serum IL-1Ra in response to Candida infec-
tion, as mice deficient in type | IFN-o/B receptor (IFNAR)
signaling (IFNAR™7)*” showed wild-type IL-1Ra expression in
the spleen and serum (Figures 5M and 5N) and controlled fungal
replication in kidney equally well as controls (Figures 50 and
S71). Type | IFN preferentially boosted IL-1Ra secretion in the
subset of MafbCre-marked monocyte-derived macrophages,
which we had identified as key IL-1Ra producers (Figure 5K).
In particular, among all CD11c¢c* macrophages isolated from in-
fected kidneys of EYFPM2® mice on day 5 p.i., only the EYFP*
MafbCre-marked population showed substantial IL-1Ra secre-
tion in response to Candida, which was amplified by concomi-
tant IFN-B stimulation (Figure 5P). In summary, these results
highlight the impact of IL-1Ra secreted by monocyte-derived
macrophages in infected tissue. Moreover, they suggest that
the particularly efficient gene targeting of this type | IFN-sensitive
population in IL-1RaMa® mice contributes to their sustained
long-term protection against Candida.

Type | IFN amplifies the macrophage IL-1Ra response
and exacerbates fungal sepsis

Prior viremia can predispose hospitalized patients to secondary
invasive fungal infections, '* and our data demonstrated that type
I IFN signaling potentiates the Candida-induced IL-1Ra secretion
from macrophages; therefore, we evaluated whether IFN-| re-
sponses elicited in context of viral infection could induce IL-
1Ra as a permissive factor for subsequent invasive candidiasis.
Intravenous injection of IFN-B confirmed its ability to directly
elicit a serum IL-1Ra response (Figure 6A). Moreover, i.v. admin-
istration of the synthetic TLR3 agonist polyinosinic-polycytidylic
acid (PIC)—a well-established method to induce robust IFN-I
production in mice—rapidly triggered expression of IL-1Ra
mRNA and protein in the spleen and induced substantial levels
of circulating IL-1Ra in the serum (Figures 6B-6D). However,
PIC elicited no such IL-1Ra production in IL-1RaM&® mice, sug-
gesting that fungal infection and IFN-I stimulated the identical

Figure 5. IL-1Ra from infiltrating macrophages limits pathogen elimination in infected tissue

(A) mRNA expression of IL-1 family genes in indicated cell subsets on day 2 p.i.

(B and C) IL-1Ra production by neutrophils and monocytes stimulated with Candida in the presence or absence of IL-1 or IFN- in vitro. Cells were purified from
naive mice (B) or on day 2 p.i. (C) (B, duplicate cultures, n = 4 mice; C, n = 4-7 mice).

(D) Western blot analysis of IL-1Ra isoforms in Candida-stimulated neutrophils and monocytes.

(E) Frequencies of neutrophils and monocytes among IL-1Ra mRNA-expressing kidney leukocytes at day 2 p.i. (n = 7 mice/group, two pooled experiments).
(F) Frequencies of IL-1Ra mRNA-expressing cells within indicated immune cell subsets of IL-1Ra™", IL-1Ra™?®, and IL-1Ra®P""® mice at day 2 p.i. (n = 7 mice/
group, two experiments).

(G-L) Analysis of Cre-expression in IL-1Ra mRNA-expressing leukocytes of EYFPMa™® and EYFPCP''® mice on days 2 (G-J) and 5 (K and L) p.i. Expression of EYFP
and IL-1Ra mRNA in neutrophils or monocytes from EYFPM&® (G) and EYFPCP''® (H) mice assessed by flow cytometry and quantification (n = 4-8 mice/group).
(L) Frequency of EYFP expression among IL-1Ra mRNA-expressing Ly6G~ CD11b* cells of EYFPM2® and EYFPCP''® mice at days 2 (I and J)and 5 (K and L) p.i.
(n = 4-8 mice/group).

(M-0) Characterization of IFNAR ™~ mice by IL-1Ra expression in serum (M) and spleen (N), and fungal burden in kidney (O) on day 3 p.i. (n= 4-8 mice/group).
Scale bars, 200 um.

(P) IL-1Ra production by EYFPMa® macrophages FACS-purified ex vivo on day 5 p.i. and stimulated in vitro as indicated (n = 6 mice/group, two pooled
experiments).

Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S7.
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macrophage population to release IL-1Ra (Figures 3A, 3C, 6C,
and 6D). Moreover, PIC treatment considerably amplified the
Candida-induced IL-1Ra response in the spleen and serum
(Figures 6E and 6F) and as a result rendered mice highly suscep-
tible to fungal infection. In particular, PIC-treated mice showed
greatly increased morbidity upon infection with 2.5 x 10° CFU
Candida and had to be prematurely removed from the experi-
ment, whereas this fungal dose was tolerated in the absence
of PIC-induced IFN-I (Figure 6G). In contrast, PIC-elicited IFN-I
failed to trigger detectable IL-1Ra production and did not aggra-
vate disease severity in Candida-infected IL-1Ra™®® mice
(Figures 6F and 6G). This confirmed the IFN-driven amplification
of macrophage-produced IL-1Ra as underlying mechanism for
the enhanced susceptibility to Candida infection following PIC
injection in wild-type mice. Co-injection of PIC also exacerbated
the disease severity in IL-1Ra** mice upon infection with a lower
Candida inoculum (Figures 6H and 6l). Whereas we detected
minimal levels of serum IL-1Ra in mice receiving 10° CFU
Candida alone, the simultaneous induction of IFN-I strongly
augmented the serum IL-1Ra response, interfered with the early
immune control of C. albicans and increased fungal titers in the
kidney by two orders of magnitude (Figures 6H and 6l). Confirm-
ing these observations, infection with microbial pathogens
known to stimulate IFN-I production in vivo, such as lymphocytic
choriomeningitis virus (LCMV), vesicular stomatitis virus (VSV),
vaccinia virus (VV), or Listeria monocytogenes, triggered IL-
1Ra expression in the spleen, albeit to different degrees
(Figures 6J and 6M). In particular, the potent IFN-I inducers
LCMV and VSV elicited strong serum IL-1Ra production from
MafbCre-marked macrophages (Figure 6K).

