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Aspergillus fumigatus, the main etiologic agent causing invasive aspergillosis, can induce an inflammatory re-
sponse and a prothrombotic phenotype upon contact with human umbilical vein endothelial cells (HUVECs).
However, the fungal molecules involved in this endothelial response remain unknown. A. fumigatus hyphae pro-
duce an extracellular matrix composed of galactomannan, galactosaminogalactan and α-(1,3)-glucan. In this
study, we investigated the consequences of UGM1 gene deletion in A. fumigatus, which produces a mutant
with increased galactosaminogalactan production. The Δugm1mutant exhibited an HUVEC-hyperadhesive phe-
notype and induced increased endothelial TNF-α secretion and tissue factor mRNA overexpression in this “semi-
professional” immune host cell. Using a shotgun proteomics approach, we show that the A. fumigatus Δugm1
strain can modulate the levels of proteins in important endothelial pathways related to the inflammatory re-
sponsemediated by TNF-α and to stress response pathways. Furthermore, a purified galactosaminogalactan frac-
tion was also able to induce TNF-α secretion and the coincident HUVEC pathways regulated by the Δugm1
mutant, which overexpresses this component, as demonstrated by fluorescence microscopy. This work contrib-
utes new data regarding endothelial mechanisms in response to A. fumigatus infection.
Significance: Invasive aspergillosis is the main opportunistic fungal infection described in neutropenic hemato-
logic patients. One important clinical aspect of this invasive fungal infection is vascular thrombosis, which
could be related, at least in part, to the activation of endothelial cells, as shown in previous reports from our
group. It is known that direct contact between the A. fumigatus hyphal cell wall and the HUVEC cell surface is
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necessary to induce an endothelial prothrombotic phenotype and secretion of pro-inflammatory cytokines,
though the cell surface components of this angioinvasive fungus that trigger this endothelial response are un-
known. The present work employs a discovery-driven proteomics approach to reveal the role of one important
cell wall polysaccharide of A. fumigatus, galactosaminogalactan, in the HUVEC interaction and the consequent
mechanisms of endothelial activation. This is the first report of the overall panel of proteins related to the
HUVEC response to a specific and purified cell wall component of the angioinvasive fungus A. fumigatus.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Aspergillus fumigatus is a known angioinvasive pathogen and the
main etiologic agent of invasive aspergillosis (IA) [1,2,3,4]. The disease
is initiated by inhalation of airborne conidia, which reach the alveoli of
susceptible hosts, producing angioinvasive hyphae upon germination
[5]. During hematogenous dissemination, hyphae can interact with the
luminal face of the vascular endothelium, transpose the endothelial bar-
rier and deeply invade organs and tissues [6,7]. As the angioinvasion
process leads to thrombosis and tissue infarction, it plays a key role in
the pathogenesis of invasive aspergillosis [2,3]. Upon contact with fun-
gal hyphae, endothelial cells switch to an activated prothrombotic phe-
notype characterized by the expression of tissue factor (CD-142) [8] and
the secretion of TNF-α and IL-8 [7,9]. This process is independent of fun-
gal viability and occurs in a hyphal contact-dependent manner [7,8].
However, the molecular mechanisms by which this pathogen can ad-
here to and activate endothelial cells remain unknown.

A. fumigatus hyphae produce an extracellular matrix (ECM) in both
chronic and invasive aspergillosis [10] and also during the in vitro
growth of themycelium [11]. Under both in vivo and in vitro conditions,
this ECM is rich in galactose polymers, namely, galactomannan,
galactosaminogalactan (GAG) and α-(1,3)-glucan [10,11].
Galactomannan, a major antigen of A. fumigatus, is composed of β1-5
Galf oligosaccharides covalently bound to a mannan chain [11,12,13].
Galactofuranose (Galf) is a five-membered galactose found exclusively
in microbes, especially in pathogenic species [14]. This monosaccharide
has been described as a component of the glycoproteins,
lipophosphogalactomannans and sphingolipids of A. fumigatus [15,16,
17]. Galf is synthesized in A. fumigatus by the enzyme UDP-
galactopyranose mutase, which is encoded by the UGM1 gene and con-
verts UDP-galactopyranose (Galp) to UDP-galactofuranose [18].

