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ABSTRACT
Growing evidence demonstrates that human mesenchymal stromal cells (MSCs) modify their in
vivo anti-inflammatory actions depending on the specific inflammatory environment encountered.
Understanding this better is crucial to refine MSC-based cell therapies for lung and other diseases.
Using acute exacerbations of cystic fibrosis (CF) lung disease as a model, the effects of ex vivo
MSC exposure to clinical bronchoalveolar lavage fluid (BALF) samples, as a surrogate for the in
vivo clinical lung environment, on MSC viability, gene expression, secreted cytokines, and
mitochondrial function was compared to effects of BALF collected from healthy volunteers.
Notably, CF BALF samples which cultured positive for Aspergillus sp. (Asp) induced rapid MSC
death, usually within several hours of exposure. Further analyses suggested the fungal toxin
gliotoxin as a potential mediator contributing to MSC death. RNA sequencing analyses of MSCs
exposed to either Asp+ or Asp- CF BALF samples identified a number of differentially expressed
transcripts, including those involved in MSC cell death, interferon-signaling, and anti-microbial
gene expression. Toxicity did not correlate with bacterial lung infections. These results suggest
that the potential efficacy of MSC-based cell therapy for CF or other lung diseases may be limited
in the presence of Aspergillus colonization or infection.
Key words: Mesenchymal stromal cell, cell therapy, Aspergillus infection, Gliotoxin, Cystic
fibrosis
Word count: 198

INTRODUCTION
Advances in cell-based therapies for lung diseases provide a platform for development of new
therapeutic approaches for acute lung diseases and possibly also for some chronic pulmonary
conditions. Mesenchymal stromal cell (MSC)-based therapies have shown promise due to their
immunomodulatory properties [1, 2]. MSCs sense the inflammatory environment and respond by
releasing specific sets of anti-inflammatory mediators [1, 3-6]. Notably, following systemic or
local airway-based MSC administration in pre-clinical lung injury and critical illness models,
many if not most injury end-points are ameliorated [7, 8]. However, while systemic MSC
administration has proven safe in clinical investigations, there has been no clear efficacy in a
spectrum of lung disease patients studied to date, although these trials were primarily designed for
safety and not well powered for efficacy [9-11].

Growing literature demonstrates that bronchoalveolar lavage fluid (BALF) or serum obtained from
pre-clinical lung disease models or from acute respiratory distress syndrome (ARDS) patients elicit
distinct changes in MSC behaviors [12-17]. For example, ARDS BALF suppressed cytokine
production, increased M2 macrophage marker expression, and augmented phagocytic capacity of
human monocytes [13]. Other recent data demonstrated that ARDS BALF altered MSC protein
expression with correlative effects on potential protective actions in acute lung injury [12].
Furthermore, we have demonstrated that human bone marrow-derived MSCs (hMSCs) exposed to
BALF samples from patients with either ARDS or with non-ARDS lung diseases displayed both
common and disease-specific hMSC phenotypes, data that further support the hypothesis that
different lung inflammatory environments have the potential to alter MSC behaviors [17].

The chronic lung inflammation in cystic fibrosis (CF) is also a potential target for MSC-based cell
therapies. This has recently manifested in an initial clinical investigation of safety following
systemic administration of hMSCs in CF patients (NCT02866721). However, the CF lung
environment is highly inflammatory, often in combination with bacterial or fungal infections or
colonization, and we postulated that this might significantly alter hMSC behaviors and efficacy.
In this study we explored how the inflammatory and infectious environment in CF lung disease
alters hMSC behaviors using BALF samples as a surrogate for the in vivo lung environment.

METHODS
Human BALF: BALF samples from CF patients were obtained prospectively at the UVM Medical
Centre, the University of Colorado, and Dartmouth Hitchcock Medical Centre. Normal volunteer
(healthy control, HC) BALF was obtained from Dartmouth, Brisbane, and Belfast. All BALF
samples were collected under appropriate institutional IRB protocols and samples were deidentified and numerically coded. Microbiologic cultures for CF patient BALF samples were
performed immediately after collection at each respective institution using standard routine
protocols and obtained under appropriate institutional protocol and HIPAA guidelines. Delineation
of each sample and how it was utilized is shown in Table 1. Individual rather than pooled samples
were utilized for all analyses.