LCMV represents a well-characterized experimental model
that recapitulates relevant aspects of systemic viral infection in
human patients; therefore, we further interrogated the impact
of IFN-augmented IL-1Ra production on susceptibility to fungal
bloodstream dissemination in the context of LCMV-WE infec-
tion. Similar to our findings with PIC-induced IFN-I, a high dose
LCMV co-infection massively exacerbated the morbidity of
Candida-infected mice, and fungal doses tolerated in control
mice without LCMV co-infection were no longer contained and
caused exacerbated morbidity (Figure 6L). Although low dose
LCMV-infected mice were able to control a lower Candida inoc-
ulum (10° CFU) until day 3 p.i., they nevertheless exhibited very
high levels of serum IL-1Ra (Figure 60) and showed uncontrolled
fungal dissemination in their kidneys (Figures 6N and 6P). The
aggravating effect of viral infection was strictly type-I IFN depen-
dent, as co-infected IFNAR-deficient mice completely lacked the
increased IL-1Ra responses in the spleen and serum, and their
fungal titers that were comparable with those of mice infected
with C. albicans alone (Figures 7A-7C). Accordingly, the kidneys
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of co-infected IFNAR-deficient mice contained isolated infec-
tious foci and thereby resembled those of singly C. albicans-in-
fected controls, whereas the kidneys of co-infected wild-type
mice displayed unrestricted fungal dissemination (Figure 7A).
Transcripts of IFN-regulated genes [fit1, Isg15, and Mx1 revealed
that C. albicans infection per se triggered considerable IFNAR
signaling in the spleen and kidney, which was further enhanced
by virally induced IFN-I (Figures 7D and 7E). Still, the lI1Tmn
expression in context of C. albicans infection appeared to be
IFN independent, whereas its viral amplification was partially
IFNAR dependent (Figures 7D and 7E). Co-infection of IL-
1RaV@™® mice confirmed that LCMV-induced IFNAR signaling
elicited serum IL-1Ra production from MafbCre-marked macro-
phages (Figure 7F). Furthermore, it revealed that virally induced
IFN-I exacerbated Candida infection in part by amplifying the
macrophage-produced IL-1Ra response but also through
IFNAR-dependent mechanisms unrelated to macrophage-pro-
duced IL-1Ra (Figure 7G). Altogether, these observations
demonstrate that type | IFN elicited during viral infection strongly
increases the susceptibility to Candida bloodstream infection
with detrimental consequences for host survival and implicate
macrophage-produced IL-1Ra in this process.

DISCUSSION

Due to the high disease-related mortality and limited treatment
options, invasive fungal infections remain an urgent and inade-
quately addressed medical problem.”*® Our study uncovers a
disease mechanism that contributes to the high disease suscep-
tibility of disseminated candidiasis and its known amplification
by viral co-infections. We identify macrophage-produced serum
IL-1Ra as a disease-promoting innate immune checkpoint that
can be inhibited to protect against fatal C. albicans sepsis in
the mouse model. These findings are of immediate importance
to our understanding of the pathogenesis of invasive fungal in-
fections and may open new avenues for their treatment.

Our results emphasize the critical role of serum IL-1Ra during
invasive candidiasis. Hepatocyte-produced serum IL-1Ra has
been described in various inflammatory conditions.”’ In
contrast, we identify splenic CD169* macrophages as main pro-
ducers of serum IL-1Ra during fungal infection. Although serum
IL-1Ra may be beneficial by preventing excessive IL-1 signaling
in bacterial sepsis, we find that it is deleterious during invasive
candidiasis. Genetic ablation of macrophage-produced IL-1Ra
and liposomal depletion of marginal macrophages blunted
serum IL-1Ra levels and enhanced protective neutrophil re-
sponses, thereby highlighting the impact of CD169" macro-
phage-derived IL-1Ra. Marginal zone macrophages sense
blood-borne pathogens, including Candida, to instruct the

(C-F) PIC-induced IL-1Ra expression in serum (C and E) and spleen (D and F) of IL-1Ra™" and IL-1Ra™a® mice determined 5 h post-PIC injection (C and D) or 48 h
after additional Candida infection (E and F). Scale bars, 500 um (C, n = 4-7; B, n = 3; E, n = 3-6 mice/group).

(
(

G) Survival probability of IL-1Ra™" and IL-1Ra“a"® mice injected with Candida and PIC as indicated (n = 6 mice/group, two pooled experiments).
H and I) Fungal burden (H) and PAS staining (I) in the kidneys of mice treated as in (G) evaluated on day 2 p.i. Scale bars, 1,000 um. (n = 6 mice/group).

(J and M) IL-1Ra staining in the spleen at 24 h p.i. with indicated pathogens. Scale bars, 200 pm.

(K) Serum IL-1Ra levels of IL-1Ra™™ and IL-1RaMa™ mice infected as in (J) and (M). Dashed line indicates naive baseline (n = 3-7 mice/group, single experiment).
(L) Survival probability of indicated groups of infected mice (n = 4 mice/group).

(M-P) Characterization of co-infected mice at day 3 p.i. by IL-1Ra expression in spleen (M) and serum (O), PAS staining in kidney (N), and Candlida titers in kidney
(P). Scale bars, 200 um (n = 4 mice/group, representative experiment).

Error bars represent mean + SEM. *p < 0.05; **p < 0.001; ***p < 0.0001.
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Figure 7. Virus-induced exacerbation of fungal dissemination critically depends on type | IFN and macrophage-produced IL-1Ra
(A-E) IFNAR™~ and wild-type mice infected with Candida (Ca) or co-infected with LCMV and Candida (LCMV + Ca) were analyzed by PAS and IL-1Ra staining of
the spleen and kidney (A), serum IL-1Ra (B), fungal kidney titers (C), and mRNA expression of IFN-stimulated genes in the spleen (D) and kidney (E) on day 3 p.i.

(n = 5-7 mice/group, two pooled experiments). Scale bars, 200 um.