In contrast, GAG is a heterogeneous polymer composed of α1-4-
linked Galp and α1-4-linked N-acetylgalactosamine [19]. Therefore,
the mutant Δugm1, resulting from deletion of the UGM1 gene, displays
an altered galactomannan free of galactofuranose, (Galf) a higher pro-
duction of GAG as a consequence of the lack of Galf and an increased
content of Galp [18,20]. Remarkably, this mutant has been described
as hyperadhesive to epithelial cells [18], and this hyperadhesive pheno-
type was further shown to be related to GAG. In addition, due to its im-
munomodulatory properties, GAG has also been described as an
important virulence factor [20,21,22].

The aim of this work was to study the biological response of human
umbilical vein endothelial cells to the wild-type and the Δugm1 strains
of A. fumigatus. In this sense, we analyzed the adhesion capacity of these
strains toHUVECs and the endothelial cytokine secretion profile and ex-
pression of tissue factor in response to A. fumigatus infection. Further-
more, shotgun proteome analysis revealed the main endothelial
pathways regulated in HUVECs upon interaction with A. fumigatus and
the purified galactosaminogalactan.

2. Materials and methods

2.1. Strains and culture conditions

The Ku80 pyrG+ parental strain [23], UGM1 mutant (Δugm1) and
reconstituted strain (Δugm1::ugm1) [18] were plated on Petri dishes
l., Modifications to the comp
stress responses..., J Prot (20
containing Sabouraud agar (Difco, Detroit, USA) and cultivated for
7 days at 37 °C. For conidial isolation, conidia were harvested by gently
rinsing the plateswith 0.1% Tween 80 in 50mMphosphate-buffered sa-
line (PBS; pH7.4) andwashing twice in PBS. A previously describedpro-
tocolwas used to obtain a homogenous suspension of germlings [8]. The
suspension was sonicated for three cycles of 10 s each using a Vibra Cell
(Sonics, Newtown, USA). For experiments using killed organisms,
germlings were incubated overnight at 4 °C in 0.02% thimerosal in PBS.

A. fumigatus conidia and germlings were counted using a hemocy-
tometer. The cells were adjusted to the desired concentration in supple-
mented tissue culture medium (M-199 medium containing 2mM L-
glutamine, penicillin, and streptomycin, and supplemented with 10%
fetal bovine serum and 10% bovine calf serum) prior to use in the inter-
action experiments.

The purified urea-soluble fraction of galactosaminogalactan (GAG)
was obtained as previously described [19]. Cellulose was obtained
from Sigma-Aldrich (Missouri, USA).

2.2. Human vein endothelial cell (HUVEC) culture

HUVECs were obtained by treatment of umbilical veins with a 0.1%
collagenase IV (Sigma) solution, as previously described [24]. Primary
cells were seeded into 25-cm2 cell culture flasks coated with porcine
skin gelatin and grown at 37 °C in a humidified 5% CO2 atmosphere in
supplemented tissue culture medium (M-199, GIBCO) until reaching
confluence. In this study, primary cultures were used after one (P1) or
two subcultures (P2) obtained by treatment of the confluent cells
with 0.025% (v/v) trypsin and 0.02% (v/v) EDTA solution in PBS. This
studywas approved by the Research Ethics Committee of theMunicipal
Health Secretary and Civil Defense of Rio de Janeiro (CEP SMSDC-RJ),
protocol no196/09. A total of 18 volunteers participated in this study.

2.3. Endocytosis and adhesion assay

The number of A. fumigatus germlings internalized by and adhered
to endothelial cells was determined as previously described [8]. Briefly,
endothelial cells grown on fibronectin-coated glass coverslips in 24-
well cell culture plates were infected with 6x104 A. fumigatus germlings
in supplemented tissue culture medium for 45 min. A differential im-
munofluorescence assay was then performed.

