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ematiaceous molds are melanized, hypha-producing fungi found ubiquitously in

the environment. These molds are typically plant pathogens; however, under
situations of immunocompromise, allergic disease, or iatrogenic introduction, they are
capable of causing disease in humans (1). Dematiaceous molds account for 6 to 10% of
invasive fungal infections in solid organ and hematopoietic stem cell transplant recip-
ients (2, 3). Although they represent a small portion of invasive fungal infections,
dematiaceous molds are associated with mortality rates ranging from 39 to 72% (2, 3).
This diverse group of fungi causes a wide spectrum of human disease, including fungal
sinusitis, disseminated infections, pneumonia, and skin and soft tissue infections. In
2012, the dematiaceous mold Exserohilum rostratum caused a multistate outbreak due
to administration of contaminated methylprednisolone acetate (MPA). To date, 753
clinical infections (including 64 deaths) ranging from meningitis, stroke, and joint
infections to local paraspinal infections have been reported (4, 5). The antifungal
voriconazole became the treatment of choice for these patients. However, despite
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months of antimicrobial therapy, the cessation of voriconazole quickly led to a relapse
of infection, indicating the failure of the immune system to clear the infection (6). Only
a small subset of drugs within the already limited antifungal armamentarium has
reliable activity against dematiaceous molds. In fact, treatment is often a combination
of surgical debridement and antifungal therapy, an approach that is limited by the
accessibility of the site of infections and the bodily structures involved (7). The triazole
antifungals, including voriconazole, are fungicidal against some molds, such as Asper-
gillus species, but against many others they are fungistatic and limit the growth of the
fungi, but the host immune system is relied upon for clearance of the organisms. Thus,
understanding the rules that govern how the immune system recognizes, responds to,
and ultimately clears these pathogens is critical to develop novel treatment strategies,
given the unacceptably high mortality rate associated with dematiaceous mold infec-
tions.

Macrophages are essential in the recognition and clearance of fungal pathogens;
however, most work on the innate immune interaction with fungal pathogens has
focused on the most prevalent pathogens, such as Candida, Aspergillus, and Cryptococ-
cus species, with less attention being placed on dematiaceous fungi. To understand
fully how the innate immune system combats fungal infections, it is valuable to study
a variety of fungal pathogens. Macrophages are present throughout the tissues of the
human body and are one of the first immune cells to encounter invading pathogens.
Macrophages possess pattern recognition receptors (PRRs) that recognize conserved
pathogen-associated molecular patterns (PAMPs) on the surface of pathogens. In fungi,
the PAMPs recognized by the innate immune system consist of complex carbohydrates
that compose the fungal cell wall (8, 9). PRR activation by PAMPs can result in several
outcomes, including phagocytosis and degradation of pathogens, processing of de-
graded epitopes for loading onto major histocompatibility complex class Il molecules,
and the release of cytokines that stimulate or dampen the immune response, depend-
ing upon the cohort of PRRs engaged (9).

The macrophage response to Exserohilum has not previously been defined, despite
the important role that macrophages serve in the recognition and response to fungi.
Here we characterize the interaction between macrophages and Exserohilum, including
the PAMPs-PRRs involved in this recognition. We demonstrate that, despite a lack of
phagocytosis, macrophages recognize Exserohilum and produce potent proinflamma-
tory cytokines. Conidia and hyphae differ in exposed carbohydrate antigens and
antigenicity. The PRR C-type lectin Dectin-1 is necessary for the robust production of
cytokines and chemokines in response to Exserohilum and localizes preferentially to the
macrophage-hyphal interface rather than the macrophage-spore interface. Treatment
with voriconazole or a corticosteroid alters the production of tumor necrosis factor
alpha (TNF-a) by macrophages. Using a soft tissue infection model, we show that the
coadministration of methylprednisolone potently enhances the in vivo growth and
invasion of the pathogen and modulates the immune response.

RESULTS

Macrophages are incapable of phagocytosing Exserohilum spores and hyphae.
To assess the behavior of macrophages when confronted with E. rostratum, we cocul-
tured RAW 264.7 (RAW) macrophages or primary bone marrow-derived macrophages
(BMDM:s) from C57BL/6 mice with E. rostratum spores. Using time-lapse microscopy, we
monitored the interactions between E. rostratum and macrophages incubated for 18 h.
Analysis of the composite videos and individual images demonstrated that macro-
phages were attracted to E. rostratum spores and hyphae but were incapable of
phagocytosing the spores and hyphae (Fig. 1A; see Video S1 in the supplemental
material). Additionally, the presence of macrophages did not prevent germination of
the spores or hyphal elongation. Macrophages showed a preferential attraction to the
E. rostratum spore poles and hyphae and appeared to cluster less frequently at the
middle of the spores. To quantify this interaction, we incubated primary C57BL/6 mouse
BMDMs with E. rostratum spores overnight, captured differential interference contrast
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FIG 1 Time-lapse microscopy of E. rostratum and macrophages. (A) Purified spores of E. rostratum were cocultured
with primary C57BL/6 mouse BMDMs or RAW macrophages for 18 h and imaged by time-lapse microscopy.
Representative images from coculture with RAW macrophages are shown (the time of image capture [in minutes]
is noted in the top right corner). Macrophages failed to phagocytose or inhibit the germination and growth of
Exserohilum spores. Bars = 20 um. (B) Quantification of macrophage distribution along the length of the spore.
(Left) Spores were divided into three equal compartments on the basis of length. The poles contained the initial
hyphal segment (depicted by dashed lines). Pole 1 and pole 2 were randomly assigned to each spore. (Right) The
number of macrophages associated with each compartment was counted for 55 spores after 18 h of stimulation.
If a spore contacted more than one compartment, it was counted as an interaction for each region. Representative
results from a single experiment are shown. A total of 464 macrophage-spore interactions were observed, and the
distribution along the spore is depicted. Chi-square tests comparing the expected even distribution (33.3% per
compartment) with the observed distribution were performed, and in each experiment (two independent repli-
cates were performed), the results were significantly different from the expected distribution (P < 0.001) and
skewed toward an increased interaction between macrophages and spore poles.