(Fand G) Serum IL-1Ra levels (F) and kidney Candida titers (G) of IL-1Ra™" and IL-

bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001;

induction of innate and adaptive immunity. G-CSF released by
CD169" macrophages upon splenic colonization promotes
neutrophil dysfunction in fungal sepsis.®® We detected no effects
on splenic neutrophils in IL-1Ra-deficient mice (Figures 2G-2J
and S5A) but could modulate neutrophil functionality and renal
hyper-inflammation by reconstituting or neutralizing IL-1Ra.
This suggests CD169" macrophage-derived IL-1Ra inhibits
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1RaM2® mice infected as in (A)~(E) (n = 4-5 mice/group, single experiment). Error
§p < 0.001; #p < 0.0001.

antifungal immunity by restricting the IL-1-driven maturation
and rapid tissue recruitment of highly fungicidal neutrophils
(Figures 2 and S5A). We detected a second wave of IL-1Ra
produced by macrophages in infected tissue, and efficient
targeting of this population may contribute to the superior
resistance of IL-1Ra™*® mice to Candida. Besides macro-
phages, kidney-infiltrating neutrophils and monocytes exhibited
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considerable IL-1Ra expression, whereas that of dendritic cells
or kidney-resident macrophages appeared negligible. Neutro-
phils contained mainly an intracellular IL-1Ra isoform and
secreted limited amounts of IL-1Ra in vitro. This suggests that
neutrophil-expressed IL-1Ra is predominantly biologically active
following its release upon neutrophil death. Unlike neutrophils,
monocytes secreted substantial quantities of IL-1Ra, which
were further augmented by IFN-I stimulation. The Cre drivers
used here did not delete IL-1Ra in monocytes (Figure 5), and
we cannot conclude to which extent monocyte-secreted IL-
1Ra impacts the immune defense against disseminated
Candida. However, the fact that we observed the strong protec-
tive effect of removing macrophage-expressed IL-1Ra despite
the presence of monocyte-expressed IL-1Ra argues for a pre-
dominant role of macrophage-secreted IL-1Ra.

Our study identified neutrophils as key defense mechanism
regulated by macrophage-secreted IL-1Ra and demonstrated
that the enhanced maturation, tissue recruitment, and function-
ality of neutrophils mediate the protective effect of IL-1Ra
removal. Neutrophil effector pathways including phagocytosis,
ROS production, and NET formation are indispensable for sys-
temic antifungal immunity.'%3° Our data suggest that the expo-
sure of neutrophils to IL-1Ra in the blood determines their IL-1
responsiveness following recruitment to inflamed tissue (Fig-
ure 4). IL-1 programs neutrophil clustering behavior and their
execution of defense mechanisms during antifungal re-
sponses.’ Hence, the higher sensitivity to IL-1p stimulation (Fig-
ure 4) and increased IL-1B production (Figure 2) observed for
neutrophils in the absence of IL-1Ra may enhance such neutro-
phil-directed activities of IL-1 and very likely also increased IL-1
signaling in other cell types, including endothelial cells, added
to the superior neutrophil responses in IL-1RaMa® mice.
Enhanced IL-1 signaling may also protect against C. albicans
by promoting granulopoiesis and via neutrophil-independent
mechanisms. "

We found that macrophage-secreted |IL-1Ra was positively
regulated by IFN-I. Type | IFN signaling has been linked to the
host defense against Candida in human patients.*® However,
its role in protective immunity remains controversial because
both positive and negative disease outcomes were reported in
IFNAR-deficient mice.***> We observed no significant effects
of IFNAR deficiency on Candida monoinfection, which might
signal differences in genetic backgrounds or microbiota compo-
sition between these studies. Candida stimulates IFN-I secretion
from conventional dendritic cells, which increases their fungi-
cidal capacity and licenses monocytes to promote protective
natural killer (NK) cell and neutrophil responses.*®~*" Conversely,
type | IFN may aggravate the severity of Candida infection by in-
hibiting inflammasome activation and generation of bioactive
IL-1 and by promoting hyper-inflammatory renal injury.**¢ In
addition, IFN-induced factor IFIT2 limits the ROS production
and fungicidal activity of leukocytes.*® We demonstrate that
IFN-1 inhibits protective IL1-signaling by augmenting IL-1Ra
secretion from macrophages (Figures 6 and 7). This implicates
IL-1Ra in the reciprocal crosstalk between type | IFN-driven
and IL-1-driven inflammation in invasive candidiasis, as pro-
posed for bacterial infections.*~>® Candida elicited IFNAR-inde-
pendent IL-1Ra production; yet, additional IFN-I signaling
severely amplified the Candida-induced IL-1Ra response. IFN-I
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is induced by numerous pathogens®" and prior viremia consti-
tutes a risk factor for invasive candidiasis.""'? We show that viral
co-infection drastically aggravated the disease mortality via the
IFN-dependent augmentation of IL-1Ra production in Mafb-
Cre-marked macrophages, which provides a potential disease
mechanism for secondary candidiasis or polymicrobial sepsis.
Targeting IL-1Ra in such IFN-I/IL-1 crosstalk might prove advan-
tageous because it would enhance protective IL-1R signaling by
increasing the potency of physiologically secreted, endogenous
IL-1 without hindering beneficial defense mechanisms induced
through type | IFN.

Although our findings establish the efficacy of IL-1Ra neutral-
ization in the animal model, these observations should not be
extrapolated to human patients without considering potential
adverse effects of excessive IL-1-signaling. IL-1-mediated
inflammation is absolutely essential to control Candida blood-
stream infection, as is unequivocally shown by the fact that de-
fects throughout the IL-1 pathway drastically increase the
disease mortality.'® 8558 Yet, lack of physiological balancing
of IL-1 by the IL-1Ra due to genetic deficiency®® or neutralizing
anti-IL1Ra autoantibodies®®®’ results in uncontrolled IL-1-
signaling and a multi-organ inflammatory syndrome. An impaired
IL-1/IL-1Ra balance has been linked to hyper-inflammatory
states, %2 and anakinra is considered for bacterial sepsis.®*
In contrast, we did not observe exacerbated multi-organ inflam-
mation in IL-1Ra-deficient IL-1Ra™3® mice or following IL-1Ra
neutralization during Candida infection. Instead, removal of
IL-1Ra not only resulted in faster pathogen clearance but, sur-
prisingly, also in the rapid and paradoxical attenuation of the
pathogenic hyper-inflammation observed in mice expressing
functional IL-1Ra. Accordingly, the dysfunctional inflammatory
response during Candida sepsis is not caused by excessive
IL-1 signaling, but by a failure to eliminate the pathogen. Thera-
peutic neutralization substantially improved the survival of wild-
type mice, which should encourage the development of more
efficient IL-1Ra-targeted approaches. We presume that
enhancing IL-1-driven mechanisms by neutralizing IL-1Ra could
be beneficial in patients with active fungal replication, but it might
not be suitable for inflammatory conditions triggered by residual
fungal antigen. For example, IL-1a-elicited neutrophilic inflam-
mation is required for clearance of pulmonary Aspergillus infec-
tion, but it worsens disease outcomes in Aspergillus-induced
asthma.®*®> Thus, increased neutrophil recruitment following
IL-1Ra neutralization could promote resistance to invasive fungal
infection, but it may also sustain pathogenic inflammation to
non-replicating fungal components.®® Whether such mecha-
nisms contribute to the immune reconstitution inflammatory syn-
drome (IRIS) in chronic disseminated candidiasis remains to be
investigated.®®®”