In vitro Exposure of hMSCs: Human MSCs (hMSCs) were obtained from the NHLBI’s Production
Assistance for Cellular Therapies (PACT) program (University of Minnesota) [18] and routinely
cultured in MEM/EBSS media (Hyclone) supplemented with 20% fetal bovine serum (Hyclone)
and 1% penicillin/streptomycin in standard tissue culture incubators. The hMSCs utilized in this

study were obtained from multiple healthy volunteers and have previously been utilized in similar
studies [17]. Cells at passage 3-6 were used for experiments. For exposures, hMSCs were seeded
into 6-well plates (200,000 cells/well) in normal growth media and allowed to attach overnight.
Following adherence, cells were synchronized for 24 hours in serum free media (MEM/EBSS)
[17]. The hMSCs were then exposed to serum free media containing BALF (20% volume:volume),
Aspergillus fumigatus filtrate (WT, 1:1), null mutant ΔgliP filtrate (1:1), or pure gliotoxin (100,
500, or 1000ng/ml) for 1 or 5 hours. The BALF dilutions and time of exposures were determined
by our previous studies exposing hMSCs to clinical BALF samples [17]. Serum free media was
added to control cells (unstimulated). Following incubations, supernatants were removed by
aspiration and fresh serum-free media was added. After 24 hours, conditioned media was collected
for different analyses and cells lysed with TRIzol Reagent for RNA sequencing and other analyses.
For neutralization experiments, samples were heat-treated (≥92.4°C) for 20 minutes or treated with
100µM dithiothreitol (DTT) before exposures. Untreated BALF samples were used as controls for
the neutralization experiments.

Cytotoxicity: Following BALF exposure, hMSC viability was assessed using a Pierce LDH
Cytotoxicity Assay Kit (Thermo Scientific) according to manufacturer’s instructions. In brief,
conditioned media samples were analyzed for LDH activity and absorbance was measured at
490nm and 680nm using a spectrophotometer plate reader. Unstimulated hMSCs served as control,
normal serum free hMSC growth media served as background control, and triton-exposed MSC
used as positive control. All samples and controls were analyzed in duplicate. An AMG EVOS
Cell Imaging System was utilized to obtain photomicrographs of cell following exposures to assess
qualitative appearance of the cells.

Mitochondrial Respiration: hMSCs were cultured as described above. On the day prior to
metabolic flux analysis, hMSCs were seeded at a density of 25 x 103 (not shown), 50 x 103 (not
shown), and 75 x 103 cells/well in an XF-96e cell culture plate (Agilent/Seahorse Bioscience). XF96e probe plates were hydrated and prepared according to the manufacturer’s instructions
(Agilent/Seahorse Bioscience). On the day of the assay, hMSC culture medium was replaced with
180 ul “XF Running Media” (XF phenol red-free, glucose-free DMEM, supplemented with FBS,
2 mM L-glutamine and 5 mM glucose). The XF-96e probe plate injection with 20 ul of a ten-fold
concentrate of indicated treatments (Media, DTT, GT, or GT + DTT) in one port, and 1 uM
Rotenone/Antimycin-A in a second port. For the data acquisition protocol, three baseline reads
were recorded, followed by injection of indicated treatment, 1 hour of additional reads, followed
by the second injection of Rotenone/Antimycin-A, followed by three final reads. Data were
normalized to the average of the three initial baseline reads to represent a percent fluctuation from
pre-treatment respiration levels. “Percent Basal Respiration Sensitive to Treatment” was calculated
as the difference between the basal respiration rate and the respiration rate immediately following
treatment injection. “Residual Respiration Rate After Treatment” was calculated as the difference
between the post-treatment respiration rate and the average respiration rate following Rotenone/
Antimycin-A injection.

Luminex Analyses: Both BALF samples and conditioned media obtained from BALF or controlexposed (serum free media) hMSCs were analyzed using a human magnetic Luminex Assay kit
(R&D Systems). All samples were diluted 1:2 and analyzed using Bio-Rad Bioplex Analyzer in
duplicate according to manufacturer’s instructions. Analytes included ADAMTS13, CXCL8/IL8, sFASL (soluble FAS Ligand), GM-CSF, IFN-, IL-10, IL-13, IL-2, IL-4, Leptin, MIF,

CCL4/MIP-1, Osteopontin, TNF-, CD44, FAS, G-CSF, HGF, IL-1, IL-12 p70, IL-18, IL36/IL-1F8, IL-6, CCL2/MCP-1, CCL3/MIP-1, MMP3, and SP-D. Extrapolated values are
presented as mean with SD and values out of range below were set to 1.0.