(DIC) images of 50 to 100 individual spores of E. rostratum, divided the germinated
spore into three sections of equal length (Fig. 1B), and counted the number of
macrophages contacting the spore in each compartment. We compared the average
number of macrophages per compartment with the number that would be expected
on the basis of an equal distribution. In each case, there was a significant deviation
(P < 0.001) of the observed from the expected results (a random distribution would
generate 33.3% of the interactions in each segment), with a higher percentage of
interactions occurring at the poles rather than at the center of spores (Fig. 1B).
Fungal cell wall carbohydrate antigens differ between spores and hyphae. The
preferential clustering of macrophages around hyphae and spore poles rather than
spore bodies suggested that these structures differ in their antigenicity. Based upon
this different attraction, we hypothesized that the surface exposure of carbohydrate
antigens differs between spores and hyphae. Aspergillus fumigatus and Cryptococcus
neoformans spores are known to differ in cell wall composition and structure from
the hyphal and yeast growth forms, respectively (10-14). The fungal cell wall is a
carbohydrate-rich structure typically composed of chitin, B-glucans, and mannans.
However, there is variability between species with respect to the components of the
fungal cell wall, the structural characteristics of the carbohydrates, and the accessibility
of specific carbohydrates. For instance, Cryptococcus elaborates a dense polysaccharide
capsule, which shields cell wall carbohydrates from detection by the immune system
(15, 16). As cell wall carbohydrates are the primary PAMPs in fungal pathogens, we
focused our analysis on carbohydrates that are known or suspected to provoke an
immune response in other fungal species, including mannan (17-20), -1,3-glucan
(21-30), galactosaminogalactan (GAG) (31-36), and chitin (37-45). Freshly harvested
Exserohilum rostratum spores were grown in complete RPMI at 37°C with 5% CO,. These
growth conditions were chosen since they are the identical conditions under which
coculture experiments with E. rostratum and macrophages were performed; thus, the
carbohydrate expression profiles observed should be similar to those displayed in the
presence of macrophages in stimulation experiments. E. rostratum spores were incu-
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FIG 2 Carbohydrate antigens differ between E. rostratum spores and hyphae. Spores were germinated in
complete RPMI for 5 h (mannan and GAG) or 18 h (B-1,3-glucan and chitin). Cells were stained with
calcofluor white (chitin stain), fluorescein-conjugated concanavalin A (mannan stain), anti-B8-1,3-glucan
with secondary anti-mouse IgG conjugated with Alexa Fluor 488 (-1,3-glucan stain), and fluorescein-
conjugated soybean agglutinin (GAG stain) and imaged via confocal microscopy using DIC and fluores-
cent imaging. All lectins and antibodies shown preferentially labeled the hyphae but not the spores of
Exserohilum. White arrows pointing to spore bodies highlight the lack of staining. Bars = 5 um.

bated for various lengths of time (0, 4, 6, 8, 18 h) and then stained to visualize surface
carbohydrates. Spores that had not yet germinated (time zero) did not stain for any of
the carbohydrates tested (data not shown). We chose 4 h as the minimum time that the
spores were accessed after inoculation into RPMI 1640 medium (RPMI) since at that
time nearly all spores had germinated. In sharp contrast to conidia, hyphae demon-
strated abundant mannan, chitin, B-1,3-glucan, and GAG, as demonstrated by
fluorescence-based imaging (Fig. 2). The staining pattern of hyphae and spore bodies
remained stable at all time points tested postgermination. The differential exposure of
antigens on hyphae compared with that on spores indicates that the antigenicity of the
spores and hyphae differs and accounts for the preferential attraction of macrophages
to hyphae demonstrated by time-lapse microscopy.

TNF-« production by macrophages requires E. rostratum hyphal growth. Since
macrophages are attracted to E. rostratum hyphae, which contain proinflammatory
antigens, such as 3-1,3-glucan, we hypothesized that macrophages produce proinflam-
matory cytokines, such as TNF-g, in the presence of E. rostratum. To test this hypothesis,
we stimulated wild-type (WT) C57BL/6 mouse BMDMs with E. rostratum spores for 18 h.
By this time, all the spores had germinated and formed extensive hyphal networks.
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FIG 3 TNF-a production by macrophages exposed to E. rostratum requires hyphae and Dectin-1. Macrophages were
stimulated for 18 h with E. rostratum at an MOI of 1:50. (A) C57BL/6 BMDMs were stimulated with live E. rostratum spores
(ER), heat-killed E. rostratum spores (ER HK), or paraformaldehyde-fixed E. rostratum spores (ER Fixed). LPS was used as a
positive control for TNF-a production. Live spores were capable of germination and produced robust hyphae by 18 h.
Heat-killed and fixed spores were killed and thus did not germinate. Macrophages that were stimulated with live spores
with hyphal formation had increased levels of TNF-a production compared with macrophages stimulated with spores
incapable of germinating (heat killed and fixed), (P < 0.0001). (B) Exserohilum spores (live or heat killed) were cocultured
with BMDMs from wild-type C57BL/6 mice (WT), Dectin-1 knockout mice, or MyD88/TRIF knockout mice. The level of
production of TNF-a in response to live spores was significantly lower for Dectin-1 KO BMDMs than WT BMDMs (P <
0.0001). However, there was no significant difference in the levels of TNF-a production between WT and MyD88/TRIF
BMDM:s. (C) Macrophages were stimulated with LPS, E. rostratum conidia, or heat-killed E. rostratum conidia or were first
prestimulated with LPS for 4 h prior to stimulation with E. rostratum conidia and heat-killed E. rostratum conidia. IL-13 was
produced in response to E. rostratum after prestimulation with LPS, and its level was significantly decreased in the Dectin-1
KO BMDMs (P < 0.0001). (D) WT and Dectin-1 KO BMDMs were stimulated with E. rostratum and heat-killed E. rostratum.
The levels of production of both MIP-1a and MIP-2 were significantly reduced in Dectin-1 KO macrophages (P < 0.0001
and P = 0.01, respectively). The data represent the means and SEMs from 3 biological replicates performed for each
treatment condition (three independent experiments were performed with similar results). Significance was calculated
using ANOVA with the Tukey posttest (A) and two-way ANOVA (B, C, D). **, P =< 0.01; ****, P < 0.0001.