In conclusion, by ablating the endogenous IL-1 inhibitor IL-
1Ra instead of the IL-1 cytokines or their receptor our study
allowed both to highlight the impact of physiological IL-1 re-
sponses by enhancing their potency and to gain valuable in-
sights into their regulation via the IL-1Ra expressed by different
subsets of immune cells. Although this approach confirmed the
beneficial role of IL-1 in antifungal defense,’®"" it also exposed
the detrimental consequences of macrophage-secreted IL-1Ra
for the ability to contain bloodstream Candida infection. More-
over, it revealed that the increased inflammation observed
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during invasive candidiasis does not reflect excessive signaling
via the IL-1R, but the unsuccessful elimination of the fungal path-
ogen. Collectively, these observations suggest serum IL-1Ra as
a future biomarker and potential therapeutic target for invasive
candidiasis.

Limitations of the study

We used conditional IL-1Ra-deficient strains that simultaneously
deleted all IL-1Ra isoforms by targeting exon 2 of the IL1rn gene.
We therefore cannot entirely rule out a contribution of intracel-
lular IL-1Ra isoforms to the effects reported in this study. Our
analysis of mixed BM chimeras exposed a major role of the
secreted IL-1Ra isoform in regulating IL-1-dependent antifungal
immunity. Likewise, the fact that we were able to switch the phe-
notypes of wild-type and IL-1Ra™M3® mice by depleting or recon-
stituting serum IL-1Ra, respectively, strongly argued for a domi-
nant effect of secreted IL-1Ra. However, targeting approaches
that discriminate between the individual IL-1Ra isoforms are
needed to further investigate their distinct functions during
fungal sepsis.
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Zymo Research
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Mouse IL-6, recombinant protein eBioscience Cat# 14-8061-80

dNTP-Mix

Seraglob by Bioswisstec AG

Cat# 1910-002

Random Nonamers Sigma Aldrich Cat# R7647
1-Brom-3-chlorpropan Sigma Aldrich Cat# B9673
2-Propanol Sigma Aldrich Cat# 278475
Triton™ X-100 Sigma Aldrich Cat# T8787
Tween 20 Sigma Aldrich Cat# P1379
Dihydrorhodamin 123 Sigma Aldrich Cat# D1054
SuperSignal™ West Pico ThermoFisher Cat# 34577
chemiluminescent substrate

BBL Thioglycollate medium brewer BD Cat# 211716
modified

Critical commercial assays

Mouse IL-1ra/IL-1F3 DuoSet ELISA RnD Cat# DY480
Mouse G-CSF DuoSet ELISA RnD Cat# DY414-05

PrimeFlow™ RNA assay
IL1RN PrimeFlow probe set-Alexa Fluor 647

Mouse Cytokine/Chemokine 31-Plex
Discovery Assay® Array

Qubit RNA BR Assay Kit

Fragment Analyzer Systems RNA Kit
CORALL Total RNA-Seq V2 library Prep.kit
RiboCop rRNA Depletion Kit

JetSeq™ Library Quantification Lo-ROX Kit

NovaSeq 6000 S1 Reagent Kit v1.5 (300
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Pierce® BCA Protein Assay Kit

ThermoFisher
ThermoFisher
Eve Technologies

ThermoFisher
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ThermoFisher

Cat# 88-18005-204
Cat# PF-210 (VB1-3028457-PF)
N/A

Cat# Q10210

Cat# DNF-471-0500
N/A

N/A

Cat# BIO-68029
Cat# 20028317

Cat# 23225

Deposited data

Bulk RNA sequencing data

This paper

ENA: E-MTAB-12997

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX000664
Mouse: CD45.1 (B6.SJL- The Jackson Laboratory JAX002014
PtprcaPepcb/BoydJ)

Mouse: Mafb-Cre (Mafbtm1.1(cre)Kmm/J) The Jackson Laboratory JAX029664
Mouse: R26R-EYFP (B6.129X1-Gt(ROSA) The Jackson Laboratory JAX006148
26Sortm1(EYFP)Cos/J)

Mouse: IL-1Rafl/fl (II1rntm1.1Cga) Lamacchia et al.”’ N/A
Mouse: LysM-Cre (Lyz2tm1(cre)lfo/J) Clausen et al.*? N/A
Mouse: CD11c-Cre (B6.Cg-Tg(ltgax-cre) Caton et al.* N/A
1-1Reiz)

Mouse: B6.129S2-Ifnar1tm1Agt/Mmjax The Jackson Laboratory JAX101830
Oligonucleotides

See Table S1 for qPCR primers This paper N/A
Software and algorithms

FlowJo software (version 10.8.1) N/A
GraphPad PRISM (version 9.1.0) N/A

R version 4.1.0 N/A

Aperio ImageScope (v12.4.0.5043) N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Stefan Freigang (stefan.
freigang@unibe.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA-seq data have been deposited at ENA and are publicly available as of the date of publication. Accession numbers are listed in
the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS

