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Abstract

After a single or multiple intratracheal instillations of Stachybotrys
chartarum (S. chartarum or black mold) spores in BALB/c mice, we
characterized cytokine production, metabolites, and inflammatory
patterns by analyzing mouse bronchoalveolar lavage (BAL), lung
tissue, and plasma. We found marked differences in BAL cell counts,
especially large increases in lymphocytes and eosinophils in multiple-
dosed mice. Formation of eosinophil-rich granulomas and airway
goblet cell metaplasia were prevalent in the lungs of multiple-dosed
mice but not in single- or saline-dosed groups. We detected
changes in the cytokine expression profiles in both the BAL

and plasma. Multiple pulmonary exposures to S. chartarum
induced significant metabolic changes in the lungs but not in the

Stachybotrys chartarum is a mold that is most
problematic in indoor environments (1).

It is associated with pulmonary responses,
such as asthma, pulmonary hemorrhage,
inflammation, runny nose, and cough, in
both humans and mice (2, 3). Children
exposed to S. chartarum at school are

at increased risk of asthma (4, 5), and

S. chartarum was reported to increase risk

of infant idiopathic pulmonary
hemorrhage, although coexposures may
also be important (6). S. chartarum
produces proteins, including SchS21, a
DNase, and SchS34 (unknown function),
that have been shown to be antigenic in
both humans and animals (7). Macrocyclic
trichothecene mycotoxins produced by

S. chartarum, such as satratoxin G, have

plasma. These changes suggest a shift from type 1 inflammation
after an acute exposure to type 2 inflammation after multiple
exposures to S. chartarum. Eotaxin, vascular endothelial growth
factor (VEGF), MIP-1a, MIP-1(3, TNF-a, and the IL-8 analogs
macrophage inflammatory protein-2 (MIP-2) and keratinocyte
chemoattractant (KC), had more dramatic changes in multiple-
than in single-dosed mice, and parallel the cytokines that
characterize humans with histories of mold exposures versus
unexposed control subjects. This repeated exposure model
allows us to more realistically characterize responses to mold,
such as cytokine, metabolic, and cellular changes.
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been shown to induce apoptosis (8).

Exposures are almost always chronic and

low level; unfortunately, evaluations of

airborne mold are usually lacking (9).

S. chartarum grows amid other pathogens,

making it difficult to identify health effects

solely attributable to S. chartarum.
Experimental exposures of mice to

S. chartarum or extracts have typically
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Clinical Relevance

This study showed distinct
inflammatory and metabolomic
profiles that were consistent with a shift
from a type 1 immune response after
a single exposure to Stachybotrys
chartarum to a type 2 immune
response after multiple exposures.
Future studies should focus on the
impact of multiple rather than single
acute exposures, and caution should
be exercised when interpreting
responses to acute exposures in animal
and human studies.

involved only a single acute exposure
(10-15). Few studies include multiple
exposures to intact S. chartarum; we found
four (16-19). None compared single with
multiple exposures, and only two (16, 17)
included measurements of cytokines, such
as IL-4, IL-5, and INF-vy.

We sought to characterize cytokines,
metabolites, and inflammatory patterns
reflected in bronchoalveolar lavage (BAL),
lung tissue, and plasma after single versus
multiple doses of intratracheally instilled
S. chartarum spores. We compared
responses to single and multiple doses
of S. chartarum to the cytokine and
chemokine profiles that have been
previously reported in humans with
a history of mold exposures (9).

Materials and Methods

We studied three groups of mice
intratracheally instilled with S. chartarum
weekly for 7 weeks (multiple-dosed), with
saline weekly for 6 weeks followed by

a single intratracheal instillation of

S. chartarum in the 7th week (single-dosed),
and with saline weekly for 7 weeks (vehicle
control). At the end of each treatment, we
measured the responses of 32 cytokines in
BAL and plasma. We also employed global
metabolomic profiling to examine changes in
lungs and plasma and flow cytometry to
identify the lymphocytes recovered from
lung parenchyma. Our goal is to integrate the
cytokine and metabolic results with the
cellular responses.