The results demonstrate that TNF-« is produced in response to E. rostratum, despite the
inability of the macrophages to phagocytose the spores and hyphae (Fig. 3A). Given the
differential display of carbohydrate antigens between spores and hyphae revealed
through staining, we predicted that there may be an increased cytokine response to E.
rostratum hyphae compared with that to spores. To test this hypothesis, we stimulated
C57BL/6 mouse BMDMs with live E. rostratum conidia (which are capable of germinat-
ing and forming hyphae within 4 h of coincubation) or killed conidia (without hyphae).
Since prior studies have demonstrated that heat killing can alter the carbohydrate
structure of yeast by stripping off the mannan layer and increasing the level of
exposure of $-1,3-glucans (19, 46-48), we chose two different methods of killing (e.g.,
heat and paraformaldehyde fixation), as it was less likely that both methods would
produce the exact same changes to the carbohydrate composition of the spores.
Additionally, heat-killed spores did not stain positive for any of the carbohydrates
tested previously, including 8-1,3-glucan, similar to the findings for live but ungermi-
nated spores (data not shown). After 18 h of coincubation, we measured the TNF-«
concentration in the supernatants. There was a significantly lower level of production
of TNF-« in response to heat-killed or fixed spores compared with that in response to
germinated conidia, demonstrating that the presence of hyphae is important for
generating a robust proinflammatory response (Fig. 3A).

The carbohydrate lectin receptor Dectin-1 is necessary for cytokine and
chemokine production. We examined the role of known pattern recognition recep-
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tors (PRRs) in mediating macrophage recognition and response to E. rostratum. Several
classes of PRRs mediate macrophage binding of fungal PAMPs, including C-type lectin
receptors (CLRs) and Toll-like receptors (TLRs). Recognition of fungal PAMPs by their
cognate PRRs results in the induction of downstream signaling events, including
induction of phagocytosis and production of cytokines and chemokines. We hypoth-
esized that Dectin-1, a C-type lectin receptor that recognizes B-1,3-glucan (47, 49-51),
may play a critical role in the cytokine and chemokine response to E. rostratum, given
the presence of 3-1,3-glucan on the surface of E. rostratum hyphae. Dectin-1 mediates
the recognition of multiple fungal pathogens independently and in association with
TLR2 and TLR4 (52-54). TLR2, TLR4, and TLR9 also recognize the fungal pathogens
Candida albicans and A. fumigatus (46, 55-57). To determine the roles that Dectin-1 and
TLRs play in the response to this fungal pathogen, we utilized primary BMDMs from
wild-type C57BL/6 mice, Dectin-1 knockout (KO) mice, and MyD88/TRIF knockout mice.
The MyD88/TRIF adaptor proteins function downstream of TLRs; thus, a double-
knockout strain behaves as a TLR signaling-deficient strain (58). We stimulated macro-
phages with E. rostratum conidia for 18 h and measured the TNF-« responses. There
was not a significant change in the TNF-a response between wild-type and TLR
signaling-deficient macrophages (Fig. 3B), indicating that TLR-dependent signaling was
dispensable for TNF-a production. However, there was a significant decrease in the
level of TNF-a production in Dectin-1-deficient macrophages (Fig. 3B). To elucidate
further the role of Dectin-1 in cytokine and chemokine production in response to E.
rostratum, we assessed the production of interleukin-18 (IL-1B), a proinflammatory
cytokine produced via inflalmmasome activation (59, 60), and the chemokines macro-
phage inflammatory protein 1 alpha (MIP-1a) and macrophage inflammatory protein 2
(MIP-2), which mediate neutrophil recruitment. These signaling molecules are pro-
duced in response to the fungal pathogen Aspergillus fumigatus in a Dectin-1-
dependent manner (61). IL-18 was produced in response to live E. rostratum when
macrophages were prestimulated with lipopolysaccharide (LPS) and was significantly
decreased in the Dectin-1-deficient cells (Fig. 3C). Similarly, Dectin-1 knockout BMDMs
produced significantly less MIP-1a and MIP-2 than wild-type BMDMs (Fig. 3D). Heat-
killed E. rostratum spores induced less IL-18, MIP-1«, and MIP-2 than live E. rostratum
conidia, further demonstrating the role of hyphae in the generation of cytokines and
chemokines. In control experiments, wild-type and Dectin-1 knockout BMDMs were
stimulated with LPS plus ATP (IL-18) or LPS alone (MIP-1a and MIP-2), and it was
demonstrated that Dectin-1 deficiency did not impair the response to these stimuli
(data not shown). These results demonstrate that Dectin-1 plays a key role in gener-
ating a cytokine and chemokine response to Exserohilum.

Dectin-1 is concentrated at sites of macrophage-hyphal interactions but not
macrophage-spore interactions. Given that exposure of 8-1,3-glucan differs between
spores and hyphae, we hypothesized that Dectin-1 would preferentially localize to sites
of macrophage-hyphal interactions but not macrophage-spore interactions. To assess
this hypothesis, we utilized macrophages that express a green fluorescent protein
(GFP)-Dectin-1 (GD1) fusion protein (62). We stimulated GD1-expressing macrophages
with E. rostratum for either 4 or 18 h. We performed live cell imaging of samples stained
with calcofluor white (chitin stain) (Fig. 4B) or fixed the samples and immunostained
them for B-1,3-glucan to visualize E. rostratum hyphae (Fig. 4A). We then imaged the
cells using confocal microscopy. These studies revealed that Dectin-1 localized to the
macrophage-hyphal interface but not the macrophage-spore interface. Dectin-1
strongly localized in a ring formation to the site of initial hyphal extrusion from the
spore. This localization may be secondary to a unique feature of the E. rostratum cell
wall at this junction, or this is simply the first area that hyphal wall carbohydrates
become accessible to macrophages and, hence, Dectin-1 strongly localizes to this area.
Interestingly, macrophages that are in contact with E. rostratum hyphae show weak
Dectin-1 recruitment along the remainder of their membrane by 18 h, indicating that
the majority of the Dectin-1 protein has become polarized to the macrophage-hyphal
contact region. Macrophages that are in the same well but not in contact with E.
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FIG 4 Dectin-1 is recruited to Exserohilum hyphae but not spores. Exserohilum spores were coincubated with
GFP-Dectin-1-expressing RAW macrophages for 6 h (A) or 18 h (B). (A) Samples were fixed, permeabilized, and
stained with anti-B-1,3-glucan and secondary anti-mouse IgG conjugated to Alexa Fluor 488 to visualize B-1,3-
glucan on the Exserohilum surface. Labeled samples were imaged by confocal microscopy. Projection images are
reconstructions created from z-stack images. Dectin-1 localized most intensely at points of macrophage-hyphal
interaction and particularly at the base of the hyphae. (B) Cocultured live cells were stained with calcofluor white
and imaged by confocal microscopy. Dectin-1 again localized at areas of macrophage-hyphal interaction and
particularly at the base of the hyphae. There was little recruitment to areas of macrophage-spore interaction.
Representative images are shown. All experiments were performed in triplicate. Bars = 5 um.