Animals

Mice were bred and maintained in specific-pathogen-free (SPF) facilities at the Institute of Tissue Medicine and Pathology of the Uni-
versity of Bern. All procedures were performed in accordance with ethical guidelines and approved animal license protocols of the
Canton of Bern (BE3/18 and BE31/2021). Mice were housed with a 12 h light/dark cycle, regulated temperature and humidity, and
provided unlimited access to food and water. C57BL/6J, CD45.1 (B6.SJL-PtprcaPepcb/Boyd), Mafb-Cre (Mafbtm1.1(cre)Kmm/J),**
and R26R-EYFP (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J)°® mice were purchased from The Jackson Laboratory and bred in-
house. IL-1RaY*M mice had been generated®’ by crossing IL-1Ra™" (Il1rntm1.1Cga) mice®' to LysM-Cre (Lyz2tm1(cre)lfo/J)
mice®? and were kindly provided by Marc Donath (Department of Biomedicine, University Hospital Basel). To obtain IL-1Ra™a®
and IL-1Ra®P"'® mice, we crossed IL-1Ra™" mice with Mafb-Cre or CD11c-Cre (B6.Cg-Tg(ltgax-cre)1-1Reiz)** mice, respectively.
CD11c-Cre mice were a gift from Manfred Kopf (Institute of Molecular Health Sciences, ETH Zurich). In general, IL-1Ra™" Cre-nega-
tive littermates served as controls; for some experiments IL-1Ra"Y"! Cre-positive mice were used as controls and yielded wild type
results. R26R-EYFP mice (termed EYFP-S\ here) were crossed with LysM-Cre, Mafb-Cre, or CD11c-Cre mice to create the respec-
tive EYFP-Cre-reporter strains, which we referred to as EYFP™SM, EYFPMa®, or EYFPCP1'° here. All mouse strains were backcrossed
onto C57BL/6 for more than 10 generations or had been generated on a C57BL/6 background. Age- and sex-matched animals were
randomly assigned to experimental groups. To generate bone marrow (BM) chimeras (BMC), six-week-old recipient mice were
lethally y-irradiated using a GammaCell X40 irradiator 24 hours prior to intravenous injection of 5x10° donor BM cells. Mice received
sulfamethoxazole and trimethoprim via the drinking water for two weeks, and were rested for at least eight weeks to allow BM recon-
stitution before performing the experiments.

Candida albicans and inflammation models

C. albicans (SC5413) was grown in YPD medium (BD Difco™ YPD Broth, BD Sciences) at 30°C for 18 hours. C. albicans yeast cells
were washed twice in sterile PBS and counted using a hemocytometer. To obtain C. albicans hyphae, washed C. albicans yeast were
cultured in RPMI 1640 (10% FBS) at 37°C for 4 h. Heat-killed yeast and hyphae were prepared by incubation at 72°C for 1 h, and
complete inactivation was confirmed by plating on YPD agar plates at 30°C for 48 h. For in vivo experiments, eight- to ten-week-
old mice were infected intravenously with 0.5 - 2.5x10° colony forming units (CFU) C. albicans via the lateral tail vein. To determine
fungal organ titers, mice were euthanized, and organs were weighed and homogenized in 0.5% NP-40 water with a TissueLyser Il
(Qiagen) at 25 Hz for 2x 3 min. Serial dilutions of tissue homogenates in PBS were then plated onto YPD agar, incubated for 24 -
48 h, and fungal burden was calculated as CFU C. albicans/g tissue. To assess the effect of type | IFN on IL-1Ra production and
C. albicans infection in vivo, mice were injected with 2 ng of mouse recombinant IFN- (Biolegend) alone, and with the synthetic
TLR3 ligand polyinosinic-polycytidylic acid (PIC, InvivoGen) either alone or 5 hours prior to C. albicans infection. Similarly, mice
were infected with 1x10* or 2x10° plaque forming units (pfu) lymphocytic choriomeningitis virus (LCMV) strain WE, either alone or
one day before infection with C. albicans. Production of IL-1Ra in spleen and serum was also assessed at day 1 p.i. with 10° pfu ve-
sicular stomatitis virus (VSV Indiana), 2x10° pfu vaccinia virus (VV) or 3000 CFU Listeria monocytogenes (strain 10403S). Pathogens
were diluted from frozen viral stocks grown in MDCK cells (VV), BHK21 cells (LCMV WE), Vero cells (VSV), or prepared freshly as over-
night cultures in brain heart infusion broth (Listeria). To evaluate early cell recruitment induced by fungal components, mice were
intraperitoneally injected with 1 mg of Zymosan A from Saccharomyces cerevisiae (Sigma) freshly dissolved in sterile PBS. At 6 h
and 18 h post injection, blood and peritoneal exudates were collected. Serum and peritoneal lavage fluid were stored at -80°C prior
to IL-1Ra measurement by ELISA. Leukocytes in blood and peritoneal lavage were characterized by flow cytometry. Peritoneal neu-
trophils were purified from lavage using magnetic bead-based isolation before assessing C. albicans killing and phagocytosis in vitro.
To assess LPS-induced IL-1Ra expression, mice were intraperitoneally injected with ultra-pure LPS O111:B4 (150 ng/kg, Sigma) and
D-galalactosamine (800 mg/kg, Carbosynth Ltd.), and serum and organs were collected 5 h later.
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METHOD DETAILS

In vivo manipulation of splenic macrophages

Splenectomy was performed under isoflurane anesthesia in a laminar flow bench. The abdominal skin and peritoneal membrane were
opened by two small incisions to expose the spleen. The spleen was removed by cauterizing the splenic arteries and veins at the
splenic hilum. The peritoneal membrane was closed with absorbable suture and skin incision was closed with wound clips. After
the surgery, mice were allowed to recover under a heating lamp and rested for eight weeks before C. albicans infection. To selectively
deplete macrophages of the splenic marginal zone, mice were intravenously injected with commercial clodronate liposomes (Lipo-
soma) at 1 mg per animal, while control mice received an equal volume of sterile PBS. Ten days later, all mice were infected with 2.5
x10° CFU C. albicans. Serum and organs were harvested at day 3 p.i. for analysis.

In vivo reconstitution and neutralization of IL-1Ra

Recombinant human IL-1Ra (anakinra) was a gift from Marianne Boni-Schnetzler (Department of Biomedicine, University Hospital
Basel). IL-1RaM@® mice received recombinant IL-1Ra (500 pg per mouse) intraperitoneally twice daily on days 0, 1, and 2 post
C. albicans infection. Non-reconstituted IL-1Ra™™ and IL-1RaMa® mice in these experiments received injections of an equal volume
of sterile PBS. The hybridoma producing a neutralizing anti-mouse IL-1Ra antibody>® was generously provided by Naofumi Mukaida
(Kanazawa University, Japan) and Russell Vance (University of California Berkeley, USA). Monoclonal antibody was produced and
purified in-house using protein G resin (GenScript). For preventive IL-1Ra neutralization in vivo, mice received intraperitoneal injec-
tions of either neutralizing anti-IL-1Ra antibody or control Ultra-LEAF purified armenian hamster IgG isotype antibody (BioLegend) on
days -1, 1 and 2 of infection. For therapeutic IL-1Ra neutralization, mice were administered intravenously anti-IL-1Ra or control anti-
body on days 2 to 6 post C. albicans infection.