2.4. Endothelial cell viability following fungal infection

The viability of endothelial cells exposed to A. fumigatus germlings
and GAG of all genotypes was determined using the MTT assay [25].
Briefly, HUVECs grown to confluence in 24-well tissue culture plates
were incubated for 16 h at 37 °C in 5% CO2 with 2x105 A. fumigatus
germlings in supplemented M-199. After interaction, three washing
steps with serum-free M-199 were performed. The cell monolayers
were incubated with MTT at 1 mg/mL in serum-free M-199 for 2 h at
37 °C in 5% CO2. The medium containing MTT was then removed,
250 μL of isopropanol was added perwell for 5min, and 100 μl of the so-
lution was transferred to microtiter plates. The absorbance was deter-
mined at 595 nm using a microplate reader. Three independent
experiments were performed in triplicate wells.
osition of the hyphal outer layer of Aspergillus fumigatus modulates
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2.5. Cytokine secretion and tissue factor expression in infected HUVECs

For the cytokine secretion study, endothelial monolayers were culti-
vated in fibronectin-coated 24-well cell culture plates and luminally in-
fected with thimerosal-killed germlings of A. fumigatus WT or the
mutant strains for 4 h, 8 h or 16 h. At each time point, the conditioned
medium was collected, cooled on ice, and centrifuged at 1000 ×g for
5 min at 4 °C to remove cell debris. The supernatants were then stored
at −80 °C until use. The cytokines TNF-α, IL-6 and IL-8 were deter-
mined in the conditioned media using a Multiplex kit (Millipore, Biller-
ica, MA) or an ELISA kit specific for each cytokine (Uscnk Life Science
Inc., Houston, TX), according to themanufacturer's instructions as a pos-
itive control, the endothelial cells were incubated with LPS (1 ng/mL)
from Escherichia coli 0111.B4 (List Biological Laboratories, Campbell,
CA). The same methodology described above was used to measure
these cytokines in the conditionedmedium after 16 h of HUVEC incuba-
tion with GAG (1 μg/mL). Cellulose was also used as a control in this
assay. All experiments were performed in duplicate, and two or three
independent experiments were performed.

A real-time RT-PCR assay was used to determine tissue factor (CD-
142) expression by endothelial cells grown in six-well cell culture plates
coated with porcine skin gelatin. Luminal infection with germlings of A.
fumigatus strains was performed for 16 h. The medium was aspirated,
and endothelial cell RNA was extracted using an RNeasy mini kit
(QIAGEN GmbH, Hilden) according to the manufacturer's instructions.
RT-PCR was performed as previously described [26]. The primers and
Lux™ fluorescence probes (Invitrogen) used in this work are described
in Supplementary Table 1. Expression of the tissue factor genewas nor-
malized to GAPDH, and the results are expressed as the increase in ex-
pression relative to that observed in uninfected endothelial cells. The
experiment was repeated four times with experimental duplicates. In
all experiments, an effector:target ratio of 2:1 was used.

2.6. Statistical analysis of cellular biology data

Differences in endothelial cell responses to A. fumigatus strains and
GAG were compared using analysis of variance followed by a Tukey-
Kramer post-test or unpaired t-test. For datasets for which a normal dis-
tribution could not be assumed, the analysis was performed using the
non-parametric Mann–Whitney U test. Differences between data were
considered significant when p b 0.05.

2.7. Experimental design and statistical rationale for proteomics

2.7.1. HUVEC interaction with A. fumigatus for proteomics
For the proteomics experiments, HUVEC monolayers were infected

with thimerosal-killed germlings of A. fumigatus WT and the Δugm1
strain, as described above, at a 5:1 ratio (five organisms per endothelial
cell). Alternatively, HUVECs were incubated with purified GAG (1 μg/
mL). As a control, uninfected HUVEC monolayers were maintained
under the same conditions. Briefly, after the interactions assay, the en-
dothelial cells were washed twice with Hank's balanced salt solution
(Cultilab) and gently harvested using a cell scraper. Next, the cells
were centrifuged at 200 ×g for 10 min. The pellet was suspended in
250 μL of lysis buffer (8Murea, 1MTris, 4% (w/v) CHAPS, supplemented
with 1 mM PMSF, 5 mM EDTA, 160 μM leupeptin, 1 μM pepstatin,
0.125 units/μL benzonase) and incubated at 4 °C for 1 h. The cell lysate
was centrifuged at 13,000 ×g at 4 °C for 15 min, and the supernatant
(protein extract) was collected and stored at −80 °C.