rostratum show a uniform intensity of GFP fluorescence on their membrane surface
(data not shown). Dectin-1 is highly recruited to the area of hyphal contact over time
and appears to be driven to the cell membrane in direct contact with hyphae.
Treatment with voriconazole or corticosteroid diminishes TNF-a production,
but only voriconazole decreases hyphal growth. We were interested in how the
exposure to antifungals and corticosteroids impacts the macrophage-Exserohilum in-
teractions. These compounds were administered to patients infected with Exserohilum
during the outbreak and are commonly administered to patients with fungal infections.
Immunosuppression with high-dose corticosteroids is an established risk factor for the
development of invasive fungal infections, although the mechanism of action has not
been fully elucidated. Voriconazole was the recommended antifungal therapy for
patients with Exserohilum meningitis (63, 64) and is a common therapeutic agent used
against dematiaceous mold infections. Thus, understanding how these drugs affect
macrophage-fungus interactions has important clinical consequences. Despite several
months of voriconazole therapy, relapsed infection has occurred (6), suggesting that
antifungal therapy alone is not sufficient for the clearance of these pathogens and that
concurrent immune clearance is essential. Given that voriconazole works by disrupting
the biosynthesis of cell membrane ergosterol, we hypothesized that voriconazole
therapy may alter macrophage-Exserohilum interactions. Carbohydrate staining of the
fungal surface did not reveal significant alterations in carbohydrate staining with either
voriconazole or the corticosteroid methylprednisolone succinate (MPS) (data not
shown). We chose to use methylprednisolone, as this is the corticosteroid that was
contaminated by E. rostratum during the outbreak. For the in vitro experiments we used
MPS, the succinate form, as it is a clear liquid and, thus, does not interfere with
microscopy or fluorescence measurements. To determine the effect of voriconazole and
corticosteroid treatment on cytokine production in response to E. rostratum, we
stimulated macrophages with E. rostratum in complete RPMI with or without 1, 5, or 50
ng/ml voriconazole or 50 ug/ml MPS for 18 h, at which time TNF-« concentrations were
measured. We chose a range of voriconazole concentrations based upon published MIC
ranges for Exserohilum clinical isolates (MIC range, <0.03 to 1 ug/ml) (65). Treatment of
E. rostratum with voriconazole did not prevent spore germination at any of the dosages
tested but did result in morphologically aberrant hyphae that were shorter in length
and had increased proximal branching compared with untreated hyphae (Fig. 5A).
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FIG 5 Treatment with voriconazole or corticosteroid decreases cytokine production, but only voricona-
zole alters the hyphal burden. (A) E. rostratum spores were grown in complete RPMI alone or complete
RPMI with 50 wg/ml MPS or 50 ng/ml voriconazole (VORI). Spores incubated for 18 h in RPMI alone and
complete RPMI with MPS exhibited similar hyphal growth with long hyphae. However, spores grown in
RPMI with voriconazole were capable of germinating but formed markedly aberrant hyphae with short,
frequent branches and decreased lengths. (B) Exserohilum spores were cocultured with primary C57BL/6
mouse BMDMs for 18 h in the presence or absence of MPS or voriconazole. TNF-a production was
measured and found to be decreased in both the corticosteroid-treated and voriconazole-treated
samples. Macrophages stimulated with MPS or voriconazole alone had the background level of TNF-«
production. (C) The hyphal burden at 18 h was quantified by staining samples with calcofluor white and
measuring the fluorescence. Fluorescence is reported as relative fluorescence, which is the number of
fluorescent units above that for the background control. There was a significantly lower hyphal burden
in voriconazole-treated samples. The presence of some fluorescence in the heat-killed sample is likely
secondary to the presence of small hyphal fragments retained in the spore preparations. Significance was
calculated using ANOVA with Tukey posttests. *, P < 0.05; ***, P =< 0.001; ****, P < 0.0001.

Treatment with MPS did not grossly alter the hyphal morphology (Fig. 5A). Addition of
voriconazole resulted in slightly decreased levels of cytokine production in response to
E. rostratum (Fig. 5B), while treatment with MPS resulted in a robust decrease in the
levels of cytokine production in response to both E. rostratum and LPS (Fig. 5B). We
hypothesized that the decreased level of cytokine production in response to
voriconazole could be due to the decreased hyphal length of E. rostratum grown in
the presence of voriconazole. To measure hyphal mass changes between untreated
and voriconazole-treated samples, we utilized calcofluor white staining. Calcofluor
white binds chitin and preferentially binds E. rostratum hyphae but not spores. Since
the entire length of the hyphae is stained by calcofluor, the volume of hyphae in a
sample correlates with the calcofluor fluorescence. This technique has been used to
measure hyphal mass in A. fumigatus (66), since other methods, such as determination
of the number of colony-forming units (CFU) and the optical density at 600 nm, can
have technical limitations due to the hyphal growth form of these organisms. Staining
with calcofluor white revealed that there was a decreased hyphal volume when fungi
were treated with voriconazole (Fig. 5C). We also measured the hyphal volume in the
presence of MPS and found that growth was similar in the presence and absence of
MPS.

Given that Dectin-1 is critical for cytokine production with B-1,3-glucan-containing
pathogens, we examined whether treatment with a corticosteroid or voriconazole
would alter Dectin-1 recruitment to the site of macrophage-hyphal interactions. We
stimulated GD1-expressing macrophages with E. rostratum in complete RPMI alone or
RPMI containing 50 wg/ml of either voriconazole or MPS and at 18 h fixed the cultures
and visualized B-1,3-glucan using immunofluorescence. Under all treatment conditions,
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FIG 6 Treatment with voriconazole or corticosteroids does not alter GFP-Dectin-1 recruitment to hyphae. Exserohilum spores and
GFP-Dectin-1-expressing RAW macrophages were incubated for 18 h in complete RPMI alone or complete RPMI with MPS at 50 ug/ml
or voriconazole (Vori) at 50 ug/ml. Under all treatment conditions, GFP-Dectin-1 localized to points of macrophage-hyphal interaction,

Projection

highlighted by white arrows. There was no GFP-Dectin-1 localization to macrophage-spore interactions. Bars = 5 um.