Spore Intratracheal Instillations
Male BALB/c mice (7 wk old; Taconic
Farms, Germantown, NY) were housed at
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Table 1. Pathway Analysis of Metabolites in the Lungs

Total No. of
Metabolites in

Pathway Name Pathway

Glutathione metabolism 26

Arachidonic acid 36
metabolism

Starch and sucrose 19
metabolism

Amino sugar and 37
nucleotide sugar
metabolism

Arginine and proline 44
metabolism

Pentose and glucuronate 16
interconversions

Pyrimidine metabolism 41

Ascorbate and aldarate 9
metabolism

Glycine, serine, and 31
threonine metabolism

Fructose and mannose 21
metabolism

Galactose metabolism 26

Glycerolipid metabolism 18

Pyruvate metabolism 23

Biosynthesis of 42
unsaturated fatty acids

Pantothenate and CoA 15
biosynthesis

Inositol phosphate 28
metabolism

Glyoxylate and 18
dicarboxylate
metabolism

Glycolysis or 26
gluconeogenesis

Fatty acid biosynthesis 43

Fatty acid metabolism 39

Butanoate metabolism 22

Fatty acid elongation in 27
mitochondria

Methane metabolism 9

Cyanoamino acid 6
metabolism

Citrate cycle (TCA cycle) 20

Lysine degradation 23

Tryptophan metabolism 40

Valine, leucine and 38
isoleucine degradation

a-Linolenic acid metabolism 9

Propanoate metabolism 20

Cysteine and methionine 27
metabolism

Steroid biosynthesis 35

Synthesis and degradation 5
of ketone bodies

Primary bile acid 46

biosynthesis

Hits P Value
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1.78E—-06
2.19E-06

3.64E—-06
3.70E—-06

4.21E-06
7.73E—06

2.73E-05
4.66E—05

5.78E—-05
1.48E-04
1.59E-04
1.78E—04
2.33E-04
2.86E—04
4.26E—-04
4.53E-04

6.10E—04

0.00119

0.00267
0.00304
0.00340
0.00430

0.00458
0.00458

0.00491
0.00580
0.00644
0.00665

0.00746
0.00911
0.00951

0.0105
0.0118

0.0126

FDR
q Value

5.22E-05
5.22E-05

5.22E-05
5.22E-05

5.22E-05
7.99E-05

2.42E-04
3.21E-04

3.59E-04
8.23E-04
8.23E-04
8.50E—-04
0.00103
0.00118
0.00165
0.00165

0.00210

0.00388

0.00827
0.00898
0.00958
0.0114

0.0114
0.0114

0.0117
0.0133
0.0137
0.0137

0.0149
0.0176
0.0178

0.0193
0.0209

0.0217

KEGG
Pathway

mmu00480
mmu00590

mmu00500
mmu00520

mmu00330
mmu00040

mmu00240
mmu00053

mmu00260
mmu00051
mmu00052
mmu00561
mmu00620
mmu01040
mmu00770
mmu00562

mmu00630

mmu00010

mmu00061
mmu00071
mmu00650
mmu00062

mmu00680
mmu00460

mmu00020
mmu00310
mmu00380
mmu00280

mmu00592
mmu00640
mmu00270

mmu00100
mmu00072

mmu00120

Definition of abbreviations: CoA, coenzyme A; FDR, false discovery rate; KEGG, Kyoto Encyclopedia

of Genes and Genomes; TCA, tricarboxylic acid.

Pathway analysis was performed based on KEGG metabolic pathways. Total number of
metabolites in pathway indicates the number of known metabolites in the KEGG database. “Hits”
indicates the number of the observed (measured) metabolites in our study listed in the KEGG

pathways.
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our animal facility and were acclimatized
for 1 week before the experiment.

The Harvard Medical Area Standing
Committee on Animal Use and Care
(Boston, MA) approved the protocol.

All mice, while anesthetized, received
intratracheal instillations of the
designated exposure (2.5 ml/kg body
weight saline or 2.5 X 10° spores/ml) once
per week in the morning for 7 weeks (20).
Tissue harvests for all analyses were
performed 24 hours after the last
instillation.

BAL, Lung and Plasma Collection,
Analyses, and Histopathology

Mice from each of the three exposure groups
were randomized to BAL (n = 11/exposure
group) or whole-lung metabolomics
analysis (n = 10/exposure group). All mice
were killed with isoflurane anesthesia
followed by collection of blood through
the abdominal aorta. Lungs were lavaged
(13) and a subset of lavaged lungs

(n = 6/exposure group) was dissected for
lymphocyte isolation and subtyping.
Matched plasma samples were also
collected. Lungs from single- and
multiple-dosed groups were fixed in 10%
formalin and embedded in paraffin,
sectioned, and then stained with
hematoxylin and eosin, Giemsa, periodic
acid Schiff (PAS) and Grocott’s
methenamine silver (GMS) for specific
fungal staining. BAL and plasma samples
were sent to Eve Technologies (Calgary,
AB, Canada) for cytokine analyses using a
mouse 32-plex array. Whole lungs and
plasma were sent to Metabolon, Inc.
(Research Triangle Park, NC) for global
metabolomic analyses (21-23).