RNA Isolation and Sequencing Analysis: Total RNA was extracted from BALF exposed hMSCs
(CF with Asp+ (n=6), or CF BALF Asp- (n=5)) or HC (n=6)), or unstimulated (n=5) hMSCs for
1 hour using a standard TRIzol extraction protocol. In brief, cells were lysed with TRIzol Reagent
directly in the cell culture dish, samples were phase separated using chloroform, and RNA was
isolated using 100% isopropanol followed by ethanol wash. RNA pellets were allowed to air dry
and RNA were re-suspended in RNase free waster prior to an additional cleaning step using
RNeasy spin columns (Qiagen) according to manufacturer’s instructions. RNA was quantified on
a qubit fluorometer and quality assessed on a Fragment Analyzer instrument (Agilent). RNA
sequences were aligned to human genes using CLC Genomics Workbench and differential gene
expression was assessed using edgeR [19, 20]. Pathway analysis genes that differed significantly
from unstimulated control samples were identified using IPA (www.ingenuity.com). For RT-PCR,
cDNA was synthesized using iScript cDNA synthesis kit (BioRad) according to manufacturer’s
instructions. All RT-PCR analysis were performed using IQ-SYBR Green Supermix (BioRad)
according to manufacturer’s instructions on a CFX96 Real-Time System (BioRad). Primers used
are listed in Table S1.

Statistical analyses: All data are presented as mean ± SD unless otherwise stated. Mann-Whitney
tests, paired t-tests, or Fisher’s exact tests were used to assess differences between two groups.
Kruskal-Wallis tests (Dunn’s post hoc test) or one-way ANOVA (Tukey post hoc test) were used

to assess differences between three or more groups. Correlations between hMSC death by CF
BALF components were tested using Spearman correlation tests. Linear models were used to
assess significance of relationships between gliotoxin concentration and cell survival. Statistical
analyses were performed using GraphPad Prism software, R, or edgeR. P-values ≤0.05 were
considered as significant, except in the case of RNA sequencing data analyzed in edgeR, where a
multiple hypothesis corrected false discovery rates (FDR) less than 0.05 were considered
significant.

Additional detailed descriptions of these and other methods used in this study are provided in the
online supplement.

RESULTS
Exposure to BALF obtained from a sub-population of CF patients induced hMSC death
To assess how the inflammatory environment present in CF lungs alters hMSCs, hMSCs were
exposed for 1 or 5 hours to BALF samples obtained from either CF patients or HC. Notably,
hMSCs exposed to BALF samples from some, but not all, CF patients resulted in increased cell
death, as assessed by visual appearance (Figure 1A) and by lactate dehydrogenase (LDH) release
into conditioned media (Figure 1B-C). hMSCs exposed to CF BALF samples for 1 hour resulted
in increased cytotoxicity (LDH release) compared to hMSCs exposed to HC BALF samples
(Figure 1B) (mean:3.01 (0.08-11.6) and mean:1.17 (0.81-1.59), respectively. p=0.056). The
observed LDH release further increased over time reaching statistical significance after 5 hours
exposure (mean:10.6 (1.18-35.5) and mean:0.83 (0.20-1.67), respectively. p=0.002) (Figure 1C).

Importantly, none of the healthy BALF samples provoked hMSC killing, suggesting specific
toxicity in the BALF environment from some of the CF patients.

To further determine differential hMSC responses to CF versus HC BALF and to ascertain
potential links to cell death, conditioned media collected after BALF exposure was assessed for a
broad panel of pro- and anti-inflammatory cytokines (Table S2-S3), however none of the observed
differences correlated with LDH release after 5 hours stimulation. We next attempted to determine
potential components/properties in the CF BALF samples responsible for hMSC death including
total protein, osmolality, dsDNA content, histone concentration, protease activity, and levels of
pro- and anti-inflammatory cytokines (Figure S1, Table S4), however, none of these parameters
strongly correlated with the induction of hMSC death (LDH release) (Table S4-S5, Figure S2S4). Normalizing BALF cytokines to BALF total protein for each individual samples also did not
result in significant correlations with hMSC death (LDH release).

Aspergillus+ BALF significantly increases hMSC death
To further explore potential etiologies for hMSC death, the microbiologic status of the CF BALF
was assessed. No correlation was observed with Staphylococcus or Pseudomonas bacterial
infections (Table S6). However, subsequently grouping the CF BALF samples that cultured
positive (Asp+) and negative (Asp-) for Aspergillus species, predominantly A. fumigatus,
demonstrated that the Asp+ but not Asp- samples induced cell death. As further depicted in Figure
1, although there was some variability between individual samples, 1 hour hMSC exposure to
BALF from Asp+ CF patients stimulated significant increase in LDH release compared to HC
(p=0.028, Figure 1D). Notably, exposure to Asp- CF BALF did not provoke increase LDH release.