Dectin-1 was still recruited to the macrophage-hyphal interface, and there was no
significant difference in 8-1,3-glucan expression on hyphal surfaces. Therefore, altera-
tions in cytokine production did not appear to result from the failure of Dectin-1
recruitment (Fig. 6) or 3-1,3-glucan expression. These observations support the hypoth-
esis that the decrease in the TNF-a response to Exserohilum treated with voriconazole
is secondary to the decreased hyphal mass. While MPS globally reduced the production
of proinflammatory TNF-« in response to pathogenic stimuli, including the control LPS
stimulus and Exserohilum, the decreased cytokine response to Exserohilum in the
presence of voriconazole was unique to Exserohilum and likely secondary to reduced
growth. These results demonstrate that alterations in fungal growth as a result of
antifungal therapy with voriconazole can affect macrophage-fungus interactions and
result in decreased proinflammatory TNF-« signaling.

Corticosteroid treatment results in an increased hyphal burden and decreased
recruitment of immune cells to sites of infection in vivo. Previous work with E.
rostratum demonstrated that heterologous hosts, such as Drosophila melanogaster,
could be used to model infection (67). We were interested in developing a mammalian
soft tissue model of infection that could be used to evaluate the role of defined
immunological defects in susceptibility to Exserohilum and the role of treatments such
as corticosteroids. We developed a soft tissue model of infection in mice, since the
Exserohilum infections were secondary to inoculation of contaminated methylpred-
nisolone acetate (MPA) into the joints of patients with extension into soft tissue.
Additionally, a review of all published infections secondary to Exserohilum infection
prior to 2012 showed that skin (cutaneous and subcutaneous) infections were the
second most frequent manifestation of infection (the most common was systemic
disease) (68). For our model, we shaved the posterior flanks/thighs of the mice and
injected 2 X 10° spores in 120 ul of phosphate-buffered saline (PBS)-0.008% Tween.
For all mice, the right upper thigh was injected with the vehicle control and the left
upper thigh was injected with Exserohilum. The infection was allowed to persist for 10
days, at which point the mice were euthanized and soft tissue was excised for
histological examination. External measurements of the area of induration were taken
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FIG 7 Soft tissue infection model. Exserohilum spores (2 X 10°) were injected into the right thigh of WT
C57BL/6 mice and Dectin-1 knockout mice in PBS-0.008% Tween or PBS-0.008% Tween containing 13
mg/ml of methylprednisolone acetate. Mice were sacrificed on day 10, and tissue was fixed and stained
with H&E and GMS. Dectin-1 knockout mice and wild-type mice had similar inflammatory and fungal
growth patterns. Images are X400 magnifications of tissue at the site of Exserohilum spore injection and
are from Dectin-1 knockout mice. White arrows, spores seen in a tissue section. Injection of Exserohilum
alone was characterized by cellular infiltrates with multinuclear giant cells and granuloma formation
consisting of neutrophils and histiocytes around spores. There was little to no hyphal growth on GMS
staining. Injection of Exserohilum with corticosteroids resulted in a significant decrease in inflammatory
cell recruitment and robust hyphal formation. Invasion of hyphae into surrounding muscle is shown in
both the H&E- and GMS-stained images.

using digital calipers; however, the differences between the treatment groups were not
statistically significant. No induration was seen at the site of the control injections by
10 days. Samples were stained with hematoxylin and eosin (H&E) and modified
Grocott's methenamine silver (GMS) and reviewed by the Massachusetts General
Hospital (MGH) Histopathology Research Core. Given that our in vitro data indicated a
role for Dectin-1 in the macrophage response to E. rostratum, we first compared the
responses of Dectin-1 KO and WT C57BL/6 mice. Both Dectin-1 KO and wild-type mice
showed a similar inflammatory response with predominately neutrophilic infiltration
and the formation of granulomas (Fig. 7). There were numerous multinuclear giant cells
within the involved area. Little to no hyphal growth was observed on sections stained
with GMS (Fig. 7). We also evaluated the effects of the coinoculation of the corticoste-
roid MPA and E. rostratum in both murine strains. For our in vivo model, we chose to
use the acetate formulation of methylprednisolone to more closely mimic the iatro-
genic introduction during the E. rostratum outbreak. MPA is a cloudy suspension of
methylprednisolone but, unlike MPS, stays at the site of injection with less systemic
spread, thus creating local but not global immunosuppression. In these experiments,
mice were injected with PBS-Tween with 13 mg/ml MPA. We chose the coinjection of
MPA with the Exserohilum sample since this local immunosuppression rather than
global immunosuppression of the mice more closely modeled the outbreak scenario.
Coadministration of MPA and E. rostratum resulted in a significantly decreased recruit-
ment of neutrophils, particularly at the site of initial inoculum deposition (visible in
tissue, due to the presence of spores). Unlike the findings for mice that received
Exserohilum alone, no granulomas were seen at the site of spore deposition, there was
a significant increase in hyphal growth with penetration into the surrounding muscle
(Fig. 7), and in one case, there was the formation of a skin ulceration. A previously
published review of the histopathology from 40 cases of Exserohilum human infections
(69) showed a predominately necrosuppurative and granulomatous inflammation,
similar to the types of inflammation noted in our experimental model of Exserohilum.
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Our results indicate that MPA potently modulates the recruitment of innate immune
cells (e.g., neutrophils) to the site of infection, permitting unchecked hyphal growth
and deeper tissue invasion.

DISCUSSION

Given the importance of the innate immune system in the recognition and clearance
of fungal pathogens, we undertook this study to understand how macrophages
recognize and respond to E. rostratum. This study is the first exploration of the role that
macrophages and Dectin-1 play in the recognition and response to this fungal patho-
gen. Our work demonstrated that macrophages are incapable of phagocytosing Exse-
rohilum but still mount a Dectin-1-dependent cytokine and chemokine response in
response to E. rostratum hyphae.

We demonstrated that macrophages show a preferential localization to hyphae and
the poles of spores rather than spore bodies. Carbohydrate analysis revealed that there
is differential exposure of carbohydrate antigens between spores and hyphae. Hyphae
express a variety of immunomodulatory carbohydrates, whereas spore carbohydrates,
if present, were inaccessible for staining. The ability of antibodies and lectins to bind
cell wall carbohydrate suggests that these epitopes are accessible for immune recog-
nition, with the exception of accessibility by calcofluor white (chitin stain), which is a
small molecule and is thought to be a less reliable indicator of carbohydrate accessi-
bility. The lack of spore staining suggests either that these carbohydrates are not being
produced as part of the spore cell wall or that the carbohydrate layer is being masked.
The pigmentation of Exserohilum suggests that it contains melanin in the cell wall,
similar to other pigmented yeasts and molds. It is possible that melanin or a protein is
masking the detection of carbohydrates in the spores. For example, A. fumigatus spores
are coated with the RodA hydrophobin, which alters the surface hydrophobicity of
spores and also alters their immunogenicity by masking carbohydrates (10). It is
possible that a similar phenomenon may be occurring in Exserohilum. Additionally,
carbohydrate components such as a-1,3-glucans can conceal the underlying B-1,3-
glucan layer from innate immune detection (70). The difference in carbohydrate
exposure on the surface of Exserohilum contributes to the preferential attraction of
macrophages to hyphae rather than spore bodies.