2.7.2. Label-free protein analysis by mass spectrometry, database searching
and quantification

Independent biological replicates (n= 3) of each experimental con-
dition were considered for HDMSE analysis. After extraction, the pro-
teins were quantified using the Bradford assay and analyzed as
previously described [27,28].
Please cite this article as: G.W.P. Neves, et al., Modifications to the comp
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Protein identification and quantitative data packaging were per-
formed using dedicated algorithms [29,30] and by searching against a
database with default parameters for ion accounting and quantitation
[30,31]. To assess the false positive rate of identification, the utilized da-
tabases were reversed “on the fly” during the database queries (67,911
entries) and appended to the original database. For proper spectral pro-
cessing and database searching conditions, the peak list-generating
software and search engine included at Progenesis QI for Proteomics
software package v.2.0 (Non-Linear Dynamics, Liverpool, UK) were
used. The UNIPROT protein databank release 2015_03 [32] with specific
annotations for humans was used, and the search conditions were
based on taxonomy (Homo sapiens): the maximum number of allowed
missed cleavages by trypsin was set to 1; the precursor mass tolerance
was set to 10 ppm and the mass tolerance for fragment ions to
20 ppm; variable modifications by carbamidomethyl (C), acetyl N-ter-
minal, and oxidation (M) were allowed; the default FDR value was set
to a maximum of 4% calculated by the Progenesis QIP software. Statisti-
cal analyses were performed with the quantitative measurements of at
least 1 proteotypic peptide per protein according to the standard
Progenesis QIP processing capability through ANOVA. The identified
proteins were organized by the software algorithm into a statistically
significant list (ANOVA p value ≤0.05) corresponding to increased
and/or decreased regulation ratios. For comparing pairs of experimental
groups, a cut-off Log2ratio value of +1.0 (2-fold) or higher was applied
for determining those proteins with higher abundance levels, with
−1.0 (2-fold) or lower for proteins with lower abundance levels [33–
58]. Protein interactions and pathways were analyzed in silico using
QIAGEN's Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City,
www.qiagen.com/ingenuity). For enrichment analysis of our dataset,
we used the functional annotation tool of DAVID Bioinformatics Re-
sources 6.7, NIAID/NIH [59]. The mass spectrometry proteomics data
have been deposited in the ProteomeXchange Consortium [60] via the
PRIDE [61] partner repository with the dataset identifier PXD002823.

3. Results

3.1. A. fumigatus Δugm1 strain is hyperadherent to HUVECs

A problem frequently observed in studies using cell lines is that this
model does not well reflect the host-to-host variation in response to
pathogens. The primary HUVEC model is used as a reference model in
the vascular literature, and this aspect can be rather critical when study-
ing infectious diseases. For example, an endothelial cell line (HMEC-1)
does not respond to Candida albicans infection in a manner similar to
the HUVEC model, showing that HUVECs can provide a more confident
profile that better correlates with in vivo infection [62]. The present
work is also based on previous results from our group that established
the interaction model of endothelial cells with A. fumigatus hyphae [8].
For these reasons, the primary HUVEC model was used in this work to
examine the endothelial response to A. fumigatus infection.

A differential fluorescence assay was performed to investigate the
adhesion and internalization properties ofΔugm1 to human endothelial
cells. After 45min of interaction, germlings of theΔugm1 strain showed
an increased capacity (p b 0.05) to adhere to endothelial cells when
compared to the capacities of theWT and Δugm1::ugm1 strains. In con-
trast, the rate of internalization was similar for all A. fumigatus strains
(Fig. 1).

3.2. A. fumigatusΔugm1 increases the secretion of cytokines by endothelial
cells and modulates tissue factor expression

To evaluate the capacity ofΔugm1 to stimulate cytokine and chemo-
kine release by endothelial cells, a kinetics assay was performed upon
HUVEC: A. fumigatus interaction for 4, 8 and 16 h; IL-6, TNF-α and IL-8
production was quantified at each time point. The kinetics assay
showed that cytokine secretion during HUVEC interaction with the A.
osition of the hyphal outer layer of Aspergillus fumigatus modulates
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Fig. 1. A. fumigatus adhesion and internalization by HUVECs. Germlings of WT, mutant
(Δugm1) and complemented (Δugm1::ugm1) strains were incubated with HUVECs for
45 min at 37 °C in 5% CO2. The number of germlings adhered to HUVECs was
determined by a differential fluorescence assay, as previously described (see Materials
and methods). The results are presented as the mean ± SEM of three independent
experiments performed in duplicate or triplicate. *p b 0.05 versus WT. HPF — high-
power field.
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fumigatus strains was time dependent and that the highest stimulation
time point was achieved at 16 h (data not shown). For this reason, a
comparative analysis of cytokine release was performed after 16 h of
HUVEC:A. fumigatus interaction. TheΔugm1 strainwas able to stimulate
approximately 3- and 10-fold increases in the secretion of IL-6 and TNF-
α, respectively (Fig. 2). In contrast, although IL-8 secretion by HUVECs
was significantly increased after infection with A. fumigatus germlings,
no significant differences in chemokine levels induced by the wild-
type, Δugm1 and Δugm1::ugm1 strains were observed (Fig. 2).