These differences were even more marked following 5 hours of exposure (p=0.014, Figure 1E).
Comparisons of total protein, osmolality, dsDNA content, histone concentration, protease activity,
and levels of pro- and anti-inflammatory cytokines showed no significant differences between
Asp+ and Asp- BALF although there was wide variance and a limited number of samples (Figure
S5, Table S7).

Gliotoxin induces hMSC death
Gliotoxin is one of the major mycotoxins produced and secreted by Aspergillus species [21]. To
assess whether gliotoxin might play a role in hMSC death, cells were exposed to conditioned media
(filtrate) obtained from a wildtype Aspergillus fumigatus strain (AF293, WT-filtrate) and gliotoxin
null mutant Aspergillus strain (ΔgliP) [21]. Media from the WT strain killed the majority of
hMSCs within 1 hour of exposure, but cells exposed to media from the ΔgliP filtrate appeared
normal (Figure 2A), suggesting that gliotoxin induces hMSC death.

Identification of gliotoxin as one of the likely mediators responsible for the observed hMSC death
was further supported by exposing hMSCs to pure gliotoxin (Figure 2B). Consistent with the WTfiltrate results, a decrease in cell viability and increased LDH release was observed in dosedependent manner in hMSCs cultures exposed to 500ng/ml (median:0.42 (0.30-0.46) and
median:13.7 (1.46-16.52), p=0.376 and p=0.090, respectively) or 1000ng/ml gliotoxin
(median:0.21 (0.17-0.26) and median:15.85 (1.57-16.67), p=0.013 and p=0.029, respectively)
compared to unstimulated control hMSCs (Figure 2B-C). Reduction of disulfide bridges in
gliotoxin by addition of dithiothreitol (DTT), a well-recognized method of neutralizing gliotoxin
[22], inhibited the killing effect (Figures 2D-F) demonstrating specificity. In Figure 2F two

outliers were observed but it was unclear if this was biologic or assay variability. To assess this
further, these two data points were removed, and corresponding linear regression analyses were
performed on the remaining samples. These further confirmed that gliotoxin significantly
increased cell death (reduced cell count, p=2.56E-14, linear model gliotoxin main effect) and that
gliotoxin and DTT were strongly antagonistic (p=2.41E-9, linear model interaction between
gliotoxin and DTT) (Figure 2G). Increased LDH release in gliotoxin-exposed hMSC cultures was
also significantly blocked by DTT (p=0.0004, linear model interaction between gliotoxin and
DTT) (Figure 2H).

To further determine if the killing effect observed with Asp+ CF BALF was mediated by gliotoxin,
the BALF samples were either heat-inactivated or DTT-treated before hMSC exposure. While
neither method is completely specific for inhibition of gliotoxin, in accordance with the pure
gliotoxin stimulation data, the Asp+ BALF induced hMSC death was significantly inhibited by
either method (p=0.001 and p=0.002, respectively) (Figure 2I-J). Potential clinically relevant
pathogenic effect of gliotoxin on hMSCs is further supported by the significantly increased
probability of detecting gliotoxin in Asp+ CF BALF samples (36%, OR=5.06, p=0.023,) compared
to Asp- CF BALF samples (7.7%) and HC BALF samples (13%). Quantitative assessment of
BALF gliotoxin concentrations by mass spectrometry demonstrated that, although there were
outliers in each grouping, Asp+ BALF samples contained higher levels compared to Asp- or HC
samples (Asp+:413±935ng/ml, Asp-:186±188ng/ml, HC:171±59.5ng/ml, HC vs. Asp-: p >0,9999,
HC vs. Asp +: p=0,8756, Asp - vs. Asp +: p= 0,2418) (Figure 2K). However, as the BALF dilution
and thus the actual in vivo gliotoxin concentration is unknown for each sample, the outliers and

the differences in concentrations across the Asp+ CF samples suggest that gliotoxin is likely only
one of several factors inducing hMSC death.

Gliotoxin-induced hMSC cell death depends partly on mitochondrial damage
The exact mechanism through which gliotoxin induces cell death has not been fully elucidated,
however it has been suggested that mycotoxins, such as gliotoxin, induce mitochondrial
dysfunction [23]. To assess the impact of gliotoxin on hMSC mitochondrial function, oxygen
consumption rate (OCR) was measured in real-time on gliotoxin-exposed hMSCs utilizing an XF96e Extracellular Flux Analyzer (Agilent/Seahorse Biosciences). Addition of gliotoxin to hMSCs
resulted in rapid reduction within several minutes of OCR at 500ng/ml (Figure 3A). This reduction
was partly (50%) inhibited by addition of DTT (Figure 3A-B). In accordance with the cytotoxicity
data, the effect of lower dose of gliotoxin (100ng/ml) on mitochondrial function was marginal
(Figure 3). Notably, 1 hour following 500ng/ml gliotoxin exposure, hMSCs had almost no intact
non-mitochondrial oxygen consumption (Figure 3C). These data suggest that mitochondrial
dysfunction occurs when hMSC are exposed to physiological concentrations of the mycotoxin,
gliotoxin.