Isolation of leukocyte populations

Leukocytes were isolated from kidneys by a modification of the protocol of Swamydas et al.®® Kidneys were dissected into 1 mm?®
pieces using a scalpel, digested in 6 ml of serum-free RPMI 1640 medium with 0.2 mg/ml of Liberase™ (Roche) and 0.2 mg/ml DNase
| (Sigma) for 45 min at 37°C. At the end of the incubation, an equal volume of complete RPMI 1640 medium was added; the cell sus-
pension was filtered through a 40 um cell strainer, and washed twice in PBS. The pellet was then suspended in 40% Percoll (Sigma),
gently overlaid onto 70% Percoll and centrifuged at 880 g at room temperature for 30 min. Splenic single cell suspensions were ob-
tained by enzymatic digestion with 2 mg/ml of type IV collagenase (Worthington) and 0.2 mg/ml DNAse | (Sigma) for 45 min at 37°C.
Neutrophils were purified using the EasySep™ Mouse Neutrophil Enrichment Kit (StemCell Technologies) supplemented with bio-
tinylated antibodies (all BioLegend) as following: anti-CD3e (3.45 pg/ml), anti-B220 (2.5 ug/ml), anti-TER119 (0.25 pg/ml), anti-F4/
80 (3.45 ng/ml), anti-CD11c (3.45 ng/ml), anti-CD19 (3.45 pg/ml), anti-NK1.1 (3.45 pg/ml) and anti-CD317 (2.5 pg/ml). Monocytes
were isolated using the EasySep™ Mouse Monocyte Isolation Kit (StemCell Technologies) using biotinylated antibodies (all
BioLegend) at the following final concentrations: anti-CD3e (3.45 png/ml), anti-B220 (2.5 ug/ml), anti-TER119 (0.25 pg/ml), anti-F4/
80 (3.45 pg/ml), anti-CD19 (3.45 pg/ml), anti-NK1.1 (3.45ug/ml) and anti-CD317 (2.5 pg/ml). For the analysis of the gene expression
or in vitro IL-1Ra production of individual leukocyte subsets, single cell suspensions were first prepared from infected organs as
described above. Following cell surface staining to identify leukocyte subsets, cells of individual mice were FACS-purified on a MoFlo
Astrios EQ sorter (Beckman Coulter) by the flow cytometry core facility at the Department of Biomedical Research, University of Bern.
Cells were sorted into pre-warmed complete medium. BM cells were collected by flushing femur and tibia from both hind legs with
sterile PBS. Erythrocytes were lysed using ACK lysis buffer, before primary BM neutrophils and BM monocytes were isolated using
the EasySep™ Mouse Neutrophil Enrichment Kit and EasySep™ Mouse Monocyte Isolation Kit as stated above. For in vitro analysis
of LPS-induced IL-1Ra production, splenic macrophages and splenic dendritic cells were purified from single cell suspensions using
magnetic anti-CD11b MicroBeads and CD11c MicroBeads (Miltenyi Biotec) according to the manufacturer’s instructions. BM-
derived macrophages we generated by culturing BM cells in complete RPMI 1640 medium supplemented with 10% L929 cell super-
natant as a source of M-CSF. Medium was exchanged every 3 days, and BM-derived macrophages were harvested for experiments
on day 7. Peritoneal macrophages were harvested 4 days after intraperitoneal instillation of 1 ml 3.8% thioglycollate (Becton Dick-
inson AG). Lavage cells were washed with PBS and cultured overnight in the presence or absence of 10 ng/ml LPS (InvivoGen). IL-
1Ra production was then assessed in culture supernatants by ELISA or in cell lysates by western blot.

|.69

Flow Cytometry analysis

Single cell suspensions were prepared as described above and stained with live/dead dye (Invitrogen) and anti-mouse CD16/32 anti-
body (BioLegend) for 15 min at 4°C. Immune cell subsets were characterized using antibodies against CD90, CD19, CD49b, CDA45,
CD11b, CD11c, F4/80, Ly-6C, Ly-6G, I-A/I-E, and CD115 (all BioLegend), as well as against CD101 (eBioscience™) and Siglec F (Mil-
tenyi Biotec) as published*’ (Figure S4D). Neutrophils, resident macrophages, Ly-6" monocytes, Ly-6C'® monocytes and DCs were
defined as CD45* CD11b* Ly-6G", CD45* CD11b* F4/80*, CD45* CD11b* F4/80° MHCII” Ly6C"™, CD45* CD11b* F4/80° MHCII"
Ly6C CD11c*, and CD45" CD11b* F4/80° MHC* CD11c*, respectively. Blood mature neutrophils, immature neutrophils and mono-
cytes were identified as CD11b* CD115- Ly6G* CD101*, CD11b* CD115 Ly6G* CD101" and CD11b* CD115" Ly6C™, respectively.
For phenotypic characterization of neutrophils, cells were stained with antibodies against CD45.2, CD11b, Ly-6G, CD63
(all BioLegend), CD101 and pro-IL-1beta (both from eBioscience™) and MPO (Hycult Biotech). Cell populations were positive for
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CD90, CD19, CD49b, CD11c, F4/80, I-A/I-E and Siglec-F, were excluded from the flow cytometry analysis. Cells were fixed in 4%
paraformaldehyde (PFA) for 5 min before acquisition. Intracellular IL-1Ra transcripts in kidney-infiltrating leukocytes were revealed
using the PrimeFlow™ RNA assay (Thermo Fisher) according to the manufacturer’s instructions. After cell surface staining for
CD45.2, CD11b, CD11c, MHC I, F4/80, Ly-6C and Ly-6G, cells were fixed and permeabilized, followed by the hybridization with
the Il1rn probe, signal amplification and fluorescence labeling. All samples were acquired on a LSRII cytometer (BD Biosciences)
and analyzed using FlowJo (BD Biosciences).

Measurement of reactive oxygen species

Freshly purified neutrophils (10° per well) were equilibrated for 60 min at 37°C before staining with 5 uM 2’,7’-dichlorofluorescein
(DCF) in serum-free RPMI for 30 min, followed by exposure to heat-killed C. albicans (MOI 3) in the presence or absence of IL-1B
(20 ng/ml) for additional 30 min. Cells were then stained with live/dead fluorescent dye and antibodies against CD45.2, CD11b,
Ly-6G, and Ly6C. ROS production was quantified in leukocytes isolated from the blood, spleen and kidneys of C. albicans infected
mice. Cells were incubated for 30 min at 37°C with Dihydrorhodamine 123 (Sigma Aldrich) before staining with live/dead fluorescent
dye and antibodies against CD45.2, CD11b, Ly-6G, Ly-6C, and CD101. Frequencies of ROS producing neutrophils were analyzed
using FlowJo (BD Biosciences).