Flow Cytometry

Cell suspensions from disaggregated lungs
were stimulated with ionomycin and
phorbol 12-myristate 13-acetate in the
presence of GolgiStop (24, 25). Cells were
fixed, permeabilized, and stained for surface
markers (CD45, CD3, CD4, CD69, and
TCRd) and intracellular cytokines (IL-13
and IL-17), then analyzed (BD Canto II
cytometer, BD DIVA, and Flow]Jo; BD
Biosciences, San Jose, CA). Stained cells
were gated by size and complexity (side
scatter—forward scatter), followed by gating
for CD45" and CD3™ cells. Among
CD3" cells, we identified IL-17A™ and
IL-13" cells.

Rosenblum Lichtenstein, Molina, Donaghey, et al.: Repeated Mold Exposures Induce a Type 2 Response

Statistical Analyses

Single-marker analyses by ANOVA,
principal component analysis (PCA),
hierarchical clustering (heat map), and
support vector machine (SVM) analysis
were employed to identify cell, cytokine,
and metabolite signatures associated with
each treatment. Pathway analysis using
Kyoto Encyclopedia of Genes and Genomes
(KEGG) maps was employed to identify
pathways altered by repeated exposures to
S. chartarum (Table 1). Details are provided
in the online supplement.

Results

BAL Analyses

Higher neutrophil counts were observed in
both single- and multiple-dosed mice
compared with saline controls, although not
different between the two spore-dosed
groups (Figure 1A). There was a slight
increase in BAL lymphocytes and
eosinophils in the single-dosed mice,

Cells (Millions)

100 1

80 A

60 -

mU/ml

40

20 -

@20

although this response was small compared
with that seen after the same challenge in
the multiple-dosed animals. Lymphocytes
increased 33-fold and eosinophils increased
39-fold in the multiple- versus the single-
dosed animals (Figure 1A). Macrophage
numbers did not differ among the different
exposure groups. Lactate dehydrogenase
(cytotoxicity) levels were higher in multiple-
dosed mice (false discovery rate [FDR]
q value < 0.05) (Figure 1B). Myeloperoxidase
(neutrophil degranulation) was similar in
single- and multiple-dosed mice, but was
higher than in vehicle controls (Figure 1B).
A total of 18 out of 32 measured
cytokines and chemokines in the BAL were
significantly increased in both groups
instilled with spores (ANOVA, FDR
adjusted g < 0.05) versus saline control.
Some cytokines and chemokines (eotaxin,
IL-4, IL-6, IL-5, monocyte chemoattractant
protein-1 [MCP-1], IL-13, IL-10, IL-9, and
M-CSF) were highest in multiple-dosed
mice (Figures 2A and 2B). Others (TNF-q,
lipopolysachharide-induced CXC [LIX],

Il Control
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[ Multiple-dosed

*
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Figure 1. Bronchoalveolar lavage (BAL) analysis at 24 hours after the final intratracheal instillation.
(A) Differential cell counts. (B) Myeloperoxidase (MPO) and lactate dehydrogenase (LDH) (mU/ml).

*Adjusted false discovery rate (FDR) g value < 0.05 versus control; **adjusted FDR g value < 0.05
versus single-dosed mice; two-way ANOVA. Data are mean (+SE); n=10-12.
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Figure 2. (A-E) BAL cytokine analysis at 24 hours after the final intratracheal instillation. (A and B)
Cytokines that were increased in multiple- compared with single-dosed mice. A and B have different
scales. (C) Cytokines that were increased in single- compared with multiple-dosed mice. (D)
Increased cytokines in both spore-exposed groups compared with controls. (E) Plasma cytokines
24 hours after final intratracheal instillation. All values are mean (+SE). *YANOVA FDR q value < 0.05
versus control; **ANOVA FDR q value < 0.05 versus single-dosed:; *multiple marker analysis area
under the curve top hits. G-CSF, granulocyte colony-stimulating factor; KC, keratinocyte
chemoattractant; LIF, leukemia inhibitory factor; LIX, lipopolysachharide-induced CXC; MCP,
monocyte chemoattractant protein; M-CSF, macrophage colony-stimulating factor; MIP,
macrophage inflammatory proteins; VEGF, vascular endothelial growth factor.

vascular endothelial growth factor [VEGF], significantly higher in both spore-dosed

granulocyte-colony stimulating factor groups than in the control group

[G-CSF], and leukemia inhibitory factor (Figure 2D). In multiple-marker analyses,
[LIF]) were lower in multiple-dosed we found that TNF-a and eotaxin together
mice (Figure 2C), whereas still others differentiate multiple- from single-dosed
(macrophage inflammatory proteins mice with 100% accuracy based on cross-
[MIP]-1a, MIP-1B, keratinocyte validation analyses in SVM models. Eotaxin
chemoattractant [KC], and MIP-2) were alone distinguished multiple-dosed from

control mice with 80% accuracy. When KC
and eotaxin were combined, single-dosed
mice could be distinguished from controls
with 98% accuracy. TNF-a, eotaxin, and
KC provided the highest accuracy to
distinguish mice among the three exposure
groups.