hMSCs exposed to CF versus HC BALF have profound differences in gene expression profile
To ascertain other effects produced by Asp+ versus Asp- CF lung environments on hMSC
behaviors, RNA sequencing was utilized to assess early changes in gene expression of hMSCs
exposed to Asp+ or Asp- CF or to HC BALF. Unsupervised hierarchical clustering analyses of the
453 genes that were differentially expressed (edgeR: FDR<0.05) compared to unstimulated control
shows that normalized expression values of differentially expressed genes in HC cluster together

with unstimulated samples on the left and samples from CF Asp+ and CF Asp- cluster together on
the right (Figure 4A). Effect sizes of differences from unstimulated control estimated by edgeR in
log2 fold change units show that CF Asp+ and CF Asp- samples respond similarly (Pearson
R:0.856) (Figure 4B), but differently from HC (Pearson R: Asp-:0.109 and Asp+:-0.048) (Figure
4B). Nonetheless, different sets were differentially expressed (FDR <0.05, edgeR) in HC, CF
Asp+, and CF Asp- exposed hMSCs (Figure 4C). Taken together, these results are consistent with
the hypothesis that different inflammatory lung environments differentially alter hMSC gene
expression.

hMSCs exposed to Aspergillus+ CF BALF samples have altered expression of genes associated
with anti-microbial defense, interferon-signaling, and cell death
hMSCs exposed to Asp- CF BALF demonstrated increased levels of CCL5, IFIT1, IFIT2, MX1,
MX2, OAS1, OAS2, and OAS3, genes all involved in anti-microbial defenses, compared to HC
BALF-exposed hMSCs. However, in hMSCs exposed to Asp+ CF BALF, expression of these
genes was reduced to levels similar or below levels found in hMSCs exposed to HC BALF (Figure
5A). Similar trends were seen in the RT-PCR data for OAS1, OAS2, and IFIT1, however the
differences did not reach significance (Figure 5B). To further study the differences observed
within the CF BALF groups, gene expression profiles of hMSCs exposed to Asp+ and Asp- CF
BALF samples were compared. Notably, pronounced differences in the antimicrobial genes CCL5
(-4.9FC, p=4.55E-10), COCH (-1.7FC, p=0.03), IFIT1 (-3.8FC, p=3.05E-07), IFIT2 (-5.9FC,
p=4.48E-13), MX1 (-2.0FC, p=0.004), MX2 (-3.4FC, p=3.74E-06), OAS1 (-3.6FC, p=8.76E-07),
OAS2 (-1.5FC, p=0.032), and OAS3 (-1.9FC, p=0.006) were observed (Figure 5A).

Similarly, expression of components of interferon-mediated cell signaling pathways, including
JAK2, SOCS1, and IFITM1, were decreased in hMSCs by presence of Aspergillus in CF BALF
(Figure 6A). Several genes in anti-microbial signaling pathways, notably MX1, OAS1, IFIT1, and
IFIT3, differentially altered by exposure to Asp+ versus Asp- CF BALF have been shown to be
important in IFN-signaling. Also, a trend towards increase in STAT1 expression was observed in
all groups compared to unstimulated control cells, however only hMSCs stimulated with CF AspBALF demonstrated an increase compared to unstimulated control (p=0.055). Similar trends were
seen in the RT-PCR data for STAT1 and STAT2 (Figure 6B). In addition, a trend towards
increased BCL-2, BAX, and BAK1 expression, genes known to be related to cell death, was
observed in CF BALF exposed hMSCs compared to hMSCs exposed to HC BALF and
unstimulated control cells (Figure 6A). Finally, hMSCs exposed to Asp+ CF BALF samples
demonstrated significantly higher expression of IFITM1 compared to hMSCs exposed to HC and
unstimulated cells (p=0.015 and p=0.007, respectively) (Figure 6B).
DISCUSSION
These studies demonstrate that BALF obtained from lungs infected or colonized with Aspergillus
can be cytotoxic to hMSCs. Our approach, utilizing clinical BALF samples as a surrogate for the
in vivo clinical environment, has been validated in recent similar work including our own studies
[12, 13, 17]. The novel finding of this study is that Asp+ BALF samples obtained from patients
with acute exacerbations of CF lung disease have significant effects on a number of relevant hMSC
activities, including viability, IFN-mediated cell signaling, and anti-microbial gene expression.
Determining hMSC behavior in the setting of Aspergillus lung infection may be critical as many
lung disease patients, who are otherwise candidates for potential hMSC-based therapies, may be

colonized or infected with Aspergillus, with or without clinical manifestations such as allergic
bronchopulmonary aspergillosis.