Additionally, the conidia of all three strains were not able to cause
significant HUVEC cytokine release after host cell infection, in agree-
ment with the lack of cell wall modifications to the conidial surface of
the mutant [18] (data not shown). Tissue factor (CD-142) is a marker
of the pro-thrombotic phenotype of endothelial cells [8]. Interestingly,
Fig. 2. HUVEC activation profile after 16 h of interaction with A. fumigatus germlings. HUVEC
medium was collected and assayed for TNF-α (A), IL-6 (B) and IL-8 (C). Expression of the C
expression relative to the expression level measured for uninfected endothelial cells (D). T
performed in duplicate or triplicate. * p b 0.05 versus uninfected control; ** p b 0.001 compa
and complemented strains.
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real-time RT-PCR revealed that endothelial cell infection by the Δugm1
strain led to an approximately 2.5-fold increase in tissue factor mRNA
expression compared to the expression levels observed for the WT
and Δugm1::ugm1 strains (Fig. 2).

No significant differences in HUVEC viability were observed after
16 h of interaction with any A. fumigatus strain (expressed as a percent-
age of the uninfected control): WT, 67% ± 5%; Δugm1, 57% ± 8%;
Δugm1::ugm1, 85% ± 5%. The levels of endothelial injury were deter-
mined according to published data using A. fumigatus wild-type strain
Af293 [8,27], with the results indicating no relationship of cytokine in-
duction with differences in HUVEC killing by the different strains.

3.3. Proteomic profiling of human endothelial cells challenged with A.
fumigatus strains (WT and Δugm1)

Because our results indicated a significant change in the endothelial
response to theΔugm1 strain, a shotgun proteomics approachwas per-
formed to compare differences at the protein level of HUVECs chal-
lenged with the Δugm1 and WT strains of this angioinvasive fungus.
For this analysis, three pairs of comparisons were performed between
experimental groups: (i) HUVECs challenged with theWT strain vs. un-
infected HUVECs (WT vs. control); (ii) HUVECs challenged with the
Δugm1 strain vs. uninfected HUVECs (Δugm1 vs. control); and (iii)
HUVECs challenged with the Δugm1 strain vs. HUVECs challenged
with the WT strain (Δugm1 vs. WT). We identified 750, 650 and 706
proteins for comparisons i, ii and iii, respectively, using the cut-off
values of 2-fold (Log(2)ratio ≥ +1.0, for proteins with higher abun-
dance levels and ≤−1.0 for proteins with lower abundance levels) and
the ANOVA p-value. The proteomic profile using uninfected HUVECs
as a reference showed that compared to the WT strain, Δugm1 was re-
sponsible for an alteration in the abundance of 30% more proteins
(Fig. 3).

Applying the 2-fold abundance ratio and a quantification ANOVA p-
value ≤0.05, 18 and 26 proteins presented differences in the abundance
s were infected with the WT, Δugm1 and Δugm1::ugm1 strains. The HUVEC conditioned
D142 gene was normalized to GAPDH, and the results are expressed as the increase in
he results are presented as the mean ± SEM of at least two independent experiments
red with the uninfected control, † p b 0.05 versus endothelial cells infected with the WT
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ratio of HUVECs challengedwith A. fumigatus. The abundance of 18 pro-
teins was altered in HUVECs challenged with the WT strain, with 12
proteins showing lower abundance levels and 6 higher abundance
levels (Fig. 3B). When these endothelial cells were challenged with
the Δugm1mutant, 26 proteins were found to have altered abundance,
with 19 showing lower abundance levels and 7 higher abundance levels
(Fig. 3B). All proteins found to be altered in abundance under both con-
ditions are listed in Table 1. As shown by the Venn's diagram, 6 proteins
were commonly modulated in HUVECs infected with both A. fumigatus
strains (Fig. 3B). These common proteinswere highmobility group pro-
tein B1, enhancer of rudimentary homolog, calponin-3, glial fibrillary
acidic protein, ras-related protein Rab-3D and T-complex protein 1 sub-
unit epsilon.