Blood Cell Counts and Cytokine
Levels in Plasma

No significant differences in peripheral
blood cell counts were observed among
the three groups (data not shown). Five
cytokines measured in plasma (KC, G-CSF,
IL-6, MIP-1a, and IL-5) were significantly
higher in both single- and multiple-dosed
animals compared with saline controls
(Figure 2E). IL-5 was higher and KC was
lower in the plasma of multiple- compared
with single-dosed mice (Figure 2E). Based
on SVM analyses, IL-5 and KC together
differentiate multiple- from single-dosed
mice with 71% accuracy. IL-5 alone
differentiated multiple-dosed from control
mice with 80% accuracy.

Flow Cytometric Analyses

Eosinophil and neutrophil influx into the
lungs, seen in the multiple-dosed group
(Figure 1A), is usually controlled by the
Th2 (IL-13) and Th17 (IL-17) pathways
(25-28). To determine if the numbers of
IL-13" and IL-17A™ cells in lung tissue
were altered, we analyzed disaggregated
cells using flow cytometry. We found that
in the multiple-dosed group there was no
increase in CD45" or CD457CD3™

cells (Figures 3A and 3B). In contrast,
there were increased numbers of
CD45"CD3*IL-13" cells in the multiple-
dosed mice versus the control or the single-
dose groups (Figure 3C). The numbers of
CD45"CD3"IL-17A™ (Th17) cells did not
change (Figure 3D). However, in the
multiple-dosed group, we saw a dramatic
increase in the number of CD45"CD3 7 IL-
17A™" cells compared with the single-dosed
and saline groups (Figure 3E). In addition,
we also gated on total and activated yd

T cells and found that the total numbers of
vd T cells, as well as activated yd T cells,
were increased in the multiple-dosed mice
compared with either the single-dosed or
vehicle-only mice (see Figure E2 in the
online supplement). Although we did not
stain the vyd T cells for IL-13 or IL-17A,
activated yd T cells can produce both

(29, 30), and are also a possible source

of both IL-13 and IL-17A.
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Figure 3. Flow cytometric analysis of lung cells. (A) Total leukocyte counts, (B) total T lymphocyte
counts, (C) total numbers of T helper type 2 (Th2) cells, (D) total numbers of Th17 cells, and (E) numbers
of probable innate lymphoid cell 3 cells. Data are mean (=SE); n =5-6. *P < 0.05 versus control mice;

#P < 0.05 versus single-dosed mice.

Histopathology

Histopathologic examinations of lung
sections showed significantly more
granulomas with eosinophils in multiple-
dosed (Figure 4B) than in single-dosed mice
(Figure 4A). There were roughly five times
more granulomas in multiple-dosed than in
single-dosed lungs. Multiple spores and
fragments present within the granulomas
were visible in GMS-stained sections
(Figure 4C), hematoxylin and eosin-stained
(Figures 4D and 4E), and Giemsa-stained
sections (Figures 4F and 4G). Macrophages,
multinucleate giant cells, eosinophils,

and lymphocytes were present in the
granulomas. Periodic acid Schiff, a goblet
cell stain, demonstrated goblet cell
metaplasia in the lungs of multiple-dosed
(Figures 5B and 5D), but not single-dosed,

Rosenblum Lichtenstein, Molina, Donaghey, et al.: Repeated Mold Exposures Induce a Type 2 Response

mice (Figures 5A and 5C). Goblet cell
metaplasia is an example of remodeling
seen in chronic airway diseases.

Metabolomic Analyses of Whole Lung
and Plasma

We identified 325 measurable metabolites in
the lungs and 344 in plasma. An unadjusted
Welch’s two-sample ¢ test (Table E3)
showed that 148 metabolites in the lungs
were significantly different between
multiple-dosed mice and control mice, and
146 metabolites were significantly different
between multiple-dosed and single-dosed
mice. We found 34 lung metabolites that
were significantly different between single-
dosed mice and control mice. In the
plasma, we found significant differences in
31 metabolites between single-dosed and

control mice, 30 metabolites between
multiple-dosed and single-dosed mice,

and 10 metabolites between multiple-dosed
and control mice.