In support of the hypothesis that macrophages respond differently to spores and
hyphae, we demonstrated that Exserohilum hyphae induce a more robust TNF-«
response than spores alone. In addition, Dectin-1 is highly localized to the sites of
macrophage-hyphal interactions but not sites of macrophage-spore interactions. We
hypothesize that cytokine production in wild-type macrophages is the result of frus-
trated phagocytosis, a process that occurs when macrophages are stimulated by but
are unable to phagocytose large particles. Dectin-1 activation has been shown to
mediate enhanced cytokine production during the process of frustrated phagocytosis
with large insoluble particles of 8-1,3-glucan (71, 72). Furthermore, internalization of
Dectin-1 is required for turning off signaling (71, 72) and, likely, recycling of the
receptor. This observation may explain the significant decrease in cytokine production
when Dectin-1 is absent. It is interesting to note that after 18 h of coincubation there
was a profound imbalance in the distribution of Dectin-1 within macrophage-
contacting hyphae, with robust GFP localization being seen at the macrophage-hyphal
interface and very low levels of GFP being seen around the remainder of the cell
membrane. This imbalance was not seen in cells that were in the same wells but not
in contact with Exserohilum. This raises the possibility that there may be continual
recruitment of the cellular pool of Dectin-1 to the area of the macrophage-hyphal
interaction, given the lack of phagocytosis and, possibly, alterations in recycling of the
Dectin-1 protein.

In the 2012 fungal meningitis outbreak, Exserohilum was inoculated into patients
through injection of contaminated corticosteroids (4). Previous work demonstrated that
Exserohilum has an enhanced rate of growth in the presence of corticosteroids (67). It
should be noted that the concentration used in our in vitro experiments, 50 ng/ml, was
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one that did not produce a significantly enhanced growth pattern in the previous study
(67). We demonstrated that corticosteroid treatment significantly reduced the level of
production of TNF-« in response to Exserohilum but also in response to LPS, suggesting
that the signaling defect is not specific to Exserohilum but is a more global defect in
cytokine signaling responses. As Dectin-1 is still recruited to the macrophage-hyphal
interface, these data suggest that the signaling blockade is downstream of Dectin-1.
Since voriconazole was the treatment of choice during the Exserohilum outbreak and is
a commonly used antifungal in the treatment of dematiaceous mold infections in
general, we were interested in the effect of voriconazole therapy on macrophage-
Exserohilum interactions. We demonstrated that voriconazole did not prevent the
germination of spores but did result in marked aberrations in growth and truncated
hyphae. There was also a significant decrease in the level of cytokine production in
response to Exserohilum in the presence of voriconazole. We hypothesized that this
may be secondary to the reduced hyphal burden in culture. In both corticosteroid and
voriconazole treatment, Dectin-1 was still recruited to the site of macrophage-hyphal
interactions, suggesting that defects in cytokine production were not the result of an
alteration in the accessibility of B-1,3-glucan or the recruitment of Dectin-1. The
decreased proinflammatory TNF-« response in the presence of voriconazole demon-
strates that antifungal treatment of fungal pathogens can modulate how the host
responds to the fungus and may serve as a mechanistic explanation of why relapse
occurs after the cessation of antifungal therapy in patients.

We also developed a murine soft tissue model of infection that enabled us to test
the in vivo role of Dectin-1 deficiency and corticosteroid treatment. Wild-type mice
inoculated with Exserohilum demonstrated predominately neutrophilic infiltrates with
granulomatous inflammation, multinuclear giant cells, and rare hyphal growth. The
types of inflammatory response seen in our model mirrored the inflammatory re-
sponses seen in an analysis of 40 patients infected with Exserohilum during the clinical
outbreak (69). The correlation between the histology seen in our murine in vivo model
and that seen in patients suggests that this may be a robust model for studying
dematiaceous mold infections. Despite the in vitro importance of Dectin-1 in mediating
cytokine expression, there was no difference in the type of inflammatory response and
fungal control between wild-type and Dectin-1-deficient mice. However, coadministra-
tion of Exserohilum and corticosteroids markedly altered the inflammatory response
and greatly enhanced the fungal tissue burden.

Our in vitro work demonstrated that Dectin-1 mediates macrophage recognition of
E. rostratum and the production of cytokines and chemokines, although we did not
observe any significant differences in histology between wild-type and Dectin-1-
deficient mice in our in vivo model. There are several possible explanations for this
finding. First, we limited our analysis to histopathology, although analysis of the
cytokine responses in vivo may have revealed differences. Second, although Dectin-1-
deficient macrophages have decreased levels of TNF-q, IL-13, MIP-1, and MIP-2
production, the amount produced may be sufficient for immune activation. Third, there
may be Dectin-1-independent pathways including complement (all of the in vivo
experiments were performed under conditions with depletion of active complement)
that could overcome defects in macrophage responses. Lastly, there are additional
immune effector cells, such as dendritic cells and neutrophils, in the in vivo milieu that
may generate a response to Exserohilum in a Dectin-1-independent manner utilizing
alternative CLRs, such as DC-SIGN or Dectin-2/3 (73, 74). A deficiency of caspase
recruitment domain-containing protein 9 (Card9) increased susceptibility to the dema-
tiaceous mold Phialophora verrucosa (75, 76). Card9 mediates signaling from multiple
C-type lectin receptors, including Dectin-1, suggesting a role for CLRs in response to
dematiaceous mold infections. Histology from WT and Dectin-1—/~ mice treated with
Exserohilum demonstrated spores surrounded by granulomatous inflammation but
little to no hyphal formation. As our in vitro results demonstrated that hyphae promote
more robust Dectin-1-dependent TNF-a production than spores, the paucity of visible
hyphae may suggest that in vivo signaling is driven by alternative pathways. The
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histological examination, however, is not sensitive enough to demonstrate whether
there was initiation of hyphal formation or, possibly, early small hyphal formation that
played a role in triggering the inflammatory response.