C. albicans killing assay

To test fungicidal capacity, 5 x10* neutrophils were incubated with 2 x 10* C. albicans for 3 h. Cells were then lysed with 1% NP-40
water and serial dilutions of the lysates were plated on YPD agar. Colonies were counted after 24 h at 30°C. Fungicidal capacity was
expressed as the percentage of C. albicans inoculum detected in control wells without leukocytes, that was killed in presence of
neutrophils.

Phagocytosis assay

Phagocytosis activity was measured using pHrodo™ Green Zymosan Bioparticles (Thermo Fisher) according to the manufacturer’s
instructions. Neutrophils were purified from peritoneal cavities of Zymosan A-primed mice, plated in black clear bottom 96-well
plates (Corning) at 10° cells/well in 100 pl Opti-MEM® (Gibco), and equilibrated at 37°C for 1 h. Culture medium was then replaced
by 100 pl of 0.5 mg/ml pHrodo™ Green Zymosan Bioparticles in uptake buffer and incubation continued for 2 h at 37°C in the pres-
ence or absence of IL-1 (20 ng/ml). Bioparticles in pH 5.0 buffer served as positive control. Bioparticle-free wells and wells contain-
ing Bioparticles in uptake buffer served as background and negative control. Fluorescence intensity was assessed with excitation at
490 nm and emission at 535 nm using an Infinite M200 pro Tecan microplate reader. Net phagocytosis was calculated by correcting
for fluorescence intensity of background and negative controls. Phagocytosis is expressed as percentage of net fluorescence inten-
sity in experimental wells as compared to the net positive control.

Blood sampling

Blood samples were collected terminally from the vena cava into syringes containing heparin (for creatinine and blood urea nitrogen)
or EDTA (for cytokine analyses) as anticoagulant. All samples were kept on ice while handling. Blood was transferred to blood collec-
tion tubes (BD microtainer) for serum isolation or 1.5 ml reaction tubes for plasma collection and centrifuged for 10 min at 2000 g at
4°C. 100 pl of resulting supernatants were transferred into clean polypropylene tubes and processed directly or stored at -80°C until
analysis. Measurement of plasma creatinine and blood urea nitrogen concentrations was performed by the Center for Laboratory
Medicine at the University Hospital Bern.

Analysis of cytokine responses

Cytokine concentrations in serum, peritoneal lavages or cell culture supernatants were determined by ELISA. Production of IL-1Ra
and G-CSF in serum and culture supernatant were measured using the mouse IL-1ra/IL-1F3 DuoSet kit and the mouse G-CSF
DuoSet kit (RnD Systems), according to the manufacturer’s guidelines. Mouse IL-1B and IL-6 were quantified using sandwich
ELISA with an anti-IL-1p / biotinylated anti-IL-1p or anti-IL-6 / biotinylated anti-IL-6 antibody pairs (all from eBioscience), respectively,
followed by detection with streptavidin-alkaline phosphatase (Southern Biotech) and para-nitrophenylphosphate. Optical densities
were read on an Infinite M200 pro Tecan microplate reader and concentrations were calculated using recombinant standards for
mouse IL-1B (RnD Systems) and IL-6 (eBioscience), respectively. Cytokine profiles in infected kidneys were characterized with a
Mouse Cytokine/Chemokine 31-Plex Discovery Assay® Array (Eve Technologies). In brief, infected kidneys were snap-frozen, ho-
mogenized in modified RIPA buffer, and tissue homogenates were stored at -80°C until analysis.

Western blot analysis

Purified leukocyte subsets were lysed in modified RIPA buffer (50 mM Tris HCI pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Triton X100,
1 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, and 10 mM NaF), supplemented with protease inhibitors (Roche), phenylme-
thylsulfonylfluoride, and phosphatase inhibitor cocktail 2 and 3 (Sigma Aldrich). Protein extracts were normalized using the Pierce®
BCA Protein Assay Kit (Thermo Fisher); and 25 ng of protein were assessed by reducing SDS-PAGE (10-12%). After transfer onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories), immunoblotting was performed with anti-IL-1Ra (Thermo
Fisher), anti-p38, anti-phospho-p38 (both Cell Signaling), and anti-B actin (Santa Cruz Biotechnology) primary antibodies and
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corresponding HRP-conjugated secondary antibodies (Santa Cruz), followed by development in SuperSignal™ West Pico chemilu-
minescent substrate. Staining was visualized using a ChemiDoc™ MP Imaging System (Bio-Rad Laboratories).

Immunohistochemistry and immunofluorescence

Organs were dissected and fixed in 4% paraformaldehyde for 6 to 8 h, followed by standard paraffin embedding. Tissue sections
(2.5 um) were stained on an Immunostainer Leica Bond RX (Leica Biosystems) with periodic acid-Schiff (PAS), with methenamine
silver (Grocott), or with anti-IL-1Ra, anti-IL-1a, anti-IL-1B, anti-IL-1R1 (all R&D Systems), anti-F4/80 (Bio-Rad Laboratories), anti-
CD68, anti-Ly-6G, anti-CCR2, anti-Iba1, anti-Histone H3 (citrulline R2+R8+R17) (all from Abcam), anti-MPO (Agilent) or anti-GFP
(Novus) antibodies. Embedding, sectioning and staining were performed by the Translational Research Unit of the Institute of Pathol-
ogy at the University of Bern. Images were obtained with a Pannoramic 250 scanner (3DHistech) before analysis. Histological grading
was performed on Periodic acid-Schiff (PAS) stained sections by a trained pathologist blinded to the identity of the specimens.
Inflammation and C. albicans dissemination were evaluated separately for the tubulointerstitial compartment and glomeruli. Scores
ranging from 0 to 3 were defined for each category and criterion, as described below. The final score of each section represents the
sum of the scores for the tubulointerstitial compartment and the glomeruli.