PCA showed that multiple-dosed
mice had significantly different metabolites
in the lungs compared with both single-
dosed and saline control mice, suggesting
that lungs of the multiple-dosed mice
have distinct biochemical pathways
(Figure 6A). However, similar metabolomic
differences in the plasma were not
found among the three exposure groups
(Figure 6B). Principal component 1
(Figure 6A) was able to differentiate
mice with multiple exposures from
the other groups through metabolite
differences in docosahexaenoate (22:6n3),
v-glutamylglutamine, cytidine-3’-
monophosphate, guanosine-3’-monophosphate,
adenosine-3'-monophosphate, prostaglandin
El, prostaglandin A2, putrescine,
prostaglandin E2, N-acetylneuraminate,
and prostaglandin B2. These metabolites
had an absolute eigenvalue greater than
0.1 in the PCA analysis.

We performed a cluster analysis using
the 113 lung metabolites with an FDR g
value less than 0.05 to identify patterns that
differentiate the three groups of mice
(Figure 6C). The multiple-dosed mice had
two clusters of up-regulated metabolites
and one of down-regulated metabolites
compared with the single-dosed or saline
control mice. Cluster analyses based
on metabolites with FDR g value less
than 0.05 confirmed the difference in
pulmonary metabolites between multiple-
versus single-dosed and saline control
mice. Similar cluster analysis using the
top 50 (Figure 6D) and top 10 plasma
metabolites with an FDR ¢ value less
than 0.05 (data not shown) showed
no clear differences between the two
groups.

The Kyoto Encyclopedia of Genes and
Genomes pathway analysis identified 34
pathways that significantly distinguished the
multiple- from single-dosed mice based on
metabolites measured in the lungs with an
FDR g value less than 0.05 (Table 1). In the
plasma, the only metabolic pathway with an
FDR g value less than 0.05 was protein
biosynthesis (FDR g value = 4.6 X 10~°).
Protein biosynthesis in the lungs was not
altered significantly. No individual
metabolite in the plasma was significantly
different in any of the groups of mice (FDR
q value < 0.05).
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Figure 4. Histopathology of mouse lungs at 24 hours after final intratracheal instillation. (A and B)
Overview of hematoxylin and eosin (H&E)—stained lung from single-dosed (A) and multiple-dosed (B)
mice, showing foci of granulomas (arrows). Scale bar=1 mm. Arrowheads indicate smaller
granulomas. There were approximately 5 granulomas in single-dosed lungs and 25 granulomas in
multiple-dosed lungs (arrows). (C) Grocott’s methenamine silver—stained section shows mold spores
in granulomas and macrophages in multiple-dosed mouse (arrows). Scale bar =100 pm. (D and

F) Multiple-dosed mouse lung shows an eosinophil-rich granuloma and numerous eosinophils
(arrows) in H&E- (D) and Giemsa-stained (F) sections. Scale bar =100 pm. (E and G) Higher
magnification of the enclosed areas in D and F clearly shows eosinophils (arrows).

In lung tissue, our metabolomics
data suggested that several pathways were
altered. We found significant increases
in prostaglandins D2, E1, and E2 (1.2-
to 1.3-fold versus saline control) after a
single exposure to S. chartarum, whereas, in
the multiple-dosed group, prostaglandins
A2, B2, D2, El, E2, 12, Fla, and
15-hydroxyeicosatetraenoic acid (15-HETE)
increased 1.4- to 3.6-fold compared with the
single-dosed animals (Table E4). Nucleic acid
synthesis pathways also differed. Between

526

multiple- and single-dosed mouse lungs, the
three metabolites with both the largest fold
change (five- to eightfold increase in multiple-
dosed mice) and the lowest P values (P <
10~") were guanosine-3'-monophosphate,
adenosine-3'-monophosphate, and cytidine-
3'-monophosphate, all of which are involved
in nucleotide metabolism (Figure E3C).
Finally, we saw significant reductions in
free fatty acids in the multiple-dosed
compared with the single-dosed or control
mice (Table 2 and Table E6).

When plasma data were analyzed, the
metabolite with the lowest P value was
ectoine, a xenobiotic that is most often
associated with bacteria (31) (Table 2 and
Figure E3F). Volcano plots identified many
of the same metabolites, as did PCA and
SVM analyses, as most significant in
separating multiple- from single-dosed and
control mice in both lungs and plasma
(Figure E3).