The observed effect on hMSC appears to be mediated, at least in part, through Aspergillusproduced gliotoxin, acting initially to disrupt mitochondrial oxygen utilization. However, other as
yet unidentified mycotoxins, fungal proteases, and other mediators may also be involved [24]. The
presence of gliotoxin in lung tissue and in serum has been reported in both experimentally induced
invasive aspergillosis and in human aspergillosis, as well as in BALF samples from CF patients in
other studies [25, 26]. However, the range of pathophysiological content of gliotoxin in lungs and
in BALF needs to be better defined for different clinical conditions, including CF. In the BALF
samples utilized in this study, gliotoxin was also detected in two of the HC samples and two of the
Asp- BALF samples with no documented Aspergillus lung infection, however, none of these
samples induced hMSC death. This illustrates the potential difficulties and false negative results
in culturing Aspergillus species even under optimal academic hospital clinical laboratory
conditions and also that healthy controls can be colonized with Aspergillus species. Further there
was no clear correlation with BALF gliotoxin concentration and LDH release by the exposed
hMSCs. One potential explanation is that there are several known isoforms of gliotoxin, including
a non-toxic form, bis(methylthiol)gliotoxin, and that the detection method utilized in this study did
not discriminate between the isoforms [27]. Furthermore, although the majority of Aspergillus
samples cultured from the BALF samples was A. fumigatus, it was not always possible to
determine the Aspergillus species from the clinical BALF samples. This resulted in further
limitations to this study as not all Aspergillus species produce gliotoxin. We are currently
attempting to better clarify these issues, including assessing a larger number of CF BALF samples

with and without Aspergillus colonization/infection to better delineate differences in gliotoxin and
other potential responsible mediators. This also includes more in depth comparative analyses of
pro- and inflammatory cytokine content and other inflammatory mediators such as neutrophil
elastase not measured with the analytical approach utilized. One additional potential approach is
suggested by the observation that gliotoxin synthesis is encoded by a multi-gene cluster including
several genes that neutralize gliotoxin intracellularly in order to protect Aspergillus itself from
toxicity [28]. In a notable study, transducing yeast to express one of these protective genes
subsequently protected the yeast against gliotoxin toxicity [29]. A similar approach could
conceivably be undertaken with the hMSCs.

The RNA sequencing data demonstrates alterations of IFN-mediated cell signaling pathways in
hMSCs exposed to Asp+ BALF samples compared to unstimulated and HC. These are relevant
findings, as IFN-γ mediated hMSC activation is well recognized in other systems and has been
extensively investigated for priming MSCs [30, 31]. For example, IFN-γ pre-treated MSCs
reduced the symptoms and increased the survival rate of graft-versus-host disease in NOD-SCID
mice compared to untreated MSCs [31]. In addition, several studies have reported that IFN-γ
treated MSCs upregulate MHC class I and II expression [32, 33]. However, we did not detect any
statistically significant differences in HLA-ABC or DR surface marker expression on BALFexposed hMSCs after 5 hours stimulation (Figure S6). However, longer time points might be
required to see changes in the transcriptional regulation of self and antigen presenting genes.

Another relevant finding was that the RNA sequencing data demonstrated differential expression
of anti-microbial genes, an important potential mechanism by which hMSCs might be protective

in CF lungs. Increases in expression of a number of the anti-microbial genes, including CCL5
(chemokine C-C motif ligand 5) and COLEC1 (Mannose-Binding Lectin 2) was observed in
hMSC exposure to Asp- CF BALF. However, this was not observed in hMSCs exposed to Asp+
CF BALF samples. CCL5 is a chemokine that plays an important role in inflammation by
recruiting inflammatory cells including T-cells and macrophages [34]. Interestingly, CCL5 has
been demonstrated to be dysregulated in peripheral blood mononuclear cells in plasma from CF
patients [35]. COLEC1 is a protein that belongs to the collectin family and plays an important role
in the innate immune system. COLEC1 binds to carbohydrate structures on and induces lysis of
pathogens such as bacteria and fungi [36]. Notably, insufficient amount of mannose-binding lectin
has been associated with adverse progression of CF [37]. Taken together, microbes and the chronic
inflammatory environment present in CF lungs have an important impact on hMSC actions.
Comparable findings have recently been demonstrated in ARDS patients, where the inflammatory
environment can direct the hMSC anti-inflammatory actions [12, 13].