Inflammation Candida dissemination
Score Tubulointerstitial compartment Glomeruli Tubulointerstitial compartment Glomeruli
0 No inflammation No inflammation No Candida No Candida
1 Focal tubulointerstitial inflammation Minimal Few Candida Few Candida
2 Single abscess Moderate Abundant Candida Abundant Candida
3 Multiple abscesses Severe Massive Candida Massive Candida

Spleen tissue was frozen in OCT medium and cut (5 pm) on a Leica CM1950 cryostat. Acetone-fixed cryosections were incubated
in PBS containing 10% goat serum and 0.1% Triton X-100 (Sigma-Aldrich) to block nonspecific binding for 1h, before staining with
anti-mouse MARCO (Bio-Rad Laboratories) and anti-mouse CD169 (BioLegend) antibodies overnight. Rinsed sections were stained
with DAPI (Sigma Aldrich) for 20 minutes, and then mounted with Dako Fluorescence Mounting Medium (Dako). Fluorescent images
were acquired using a Pannoramic 250 flash |l slide scanner (3DHistech). IL-1Ra-positive areas in stained kidney sections were quan-
tified using ImageScope (v12.4.0.5043). To visualize the colocalization of marginal zone macrophages and IL-1Ra, spleen tissue was
frozen in OCT medium and cut (10 um) on a Leica CM1950 cryostat. PFA-fixed (4%) cryosections treated with multistaining buffer
(Lunaphore) were stained using the LabSat technology (Lunaphore). In the first cycle anti-mouse CD169 (Biolegend), anti-mouse
IL1RA (R & D Systems) with secondary rabbit anti-goat Alexa Fluor 546 antibody (Invitrogen) and DAPI were stained and imaged.
After applying the quenching buffer (Lunaphore), in the second cycle, MARCO (Bio-Rad Laboratories) with corresponding secondary
antibody (PE goat anti-rat Ig, SouthernBiotech) and DAPI was stained and imaged.

Quantitative reverse transcription PCR

Kidneys were disrupted in 0.5 to 1 ml of TRIzol Reagent (Ambion Life Technologies) with stainless steel beads (5 mm; Qiagen) in a
TissueLyser Il (Qiagen) for 2 cycles of 2 min at 25Hz. Total MRNA was isolated according to manufacturer’s instructions. Contam-
inating DNA was digested by RNase-free DNase (Life Technologies), mRNA concentrations were measured with a NanoDrop™
One spectrophotometer (Thermo Fisher) and 1 ng mRNA/reaction was reverse-transcribed using GoScript™ Reverse Transcriptase
(Promega) in presence of RNase inhibitor (BioLabs). Quantitative PCR was performed using KAPA SYBR® FAST gPCR Master Mix
(2X) Kit (Sigma) on a StepOnePlus™ Real-Time PCR System (Thermo Fisher), and expression was normalized to G6pdx or Actb
expression. For FACS-sorted cells, RNA was purified using the ReliaPrep™ RNA Miniprep Systems (Promega) following the manu-
facturers’ instructions.

RNA-sequencing and bioinformatics analysis

Kidneys of infected mice were harvested at day 2 p.i., snap-frozen in liquid nitrogen before homogenization in TRI Reagent® (Zymo
Research) in BashingBeat™ lysis tubes (Zymo Research) with a TissueLyser Il (Qiagen) for 3 cycles of 1 min at 30Hz. Total RNA was
extracted using the Direct-zol™ RNA miniprep Plus kit (Zymo Research) and stored at -80°C until use. The quantity and quality of the
purified total RNA was assessed using a Qubit 4.0 fluorometer with the Qubit RNA BR Assay Kit (Thermo Fisher) and an Advanced
Analytical Fragment Analyzer System using a Fragment Analyzer RNA Kit (Agilent), respectively. Two hundred ng of input RNA was
first depleted of ribosomal RNA and globin mRNA using RiboCop for HMR+ Globin Depletion Kit (Lexogen) following the manufac-
turer’s instructions. Thereafter, cDNA libraries were generated using a CORALL Total RNA-Seq V2 library Prep.kit with UDIs 12nt set
A1 (Lexogen) according to the protocol for long insert sizes. The quantity and length of the cDNA libraries were investigated using the
Qubit 4.0 fluorometer and Advanced Analytical Fragment Analyzer System as above. Library quantification was also determined us-
ing a JetSeq library Quantification Lo-ROX kit (Bioline) following the manufacturer’s instructions. Equimolar-pooled cDNA libraries
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were sequenced paired-end using an illumina NovaSeq 6000 S1 Reagent Kit v1.5 (300 cycles) on an illumina NovaSeq 6000 instru-
ment (illumina). The run produced between 50-60 million reads/sample. The quality of the sequencing run was assessed using
illumina Sequencing Analysis Viewer (illumina, version 2.4.7) and all base call files were demultiplexed and converted into FASTQ files
using illumina bcl2fastg conversion software v2.20. The quality control assessments, generation of libraries and sequencing was
carried out at the Next Generation Sequencing Platform, University of Bern. From the raw sequencing reads, adapters and poly(A)
sequences were removed with cutadapt (v3.4). After that, 12 bp UMI sequences were extracted and high error rate sequences were
removed with UMI-tools (v1.2.2) according to the suggestions of the manufacturer of the library preparation kit. Reads were aligned
with hisat2 (v2.2.1) to the ensemble mouse genome (GRCm38.p6). Read alignments were deduplicated with UMI-tools (v1.2.2). The
counting of fragments aligning to genic features was performed with featureCounts (v2.0.1) based on the ensembl mouse gene anno-
tation v102. DESeq2 was used to calculate differential gene expression out of the raw count matrices. Gene set enrichment analysis
(GSEA) was performed with the R package clusterProfiler based on gene ordering according to the test statistic acquired from the
differential gene expression results of DESeq. Gene Ontology overrepresentation analysis was performed with the R package topGO
on genes which were differentially expressed with an adjusted p-value smaller than 0.05. Heatmap visualizations were generated with
the R package ComplexHeatmap. All downstream analyses in R were performed with R version 4.1.0.

QUANTIFICATION AND STATISTICAL ANALYSIS
Unless data of individual mice are shown, data represent mean + SEM. Statistical analyses were performed using the GraphPad
Prism software. Two-tailed Student’s t-test, one-way ANOVA with a Bartlett’s multiple comparisons test or two-way ANOVA with

a Tukey’s multiple comparisons test were applied to compare two or several groups as specified in figure legends. Statistical signif-
icance was considered as p <0.05. Asterisks denote statistical significance (*, p <0.05; **, p <0.01; ***, p <0.001; ****, p <0.0001).
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