Discussion

Naive mice exposed to S. chartarum for the
first time responded very differently than
mice that had been exposed repeatedly
before their final challenge. We observed
evidence for a change in the type of
inflammation from a type 1 response in
acutely exposed mice to a type 2 response
in repeatedly exposed mice. The repeatedly
exposed mice had decreased levels of
TNF-a, which is associated with a type 1
immune response, and increased levels of
eosinophils and IL-4, IL-5, and IL-13,
which are associated with a type 2 immune
response (32), compared with the single-
dosed mice. The inflammation was
probably mediated in part by S. chartarum
mycotoxins, such as satratoxin G, roridin
A, verrucarin A, and T-2 toxin (33, 34), and
chitins in the outer wall of the spores.
Chitins and -glucans have been reported
to induce a type 2 immune response (35).
Lymphocytes, eosinophils, IL-13, and
prostaglandins were much greater in the
repeatedly exposed mice than in those
exposed to mold only once, suggesting a
switch from a type 1 immune response to a
type 2 immune response. This switch might
represent sensitization facilitated by
repeated neutrophil influxes to the lungs in
response to spores, as has been reported for
ragweed (36). Prostaglandin D2, which is
elevated in both single- and multiple-dosed
mouse lungs, might be involved in
recruitment of Th2 cells and eosinophils
(37) seen in the multiple-dosed mice, but
not the single-dosed mice.

Mice exposed to multiple doses of
spores showed marked increases in many
cytokines and metabolites compared with
the mice that received only a single dose of
S. chartarum spores. For some biomarkers,
single-dosed mice were not significantly
different from saline controls. The dose we
used was 10- to 100-fold lower than those
of our previous studies that used a single
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Figure 5. Histopathology of mouse lungs at 24 hours after final intratracheal instillation. (A and C)
Periodic acid-Schiff (PAS)-stained section showing normal goblet cells in an airway from a single-
dosed mouse lung. (B and D) PAS-stained section showing goblet cell metaplasia in an airway from a
multiple-dosed mouse (arrowheads). (C and D) Higher magnification of enclosed areas in A and B.

Scale bar=100 pm.

instillation (13). Even when combined, the
cumulative spore dose for the multiple-
dosed group was still lower than the single
dose of prior studies. We believe our results
represent significant differences between
single and multiple exposures (20, 38).

Pulmonary Cells
A similar degree of pulmonary inflammation
was evident in both single- and multiple-
dosed mice characterized by higher
neutrophil influx. Interestingly, what
distinguished the lung responses in the single-
from multiple-dosed mice were the numbers
of lymphocytes and eosinophils.
Eosinophils increased dramatically in
the lungs, but decreased in the peripheral
blood of multiple-dosed animals. This may
represent the recruitment of eosinophils
from the blood to the lungs after
multiple exposures. Eotaxin, an eosinophil
chemoattractant induced by IL-13 (39, 40),
was highest in the lungs of multiple-dosed
mice, and may have helped recruit
eosinophils. The lymphocyte numbers in
the BAL were also far greater in the
multiple-dosed animals. In addition,
we observed changes in lymphocyte

Rosenblum Lichtenstein, Molina, Donaghey, et al.: Repeated Mold Exposures Induce a Type 2 Response

populations recovered from dispersed
lung tissues.

The type 2 (IL-13) and type 17 (IL-17)
pathways likely mediate the eosinophil and
neutrophil influx into the lungs seen in the
multiple-dosed group, respectively. The
type 2 and type 17 pathways have been
shown to be important in the development
of hypersensitivity pneumonitis from
S. chartarum (41). The multiple-dosed
group had increases in the numbers of
CD45"CD37IL-17A™ cells compared with
the single-dosed and unexposed controls.
Although we did not stain the cells with the
complete set of markers to define these cells
as type 3 innate lymphoid cells (ILC) 3,
based on the markers used and their
forward and side scatter, we believe that the
CD45"CD3 IL-17A" cells likely are ILC3
cells (32, 42-44). ILC3 cells have been
shown to secrete IL-17 and IL-22 in the
lungs in obesity (45), Streptococcus
pneumoniae (46), and fungal infections
(47, 48). These ILC3 cells may modulate
the long-term inflammatory response to
S. chartarum, and are likely key mediators
of chronic inflammatory responses (49).
Beause ILC2 has been shown to produce

large amounts of type 2 cytokines, such as
IL-5 and IL-15, and contribute to type 2
immunity (50-53), these cells could also be
involved in the switch from type 1 to type 2
immune response in multiple-dosed mice.
Airway epithelial cells might also be
important mediators of pulmonary
responses to S. chartarum (54). These
potential mechanistic pathways should be
incorporated into future studies.