Interestingly, RNA sequencing data demonstrated a trend towards differential expression of genes
involved in apoptotic pathways, including BAX and BAK1. These are relevant findings, as
gliotoxin from Aspergillus has been suggested to induce BIM/BAK-dependent apoptosis through
JNK-dependent phosphorylation [38]. One potential explanation for not observing a robust cell
death activation in the RNA sequencing could be that cells were only exposed for 1 hour, whereas
the majority cell death was observed after gliotoxin exposures of 5 hours.

In conclusion, the impact of the in vivo inflammatory or infectious environment in the lungs of
potential candidates for hMSC-based therapies needs to be better understood. Conceivably,

innovative approaches to pre-conditioning or engineering hMSCs to resist deleterious effects of
the inflammatory environment encountered might help to enhance potential therapeutic effects.
[39, 40]. These findings underscore the importance of considering the in vivo inflammatory
environmental effect on hMSCs when using MSC-based cell therapy approaches for patients with
inflammatory or infectious lung diseases such as fungal infections with Aspergillus.
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Figure Legends
Figure 1. A subpopulation of clinical CF BALF samples provokes hMSC death.
Representative phase contrast photomicrographs (10X) of hMSCs exposed for 5 hours to 20%
BALF samples obtained from CF patients or from healthy volunteers (Healthy control, HC).
Unstimulated hMSCs were used as control. Representative images of exposures to 2 different CF
BALF samples is depicted, one which stimulated cell death (lower left panel) and one which had
no obvious effect (lower right panel) (A). Cytotoxicity was evaluated in conditioned medium
utilizing a standard LDH assay following either 1 hour (HC: n=10 and CF: n=18) (B) or 5 hours
(HC: n=4 and CF: n=12) (C) exposure. Data are presented as median with interquartile range of
fold change (stimulated sample/unstimulated control) with statistical analyses performed with the
non-parametric Mann-Whitney test. The LDH data from (B, C) were re-analyzed and re-grouped
depending on the Aspergillus status (Asp+ or Asp-) of the CF BALF samples. LDH release after
1 hour of exposure (HC: n=10, Asp+: n=8, and Asp-: n=10) (D). LDH release after 5 hours
exposure (HC: n=4, Asp+: n=5, and Asp-: n=7) (E). Data are presented as mean with SD of fold
change (stimulated sample/unstimulated control) and statistical analysis was performed by oneway ANOVA followed by Tukey’s post hoc test. Scale bar represents 400µm. Abbreviations: HC,
healthy volunteers; CF, cystic fibrosis; Asp+, Aspergillus positive; Asp-, Aspergillus negative;
LDH, lactate dehydrogenase;

*p≤0.05 and

**p≤0.01. Photomicrographs have been

brightness/contrast adjusted.

Figure 2. Gliotoxin mediates Aspergillus-induced hMSC toxicity. hMSCs exposed to wildtype
Aspergillus filtrate (WT filtrate) but not mutant ΔgliP filtrate (no gliotoxin production) for 1 hour
exhibited significant cell death (A). Cell viability was assessed using trypan blue dye counts and
by standard LDH assay and demonstrated dose-dependent toxic effects (B, C). Data are presented

as median with interquartile of fold change (gliotoxin treated/DMSO control treated) of combined
data from 3 individual experiments with statistical analysis performed by non-parametric one-way
ANOVA (Kruskal-Wallis) followed by Dunn’s post hoc test. Gliotoxin was reconstituted in
DMSO which was added to the unstimulated as a vehicle control (same volume as the highest
gliotoxin concertation). A representative photomicrograph demonstrates that exposure to purified
gliotoxin (500ng/ml) for 5 hours induced significant hMSC death which was prevented by 100µM
DTT (diluted in PBS) (D). Scale bar represents 400µm. Reduction of pure gliotoxin by addition of
DTT inhibited the hMSC killing effect which was demonstrated by trypan blue cell count (E) and
LDH released into the conditioned media (F). Data are presented as mean ± SD of fold change of
combined data from 3 individual experiments with statistical analysis performed by one-way
ANOVA followed by Tukey’s post hoc test. Gliotoxin was reconstituted in DMSO which was
added to the unstimulated as a vehicle control (same volume as the highest gliotoxin concertation).
Linear regression modelling of gliotoxin and DTT effects on cell count (3 experiments) and LDH
release (2 experiments) are depicted in (G-H). Heat-treatment (92.4-95°C for 20 minutes) (I) or
addition of DTT (100µM) (J) to Asp+ CF BALF decreases cytotoxicity as measured by LDH
release in conditioned medium. Data are presented as mean ± SD of combined data from 3-4
individual experiments with statistical analysis performed by paired t-test. DTT treated BALF
samples were normalized to DTT controls. BALF gliotoxin levels are depicted in (K) with data
presented as mean ± SD with statistical analysis performed by linear regression modelling.
Abbreviations: HC, healthy volunteers; Asp+, Aspergillus positive; Asp-, Aspergillus negative,
DTT, dithiothreitol; LDH, lactate dehydrogenase; ctrl, untreated BALF control sample; n= number
of samples. ***p≤0.001. Photomicrographs have been brightness/contrast adjusted.