In this work, we used only biological replicates of HUVEC primary cul-
tures from different human donors (of various ages, ethnicities, genomic
backgrounds and other factors) rather than using technical replicates of
proteins pools [63]; thus, we decided to complement the data using a
less stringent analysis [28] to avoid the loss of important biological infor-
mation. For this supplementary analysis, we only considered a 2-fold
abundance ratio without the ANOVA p-value, and surprisingly, the same
percentages ofmodulated proteinswere observed (Fig. 3A). All these pro-
teins with putative different abundance levels are listed in Table 1 in ref-
erence [28]. Furthermore, the qualitative information regarding these
proteins highlighted the ILK andmTOR signaling pathways (see Fig. 4 in
Ref. [28]). Interestingly, the proteins involved in these pathwayswere sta-
tistically validated (ANOVA p-value ≤ 0.05) when the HUVECs interacted
with the A. fumigatus cell wall-purified polysaccharide, which is
overexpressed in the Δugm1mutant, as discussed below.

3.4. A. fumigatusΔugm1 regulates important and specific HUVEC pathways

Compared to the A. fumigatus WT strain, the UGM1 mutant
overexpresses the GAG component of the cell wall. For this reason, we
Fig. 3.Quantitative comparative analysis of proteins showing different abundance levels inHUV
control) of A. fumigatus, before and after applying the quantitation ANOVA p-value ≤ 0.05 as a cu
vs. control andWTvs. control comparisons (intersection) ormodulated only in one of the compa
in both comparisons. In this quantitative analysis, we used as a cut-off only statistically validate
value ≤ 0.05. (A) The Venn diagram shows the number of proteins found in both Δugm1 vs.
comparisons. The graph illustrates the number of proteins with higher or lower abundance
analysis, we used only the 2.0 fold-change criterion.
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compared modulated proteins in HUVEC monolayers infected with
both strains. Table 1 shows the list of statistically significant proteins
with abundance differences identified in the interaction conditions of
Δugm1 vs. control, WT vs. control and Δugm1 vs. WT. Taking into ac-
count thedirect comparison of relative HUVECprotein abundance levels
between Δugm1 and WT after 16 h of interaction (Δugm1 vs. WT), 12
proteins were statistically validated (ANOVA p-value ≤ 0.05) and mod-
ulated by Δugm1 (Table 1). Among them, 3 HUVEC proteins were com-
monly modulated by both strains.

When considering the statistically validated HUVEC proteins modu-
lated by theΔugm1mutant (Δugm1 vs.WT), regulation of the following
is highlighted: (i) blood coagulation and immune response - 1-phos-
phatidylinositol 4.5-bisphosphate phosphodiesterase gamma-2 [64,
65]; (ii) immune response - 26S protease regulatory subunit 6B [66];
(iii) stress response and unfolded protein response - heat-shock-related
70 kDa protein 2 [67] and (iv) apoptotic process and response to stress -
reticulon-3 [68] (see all proteins in Table 1).

Moreover, to unveil the specific pathways regulated by the Δugm1
mutant, Ingenuity Pathway Analysis (IPA) was performed with the list
of HUVEC proteins modulated under the conditions Δugm1 vs. control
and Δugm1 vs. WT (Table 1). This analysis revealed that some endothe-
lial pathways were regulated by Δugm1 either compared to the HUVEC
control or to the HUVEC infected with the WT strain condition (Δugm1
vs. control andΔugm1 vs.WT), as shown in Fig. 4 and Table 2. Only pro-
teins with higher abundance levels in both experimental comparisons
were observed for unfolded protein response and eNOS signaling path-
ways. Nonetheless, proteins involved in the 14-3-3 signaling and protein
ubiquitination pathways showed both higher and lower abundance
levels, which may reflect a more refined control.