The coadministration of Exserohilum with corticosteroids resulted in decreased
immune cell recruitment to the site of initial infections and robust hyphal growth. As
the distance from the site of initial inoculum deposition increased, there was increased
neutrophil recruitment, possibly secondary to a decrease in the corticosteroid concen-
tration with distance; however, no granuloma formation was seen. The increased
growth of the Exserohilum with corticosteroid is likely multifactorial. First, the coad-
ministration of Exserohilum and high levels of MPA may enhance fungal growth (67),
since the concentration used in this experiment was higher than that used in our in
vitro studies to reflect patient exposure. Second, our in vitro work shows that cortico-
steroids significantly reduce the level of production of TNF-a by macrophages, which
may influence the recruitment of additional immune cells to the site of infection. Third,
methylprednisolone decreases the phagocytic activity of neutrophils toward Exserohi-
lum (77). All of these factors may contribute to the lack of immune cell recruitment at
the initial site of infection and the enhanced hyphal growth in tissue. This model shows
that the combination of Exserohilum with corticosteroids provided an optimal milieu for
invasion and establishment of clinical disease.

In conclusion, our results show that macrophages recognize and signal in response
to Exserohilum hyphae in a Dectin-1-dependent manner even in the absence of
phagocytosis. Treatment with corticosteroids perturbs the ability of macrophages to
produce TNF-a and significantly enhances the ability of Exserohilum to establish
infection. The vertebrate in vivo model could be extended to other dematiaceous molds
and filamentous fungi and help elucidate the impact of defined immunodeficiencies
and drug therapies on the immune response and the clearance of these fungal
pathogens.

MATERIALS AND METHODS

Mouse strains. All mice were housed in a specific-pathogen-free facility at the Massachusetts
General Hospital (MGH; Boston, MA). Inbred C57BL/6 mice were obtained from The Jackson Laboratory
(Bar Harbor, ME), Dectin-1-/~ mice were a gift from Gordon Brown (University of Aberdeen, Aberdeen,
UK), and MyD88/TRIF~/~ mice were a gift from Nir Hacohen (MGH, Boston, MA). All mice used for bone
marrow harvests or in vivo experiments were at least 8 weeks old. Unless noted otherwise, an equal
distribution of male and female mice was used. All animal experiments were approved by the Massa-
chusetts General Hospital Institutional Animal Care and Use Committee.

Cell lines and cell culture. RAW 264.7 (RAW) macrophages were purchased from the American Type
Cell Culture Collection (ATCC; Manassas, VA), C57BL/6 mouse immortalized macrophages were a gift from
Douglas Golenbock (University of Massachusetts Medical School, Worcester, MA), and RAW cells express-
ing GFP-Dectin-1 were created as previously described (62). Primary bone marrow-derived macrophages
(BMDM:s) from C57BL/6, Dectin-1-/—, and MyD88/TRIF~/~ mice were obtained as previously described
(78). All macrophages were cultured in complete RPMI 1640 medium (RPMI; L-glutamine, 10% heat-
inactivated fetal bovine serum, 1% penicillin-streptomycin, 1% HEPES buffer, 50 uM 2-mercaptoethanol)
or with the addition of recombinant macrophage colony-stimulating factor (for primary bone marrow-
derived macrophages) and puromycin at 5 ug/ml (for GFP-Dectin-1-expressing RAW cells). All cell lines
were grown at 37°C in the presence of 5% CO,.

Fungal strains and growth. The Exserohilum rostratum strain used in this study was a clinical isolate
obtained from the Fungus Testing Laboratory at the University of Texas Health Sciences Center in San
Antonio, TX, and originated from a cerebrospinal fluid (CSF) sample recovered from a patient during the
2012 outbreak. Exserohilum was cultured on potato dextrose agar (Difco, Sparks, MD) and grown at room
temperature. Spores were harvested in PBS-1% bovine serum albumin (BSA) after at least 1 week of
growth. Spores were washed three times in PBS after collection, counted with a hemocytometer or a
Luna automated cell counter (Logos Biosystems, Annandale, VA), and resuspended at the desired
inoculum in PBS for cell culture stimulation experiments. For heat killing, washed Exserohilum spores
were incubated at 95°C for 30 min. For killing by fixation, washed Exserohilum spores were incubated for
1 h in 4% paraformaldehyde and then washed three times in PBS, counted, and resuspended in PBS at
the desired inoculum. Both methods of killing resulted in 100% killing without any observed hyphal
growth after incubation for 18 h (data not shown). The spore preparations obtained were ~95% spores
with some small hyphal fragments.

Confocal microscopy and analysis. For all microscopy experiments (time-lapse, differential inter-
ference contrast [DIC], and fluorescent imaging), macrophages were plated onto an 8-chambered culture
cover glass (LabTek; Thermo Scientific, Rochester, NY). After stimulation, the cover glass was mounted on
a Nikon Ti-E inverted microscope with a CSU-X1 confocal spinning-disk head (Yokogawa, Sugarland, TX).
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The excitation source was a Coherent 4 W laser (Coherent, Santa Clara, CA), which produced excitation
wavelengths of 488 and 647 nm using an acoustic optical tuner. To produce 405-nm excitation
wavelengths, a UV diode laser (model BCL-050-3340; Crystal Laser LC, Reno, NV) was used. A piezo stage
(Prior Instruments, Rockland, MA) capable of x, y, and z direction movement was used for z-stack
acquisition and for imaging multiple areas of interaction during the time-lapse microscopy experiments.
A polarizer (catalog number MEN 51941; Nikon) and Wollaston prisms (catalog number MBH76190;
Nikon) were used to acquire DIC images. Emission light from the samples was collected after passage
through the appropriate emission filters (Semrock, Rochester, NY). Images were acquired using an
electron-multiplying charge-couple-device camera (catalog number C9100-13; Hamamatsu, Bridgewater,
NJ). Image acquisition was performed using MetaMorph software (version 7.8.12; Molecular Devices,
Downingtown, PA). Image data files were processed using Adobe Photoshop (version CS5) software and
assembled in the Adobe lllustrator graphics editor (version CS5; Adobe Systems, San Jose, CA). For
time-lapse microscopy, MetaMorph software was used to create videos from captured images. Meta-
Morph was also used to create projections from captured z-stack images.

