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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. 
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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 de-

identified 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). XF-

96e 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 control-

exposed (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/IL-

8, 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, IL-

36/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 

http://www.ingenuity.com/


 
 

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 S2-

S4). 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 WT-

filtrate results, a decrease in cell viability and increased LDH release was observed in dose-

dependent 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 XF-

96e 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 Asp- 

BALF 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 Aspergillus-

produced 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 BALF-

exposed 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. 

ACKNOWLEDGMENTS  

The authors gratefully acknowledge Drs. Nuria Villalba and Kalev Freeman for assistance with 

the histone content measurements, Drs. Jennifer L. Ather and Matthew E. Poynter for assistance 

with the cytokine measurements, Dr. Sourabh Dhingra for preparation of the A. fumigatus culture 

filtrates, and Drs. Daniel F. McAuley (Queens University, Belfast), Cecilia O'Kane (Queens 

University, Belfast), Edith Zemanick (Children’s Hospital, Colorado), and Linh Do (Cystic 

Fibrosis Foundation) for preparing and providing patient BALF samples. The RNA sequencing 

was carried out by Dr. Fred W. Kolling at the Geisel School of Medicine at Dartmouth in the 

Genomics Shared Resources, which was established by equipment grants from the NIH and NSF 

and is supported by a Cancer Centre Core Grant (P30CA023108) from the National Cancer 

Institute. The flow cytometry data was carried out at the Harry Hood Bassett Flow Cytometry and 

Cell Sorting Facility (FACS) at UVM. Thanks to NHLBI PACT program, University of 

Minnesota, Molecular and Cellular Therapeutics (contract HHSN268201000008). 

  



 
 

 

References 

 
[1] Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal cells and the innate immune system. 
Nat Rev Immunol. 2012;12:383-96. 
[2] Bernardo ME, Fibbe WE. Mesenchymal stromal cells and hematopoietic stem cell transplantation. 
Immunol Lett. 2015;168:215-21. 
[3] Liotta F, Angeli R, Cosmi L, Fili L, Manuelli C, Frosali F, et al. Toll-like receptors 3 and 4 are expressed 
by human bone marrow-derived mesenchymal stem cells and can inhibit their T-cell modulatory activity 
by impairing Notch signaling. Stem Cells. 2008;26:279-89. 
[4] Kusuma GD, Carthew J, Lim R, Frith JE. Effect of the Microenvironment on Mesenchymal Stem Cell 
Paracrine Signaling: Opportunities to Engineer the Therapeutic Effect. Stem Cells Dev. 2017;26:617-31. 