Metabolic Changes

S. chartarum induced significantly more
oxidative stress in the lungs of mice after
multiple exposures than after a single
exposure (Table E5). Glutathione
metabolism was identified by pathway
analysis (FDR g value =5 X 10°) as the
most impacted pathway in the lungs
(Table 1). Glutathione metabolism plays

a critical role in cytokine production,
immune response, cell proliferation, and
apoptosis (55). Increased levels of
glutathione, in its reduced glutathione
(GSH) and oxidized glutathione disulfide
(GSSG) forms, may be associated with
oxidative stress in lung tissue from

mice exposed to S. chartarum. Higher
glutathione levels might also be attributable
to reduced degradation via the y-glutamyl
cycle rather than its increased synthesis.

S. chartarum induced an inflammatory
signature that was more pronounced in the
multiple-dosed compared with the single-
dosed group. Arachidonic acid metabolism
was identified as a key pathway stimulated
by repeated S. chartarum doses (FDR g
value = 5 X 10~°). Arachidonic acid and its
metabolites play a key role in regulating
inflammatory responses (56). Included
in the arachidonic acid pathway are
prostaglandins that were enriched in the
multiple-dosed mice versus single-dosed or
control mice (Table E4). Prominent
pathways identified among metabolites in
the PCA also included those involving
inflammatory prostaglandin-based
and nucleotide synthesis pathways.
Prostaglandins can enter the blood and
mediate inflammatory responses in other
organs (57). Significant changes emerged
in metabolites in the plasma with SVM
multimarker analysis, but not with pathway
analysis or PCA. This suggests that SVM
multimarker analysis is a more powerful
way to distinguish multiple- and single-
dosed mice when analyzing plasma data.
All of the analytic methods showed clear
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Figure 6. Principal component analysis of metabolites in the lung (A) and plasma (B

). Ellipses

represent 95% confidence interval. (C) Cluster analysis of 113 metabolites in the lungs with FDR
q value < 0.05. (D) Cluster analysis of top 50 metabolites in plasma.

and consistent changes in the lungs of
multiple-dosed mice.

Kynurenine, a tryptophan metabolite
typically produced during inflammatory
responses (58), was significantly elevated
in multiple-dosed, but not in single-dosed,
lungs. Tryptophan is primarily degraded
in the liver by the enzyme tryptophan
dioxygenase to kynurenine. The
extrahepatic enzyme indoleamine 2,3-
dioxygenase is highly inducible under
inflammatory conditions and can also
generate kynurenine from tryptophan. The
significant elevation in kynurenine in lung
tissues from mice subjected to multiple
exposures to S. chartarum suggests
increased inflammation in these animals.

Large increases in nucleotide
metabolites (Table 1) may be associated
with cell replication of eosinophils or
lymphocytes, or cellular proliferation
associated with airway remodeling, such
as goblet cell hyperplasia. Significant
reductions in essential and long-chain fatty
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acids, along with lower levels of many
ethanolamine- and choline-containing
lysolipids, stearoyl sphingomyelin, and
cholesterol, were observed in the lung tissue
with repeated exposures to S. chartarum.
The reductions in free fatty acids

may be related to altered membrane
remodeling/degradation rather than to
changes in mitochondrial fatty acid
oxidation. The potential exists that altered
lung surfactant synthesis/secretion may
contribute to these changes.

Altered Cytokines

Mice exposed to S. chartarum exhibited
changes in IL-5, G-CSF, and KC in the
plasma. These cytokines may also be altered
in humans exposed to S. chartarum or
other molds (9). IL-5 is associated with
increased eosinophil response (59). High
levels of IL-5 and eosinophils seen after
multiple doses of S. chartarum may indicate
an asthma-like response in these mice. IL-5
is also a marker of eosinophil activation. Its

presence in plasma was consistent with the
high levels of eotaxin and eosinophils in the
lungs. IL-5 has been shown to be required
for persistence of eosinophils in the lungs
(60). Eotaxin, predominately produced by
epithelial and smooth muscle cells, is a well
described chemoattractant for eosinophils
(61). Furthermore, IL-13 is a major
stimulant of eotaxin production (40).

Putative Metabolic Pathway-Cytokine
Linkages

Several of the metabolic changes seen in
this study after multiple exposures, but not
with single exposures, to S. chartarum
have been previously mechanistically linked
with specific type 2 cytokine changes. It has
been shown that key elements of a type 2
immune response, including IL-13-induced
airway epithelial cell mucous cell
hyperplasia, mucin and mucin-related gene
expression, and airway hyperreactivity, are
all glutathione dependent (62). The increase
in activity in the glutamate metabolic
pathway seen here is likely required for
the shift from a type 1 to type 2 response.
Glutamine metabolism, IL-4, and IL-13
work synergistically to increase rates of
phagocytosis in a type 2 immune response
(63). We see changes in metabolites, such
as y-glutamylglutamine that may be
working with IL-13 and IL-4 to increase
phagocytosis of S. chartarum spores.