Figure 3. Gliotoxin-induced MSC cell death depends partly on mitochondrial damage.
hMSCs were plated at a density of 75,000 cells/well in XF-96e cell culture plate (Agilent/ Seahorse
Bioscience). Basal respiration was measured, following injection of indicated treatment (XF
Media, DTT alone, 100ng/ml gliotoxin, 100ng/ml gliotoxin + DTT, 500ng/ml gliotoxin, 500ng/ml
gliotoxin + DTT). Measurements continued for 1 hour and then a second injection of 100nM
Rotenone/Antimycin-A was introduced. Normalized percent rate changes from baseline are
depicted (A). “Percent Basal Respiration Sensitive to Treatment” was calculated as the difference
between the basal respiration rate and the respiration rate immediately following treatment
injection (B). “Residual Respiration Rate After Treatment” was calculated as the difference
between the post-treatment respiration rate and the average respiration rate following Rotenone/
Antimycin-A injection (C). For all graphs, mean + SEM of at least four replicate wells and data
are representative of at least 3 independent experiments. Abbreviations: Blank, XF media control;
DTT, dithiothreitol; GT, gliotoxin. Arrow indicate treatment addition between the 3rd and 4th time
points.

Figure 4. Profound differences were observed in the gene expression profile of hMSCs
exposed to CF BALF and healthy controls. Unsupervised clustering of Z scored, normalized
gene expression values from 453 genes that differed significantly (FDR <0.05, edgeR) from
unstimulated controls shows that CF BAL samples are substantially similar (CF Asp+ (red): n=6,
or CF Asp- (green): n=5) but different from unstimulated hMSCs (blue, n=5) and hMSCs exposed
to healthy control (HC, black, n=6) BALF samples (A-B). Z-scores measure difference in standard
units from the mean for each gene, where green color indicates higher expression and red color
indicates lower expression. The Venn diagram represents the number of genes in each category

whose expression differed significantly from unstimulated based on edgeR analysis, FDR <0.05
(C). Abbreviations: BALF, bronchoalveolar lavage fluid; HC, healthy volunteers; CF, cystic
fibrosis; Asp+, Aspergillus positive; Asp-, Aspergillus negative.

Figure 5. Exposure of hMSCs to Asp+ CF versus Asp- CF BALF has differential effects on
expression of genes associated with anti-microbial defense. Informatics assessments of the
RNA sequencing data (Ingenuity) demonstrated differential effects on relevant hMSC behaviors
including expression of anti-microbial genes (A). Y-axis is log2 fold change compared to
unstimulated. Verification of the anti-microbial genes OAS1, OAS2, and IFIT1 using RT-PCR
(B). Data are presented as mean ±SD of CT values with statistical analysis performed by one-way
ANOVA followed by Tukey post hoc test. Abbreviations: HC, healthy volunteers; CF, cystic
fibrosis; Asp+, Aspergillus positive; Asp-, Aspergillus negative, OAS1, 2'-5'-Oligoadenylate
synthetase 1; OAS2, 2'-5'-Oligoadenylate synthetase 2; IFIT1, Interferon induced protein with
tetratricopeptide repeats 1.

Figure 6. Exposure of hMSCs to Asp+ CF versus Asp- CF BALF has differential effects on
expression of genes associated with interferon-mediated cell signaling. Informatics
assessments of the RNA sequencing data (Ingenuity) demonstrated differential effects on relevant
hMSC behavior including expression of interferon signaling genes (A). Y-axis is log2 fold change
compared to unstimulated. Verification of the genes IFITM1, STAT1, and STAT2 using RT-PCR
(B). Data are presented as mean ±SD of CT values with statistical analysis performed by one-way
ANOVA followed by Tukey post hoc test. Abbreviations: HC, healthy volunteers; CF, cystic
fibrosis; Asp+, Aspergillus positive; Asp-, Aspergillus negative; IFITM1, Interferon induced

transmembrane protein 1; STAT1, Signal transducer and activator of transcription 1; STAT2,
Signal transducer and activator of transcription 2.