[5] Romieu-Mourez R, Francois M, Boivin MN, Bouchentouf M, Spaner DE, Galipeau J. Cytokine 
modulation of TLR expression and activation in mesenchymal stromal cells leads to a proinflammatory 
phenotype. J Immunol. 2009;182:7963-73. 
[6] Spees JL, Olson SD, Whitney MJ, Prockop DJ. Mitochondrial transfer between cells can rescue aerobic 
respiration. Proc Natl Acad Sci U S A. 2006;103:1283-8. 
[7] Silva JD, Lopes-Pacheco M, Paz AHR, Cruz FF, Melo EB, de Oliveira MV, et al. Mesenchymal Stem Cells 
From Bone Marrow, Adipose Tissue, and Lung Tissue Differentially Mitigate Lung and Distal Organ 
Damage in Experimental Acute Respiratory Distress Syndrome. Crit Care Med. 2018;46:e132-e40. 
[8] Wagner DE, Cardoso WV, Gilpin SE, Majka S, Ott H, Randell SH, et al. An Official American Thoracic 
Society Workshop Report 2015. Stem Cells and Cell Therapies in Lung Biology and Diseases. Ann Am 
Thorac Soc. 2016;13:S259-78. 
[9] Chambers DC, Enever D, Ilic N, Sparks L, Whitelaw K, Ayres J, et al. A phase 1b study of placenta-
derived mesenchymal stromal cells in patients with idiopathic pulmonary fibrosis. Respirology. 
2014;19:1013-8. 
[10] Matthay MA, Calfee CS, Zhuo H, Thompson BT, Wilson JG, Levitt JE, et al. Treatment with allogeneic 
mesenchymal stromal cells for moderate to severe acute respiratory distress syndrome (START study): a 
randomised phase 2a safety trial. Lancet Respir Med. 2019;7:154-62. 
[11] Weiss DJ, Casaburi R, Flannery R, LeRoux-Williams M, Tashkin DP. A placebo-controlled, randomized 
trial of mesenchymal stem cells in COPD. Chest. 2013;143:1590-8. 
[12] Islam D, Huang Y, Fanelli V, Delsedime L, Wu S, Khang J, et al. Identification and Modulation of 
Microenvironment Is Crucial for Effective Mesenchymal Stromal Cell Therapy in Acute Lung Injury. Am J 
Respir Crit Care Med. 2019;199:1214-24. 
[13] Morrison TJ, Jackson MV, Cunningham EK, Kissenpfennig A, McAuley DF, O'Kane CM, et al. 
Mesenchymal Stromal Cells Modulate Macrophages in Clinically Relevant Lung Injury Models by 
Extracellular Vesicle Mitochondrial Transfer. Am J Respir Crit Care Med. 2017;196:1275-86. 
[14] Bustos ML, Huleihel L, Meyer EM, Donnenberg AD, Donnenberg VS, Sciurba JD, et al. Activation of 
human mesenchymal stem cells impacts their therapeutic abilities in lung injury by increasing interleukin 
(IL)-10 and IL-1RN levels. Stem Cells Transl Med. 2013;2:884-95. 
[15] Abreu SC, Xisto DG, de Oliveira TB, Blanco NG, de Castro LL, Kitoko JZ, et al. Serum from Asthmatic 
Mice Potentiates the Therapeutic Effects of Mesenchymal Stromal Cells in Experimental Allergic Asthma. 
Stem Cells Transl Med. 2019;8:301-12. 
[16] Silva JD, de Castro LL, Braga CL, Oliveira GP, Trivelin SA, Barbosa-Junior CM, et al. Mesenchymal 
Stromal Cells Are More Effective Than Their Extracellular Vesicles at Reducing Lung Injury Regardless of 
Acute Respiratory Distress Syndrome Etiology. Stem Cells International. 2019;2019:15. 