Mouse-Human Data Correlations
Although species differences inevitably
exist, a shift from a type 1 response to a type
2 response after chronic exposures can
occur in both humans and animals. Our
data also illustrate the importance of
incorporating repeated exposures while
studying pulmonary toxins, such as mold, in
any species. Responses to acute exposures
can be very different from those seen in
more realistic repeated exposures. For
example, acute exposure to ozone leads

to a type 1 response, whereas repeated
exposure leads to a type 2 response, but
ozone exposures are often studied in naive
mice and humans (64).

Our animal data also underscore the
likely value of proteomic and metabolomic
markers of exposures and responses in
human studies. SVM analysis is a useful
tool in selecting plasma biomarkers to
identify individuals with a history of
chronic mold exposures. Although the
metabolites identified in our plasma SVM
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Table 2. Support Vector Machine Analysis of Metabolites

Groups Separated Metabolite Super-Pathway Sub-Pathway Fold Change P Value AUC
Plasma: control 2-Hydroxyisobutyrate Xenobiotics Chemical 0.89 0.001 0.893
versus single
Adrenate Lipid Long-chain fatty acid 0.74 0.03 0.970
Fructose Carbohydrate  Fructose, mannose, 1.21 0.46 0.998
galactose, starch, and
sucrose metabolism
Lactate Carbohydrate  Glycolysis, gluconeogenesis, 0.92 0.49 0.999
and pyruvate metabolism
Adenosine 3, Nuclotide Purine metabolism 1.09 0.40 0.999
5'-cyclic
monophosphate
Plasma: control p-Cresol sulfate Amino Acid Phenylalanine and tyrosine 0.49 0.004 0.927
versus multiple metabolism
Phenylacetylglycine Amino Acid Phenylalanine and tyrosine 0.63 0.09 0.942
metabolism
Glycerate Carbohydrate  Glycolysis, gluconeogenesis, 1.10 0.29 0.965
and pyruvate metabolism
N-formylmethionine Amino Acid Cysteine, methionine, SAM, 0.78 0.66 0.965
and taurine metabolism
Stearoyl sphingomyelin Lipid Sphingolipid 0.84 0.05 0.980
Plasma: single Ectoine Xenobiotics Chemical 1.68 0.0002 0.920
versus multiple
Tartarate Xenobiotics Food component/plant 1.63 0.004 1.000
Lung: control Ergothioneine Xenobiotics Food component/plant 1.65 9.2x1077 1.000
versus single
Lung: control 7-B-Hydroxycholesterol  Lipid Sterol/steroid 0.53 0.00004 1.000
versus multiple
Lung: single 1-Stearoylglycero Lipid Lysolipid 1.65 0.0003 1.000

versus multiple phosphoglycerol

Definition of abbreviations: AUC, area under the curve; SAM, S-adenosyl-L-methionine.
AUCs listed are cumulative until the set includes 5 metabolites or a maximal AUC of 1.000 is reached. P values listed are for the individual metabolite.

analysis are biomarker candidates in humans,
they must be validated in a larger study of
plasma metabolites in subjects with
documented chronic mold exposures and
need to be compared with altered biomarkers
seen for other pulmonary challenges.

We recently demonstrated several
patterns of responses to mold in humans (9).
Isolated human peripheral blood
mononuclear cells were exposed to
mycotoxins ex vivo. Subjects with a history
of S. chartarum exposures showed altered
levels of eotaxin, VEGF, MIP-1a, MIP-1f3,
and IL-8 compared with cells from control
subjects. Here, we show that eotaxin,

VEGF, MIP-1a, MIP-1B, TNF-q, and the
IL-8 analogs, MIP-2, KC (65), and LIX,
were differentially expressed between singly
and multiply exposed mice. Thus, many
of the same biomarkers are implicated in
both mice and humans.

Conclusions

Multiple doses of S. chartarum induced
inflammatory responses and metabolomic
profiles distinct from those induced by a single
exposure and consistent with sensitization and
changes in the immune response. These
cellular, inflammatory, and metabolomic
differences indicate that future studies should

focus on the consequences of multiple rather
than single acute exposures. Caution should be
exercised when interpreting responses to acute
exposures in animal and human studies. Il
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