ELISA. Macrophages were plated in 48-well tissue culture dishes at 2.5 X 10° cells per well in
complete RPMI and incubated at 37°C with 5% CO, supplementation. Purified Exserohilum conidia at a
multiplicity of infection (MOI) of 1:50 were added to appropriate wells. After 18 h of stimulation, the
concentrations of TNF-g, IL-18, MIP-1¢, and MIP-2 in the supernatant were measured by enzyme-linked
immunosorbent assay (ELISA) per the manufacturer’s instructions (Duoset ELISA [R&D Systems, Minne-
apolis, MN] for IL-13, MIP-1a, and MIP-2 and a BD Pharmingen [San Jose, CA] ELISA for TNF-a). When
indicated, cells were incubated in the presence of voriconazole (Vfend IV.; Novaplus) or methylpred-
nisolone succinate (Solu-Medrol; Novaplus). For analysis of IL-13 production, the indicated macrophages
were prestimulated with 500 ng/ml LPS (InvivoGen, San Diego, CA) for 4 h prior to stimulation with
Exserohilum. Three biological replicates of each treatment condition were performed per experiment, and
each experiment was performed at least three times.

Antigen staining. Exserohilum conidia were harvested as described above, and ~2,000 spores were
inoculated into 8-well cell culture dishes containing 500 .l of complete RPMI and incubated for 0, 6, and
18 h at 37°C with 5% CO,. At the desired time point, the plates were centrifuged at 1,000 X g for 5 min
and the supernatants were removed and washed with PBS-1% BSA. For mannan staining, cells were
incubated with fluorescein-labeled concanavalin A (ConA; catalog number C827; Invitrogen, Carlsbad,
CA) for 30 min and then washed with PBS-1% BSA three times prior to confocal imaging. For
B-1,3-glucan staining, cells were incubated with primary monoclonal anti-B-1,3-glucan antibody (catalog
number 400-2; Biosupplies Australia Pty. Ltd., Victoria, Australia) for 30 min, washed three times with
PBS-1% BSA, and then stained with secondary rabbit anti-mouse immunoglobulin conjugated with Alexa
Fluor 488 (catalog number A11059; Invitrogen, Carlsbad, CA) for 30 min. Samples were again washed
three times and then imaged. For chitin staining, 2 ul of calcofluor white dye (catalog number 18909;
Sigma) was added to the wells, and the cells were allowed to incubate for at least 5 min prior to imaging.
For galactosaminogalactan (GAG) staining, fluorescein-labeled soybean agglutinin (catalog number
FL-101; Vector Laboratories, Burlingame, CA) was added to washed samples at a 1:100 dilution, and the
samples were incubated for 30 min and then washed three times prior to imaging.

Dectin-1 localization. Macrophages expressing GFP-Dectin-1 were plated at 1 X 10° cells per well
in an 8-well cell culture dish. Exserohilum conidia at an MOI of ~1:50 were added to each well.
Macrophages and Exserohilum were cocultured for 6 or 18 h. At both time points, samples were subjected
to live cell staining for chitin or fixed and stained for 3-1,3-glucan. The chitin and -1,3-glucan staining
was used to visualize the Exserohilum hyphae for fluorescent imaging. For chitin staining, 2 ul calcofluor
white dye was added directly to live cells, and the cells were incubated for at least 5 min prior to imaging.
For B-1,3-glucan immunofluorescence, cultures were placed on ice and then fixed in 4% paraformalde-
hyde for 20 min at room temperature. After washing, they were permeabilized with 0.2% saponin for 20
min at room temperature. After incubation in blocking buffer, samples were incubated with primary
anti-p-1,3-glucan antibody for 1 h, washed, and then incubated with secondary rabbit anti-mouse
immunoglobulin conjugated with Alexa Fluor 647 (catalog number A21239; Invitrogen, Carlsbad, CA) for
1 h. After washing, the cells were imaged by confocal microscopy.

Hyphal mass assay. The hyphal mass assay method used in this study was adapted from hyphal
mass assays published for Aspergillus fumigatus (66). Macrophages (2.5 X 10°) were stimulated with
Exserohilum at an MOI of 1:50 in 48-well cell culture plates for 18 h at 37°C. At that time, the plates were
centrifuged at 1,000 X g for 5 min and the supernatants were carefully removed. A 1:5 dilution of
calcofluor white stain in distilled H,O was added to each well, and the plates were incubated for 20 min
in the dark. The wells were then washed three times with H,O, and samples were resuspended in 400
wl of H,0. Fluorescence was measured using a SpectraMax i3x multimode microplate reader (Molecular
Devices, Sunnyvale, CA) at an excitation wavelength of 360 nm and an absorbance of 440 nm. Five
biological replicates were performed for each treatment condition per experiment, and each experiment
was repeated at least three times. The results are reported as the relative fluorescence, which is the
average fluorescence obtained for each treatment condition minus the average background fluorescence
(the fluorescence of macrophages alone, without addition of Exserohilum).

Soft tissue infection model. The protocol for the soft tissue infection model was adapted from
published soft tissue infection models used for Aspergillus fumigatus (10). Exserohilum spores were
harvested in PBS-0.008% Tween and washed three times in PBS-0.008% Tween. Spores were diluted to
2 X 10° spores in 120 ul of PBS-0.008% Tween or 120 ul of PBS-0.008% Tween containing 13 mg/ml
of methylprednisolone acetate (MPA; Depo-Medrol; Novaplus).
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Mice were anesthetized using isoflurane. The posterior flanks and upper thighs of C57BL/6 mice were
shaved using a Philips Norelco trimmer (model Multigroom 3100; Stamford, CT). Exserohilum was injected
subcutaneously into the right upper thigh of the mice, while a paired control treatment consisting of
vehicle alone was injected into the left upper thigh. Mice were observed daily and euthanized on day 10.
There were a total of five mice per treatment group. Soft tissue encompassing the area of inflammation
or the initial injection site was excised and fixed in 10% formalin. The tissue was further processed and
paraffin embedded at the MGH Histopathology Research Core. Tissue was stained with the hematoxylin
and eosin (H&E) and Grocott's methenamine silver (GMS) stains (Polysciences, Inc., Warrington, PA).
Tissue samples were reviewed blind by a pathologist at the MGH Histopathology Research Core.

Statistics. For the ELISA and the hyphal mass assays, statistics were performed using GraphPad Prism
(version 6) software. Statistical analyses were performed using one-way analysis of variance (ANOVA)
with Tukey posttests or two-way ANOVA, as indicated in the figure legends. Graphs depict the means,
with error bars denoting the standard errors of the means (SEMs) from at least three biological replicates
for each treatment condition. Each experiment was repeated at least three times, and the results from
a representative experiment are shown. For spore localization experiments, statistical analyses were
performed using GraphPad Prism (version 6) software and chi-square testing. Data were considered
significantly different if the P value was <0.05.
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