 
 

[17] Abreu SC, Enes SR, Dearborn J, Goodwin M, Coffey A, Borg ZD, et al. Lung Inflammatory 
Environments Differentially Alter Mesenchymal Stromal Cell Behavior. Am J Physiol Lung Cell Mol 
Physiol. 2019. 
[18] Reed W, Noga SJ, Gee AP, Rooney CM, Wagner JE, McCullough J, et al. Production Assistance for 
Cellular Therapies (PACT): four-year experience from the United States National Heart, Lung, and Blood 
Institute (NHLBI) contract research program in cell and tissue therapies. Transfusion. 2009;49:786-96. 
[19] Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression 
analysis of digital gene expression data. Bioinformatics. 2010;26:139-40. 
[20] McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor RNA-Seq 
experiments with respect to biological variation. Nucleic Acids Res. 2012;40:4288-97. 
[21] Cramer RA, Jr., Gamcsik MP, Brooking RM, Najvar LK, Kirkpatrick WR, Patterson TF, et al. Disruption 
of a nonribosomal peptide synthetase in Aspergillus fumigatus eliminates gliotoxin production. Eukaryot 
Cell. 2006;5:972-80. 
[22] Speth C, Kupfahl C, Pfaller K, Hagleitner M, Deutinger M, Wurzner R, et al. Gliotoxin as putative 
virulence factor and immunotherapeutic target in a cell culture model of cerebral aspergillosis. Mol 
Immunol. 2011;48:2122-9. 
[23] Pardo J, Urban C, Galvez EM, Ekert PG, Muller U, Kwon-Chung J, et al. The mitochondrial protein 
Bak is pivotal for gliotoxin-induced apoptosis and a critical host factor of Aspergillus fumigatus virulence 
in mice. J Cell Biol. 2006;174:509-19. 
[24] Chotirmall SH, Mirkovic B, Lavelle GM, McElvaney NG. Immunoevasive Aspergillus virulence factors. 
Mycopathologia. 2014;178:363-70. 
[25] Lewis RE, Wiederhold NP, Chi J, Han XY, Komanduri KV, Kontoyiannis DP, et al. Detection of gliotoxin 
in experimental and human aspergillosis. Infect Immun. 2005;73:635-7. 
[26] Coughlan CA, Chotirmall SH, Renwick J, Hassan T, Low TB, Bergsson G, et al. The effect of Aspergillus 
fumigatus infection on vitamin D receptor expression in cystic fibrosis. Am J Respir Crit Care Med. 
2012;186:999-1007. 
[27] Domingo MP, Colmenarejo C, Martinez-Lostao L, Mullbacher A, Jarne C, Revillo MJ, et al. 
Bis(methyl)gliotoxin proves to be a more stable and reliable marker for invasive aspergillosis than 
gliotoxin and suitable for use in diagnosis. Diagn Microbiol Infect Dis. 2012;73:57-64. 
[28] Schrettl M, Carberry S, Kavanagh K, Haas H, Jones GW, O'Brien J, et al. Self-protection against 
gliotoxin--a component of the gliotoxin biosynthetic cluster, GliT, completely protects Aspergillus 
fumigatus against exogenous gliotoxin. PLoS Pathog. 2010;6:e1000952. 
[29] Smith EB, Dolan SK, Fitzpatrick DA, Doyle S, Jones GW. Towards understanding the gliotoxin 
detoxification mechanism: in vivo thiomethylation protects yeast from gliotoxin cytotoxicity. Microb 
Cell. 2016;3:120-5. 
[30] Wobma HM, Kanai M, Ma SP, Shih Y, Li HW, Duran-Struuck R, et al. Dual IFN-gamma/hypoxia 
priming enhances immunosuppression of mesenchymal stromal cells through regulatory proteins and 
metabolic mechanisms. J Immunol Regen Med. 2018;1:45-56. 
[31] Kim DS, Jang IK, Lee MW, Ko YJ, Lee DH, Lee JW, et al. Enhanced Immunosuppressive Properties of 
Human Mesenchymal Stem Cells Primed by Interferon-gamma. EBioMedicine. 2018;28:261-73. 
[32] Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringden O. HLA expression and immunologic 
properties of differentiated and undifferentiated mesenchymal stem cells. Exp Hematol. 2003;31:890-6. 
[33] Gotherstrom C, Ringden O, Tammik C, Zetterberg E, Westgren M, Le Blanc K. Immunologic 
properties of human fetal mesenchymal stem cells. Am J Obstet Gynecol. 2004;190:239-45. 
[34] Liu H, Ning H, Men H, Hou R, Fu M, Zhang H, et al. Regulation of CCL5 expression in smooth muscle 
cells following arterial injury. PLoS One. 2012;7:e30873. 



 
 

[35] Ideozu JE, Rangaraj V, Abdala-Valencia H, Zhang X, Kandpal M, Sala MA, et al. Transcriptional 
consequences of impaired immune cell responses induced by cystic fibrosis plasma characterized via 
dual RNA sequencing. BMC Med Genomics. 2019;12:66. 
[36] Videbaek K, Buchvald F, Holgersen MG, Henriksen A, Eriksson F, Garred P, et al. The impact of 
mannose-binding lectin polymorphisms on lung function in primary ciliary dyskinesia. Pediatr Pulmonol. 
2019;54:1182-9. 
[37] Gravina LP, Crespo C, Giugno H, Sen L, Chertkoff L, Mangano A, et al. Mannose-binding lectin gene 
as a modifier of the cystic fibrosis phenotype in Argentinean pediatric patients. J Cyst Fibros. 
2015;14:78-83. 
[38] Hacker G. A Bim-activating mould. Cell Death Differ. 2013;20:1289-90. 
[39] Galipeau J, Krampera M, Barrett J, Dazzi F, Deans RJ, DeBruijn J, et al. International Society for 
Cellular Therapy perspective on immune functional assays for mesenchymal stromal cells as potency 
release criterion for advanced phase clinical trials. Cytotherapy. 2016;18:151-9. 
[40] Galipeau J, Sensebe L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic 
Opportunities. Cell Stem Cell. 2018;22:824-33. 

 

  



 
 

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 one-

way 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. 

 