Fig. 5 illustrates that the 14-3-3 mediated signaling pathway is dif-
ferentially regulated under the Δugm1 interaction condition; this
image was generated by IPA and shows that this pathway can be regu-
lated by TNF-α, leading to activation of ELK-1 (ETS domain-containing
ECs after interactionwith themutant (Δugm1 vs. control) and thewild-type strain (WT vs.
t-off. (B) The Venndiagram shows the number of proteins commonly found in bothΔugm1
risons. The graph illustrates the number of proteinswith higher or lower abundance levels
d proteins, with quantitation criteria of a minimum of a 2.0 fold-change and an ANOVA p-
control and WT vs. control comparisons (intersection) or modulated only in one of the
levels in the Δugm1 vs. control and WT vs. control comparisons. For this quantitative
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Table 1
List of proteins differentially regulated in the WT vs. control (WT:C) comparison, Δugm1 vs. control (Δ:C) comparison and Δugm1 vs. WT (Δ:WT) comparison.

WT vs. C

Accession 
numbera Protein identificationa Biological process a

WT:C 
Log(2) 
ratiob

ANOVA

p-value

P09493 Tropomyosin alpha-1 chain
cellular response to reactive oxygen species; positive regulation of cell adhesion; 
wound healing

-1.9 0.03

Q8TF09 Dynein light chain roadblock-type 2 transport -1.7 0.03

Q9UI15 Transgelin-3 negative regulation of transcription from RNA polymerase II promoter -1.6 0.03

P30461
HLA class I histocompatibility 
antigen. B-13 alpha chain

antigen processing and presentation of exogenous peptide antigen via MHC class 
I; interferon-gamma-mediated signaling pathway; regulation of immune response

-1.5 0.01

Q9BWF3 RNA-binding protein 4 cell differentiation; stress-activated MAPK cascade -1.5 0.04

Q9UBV8 Peflin proteolysis -1.2 0.00

P09429 High mobility group protein B1

activation of innate immune response; adaptive immune response; apoptotic 
process; inflammatory response to antigenic stimulus; positive regulation of 
interferon-alpha production; positive regulation of interferon-beta production; 
positive regulation of interleukin-1 beta secretion; positive regulation of 
interleukin-6 secretion; positive regulation of JNK cascade; positive regulation of 
monocyte chemotaxis; positive regulation of sprouting angiogenesis; positive 
regulation of tumor necrosis factor production; positive regulation of wound 
healing

-1.2 0.00

Q16270
Insulin-like growth factor-binding 
protein 7

cell adhesion; negative regulation of cell proliferation -1.2 0.00

Q15417 Calponin-3 epithelial cell differentiation -1.1 0.02

Q9BWJ5 Splicing factor 3B subunit 5 RNA splicing -1.1 0.02

P84090 Enhancer of rudimentary homolog cell cycle; positive regulation of Notch signaling pathway -1.1 0.01

Q9UBR2 Cathepsin Z angiotensin maturation; proteolysis -1.0 0.00

P02656 Apolipoprotein C-III regulation of Cdc42 protein signal transduction 1.3 0.00

Q12799 T-complex protein 10A homolog not defined 2.0 0.03

P13646 Keratin. type I cytoskeletal 13 cytoskeleton organization 2.1 0.02

P48643 T-complex protein 1 subunit epsilon protein folding; toxin transport 2.7 0.00

P14136 Glial fibrillary acidic protein extracellular matrix organization; response to wounding 3.7 0.01

O95716 Ras-related protein Rab-3D exocytosis; positive regulation of regulated secretory pathway 4.6 0.01

Δugm1 vs. C

Accession 
numbera Protein identificationa Biological process a

Δ:C 
Log(2) 
ratiob

ANOVA

p-value

P19105; 
O14950; 
P24844

Myosin regulatory light chain 12A; 
Myosin regulatory light chain 12B; 
Myosin regulatory light polypeptide 9

small GTPase mediated signal transduction; regulation of cell shape; platelet 
aggregation

-1.1 0.03

P61088; 
Q5JXB2

Ubiquitin-conjugating enzyme E2 N; 
Putative ubiquitin-conjugating enzyme 
E2 N-like

cytokine-mediated signaling pathway; innate immune response; MyD88-
dependent toll-like receptor signaling pathway; positive regulation of I-kappaB 
kinase/NF-kappaB signaling; positive regulation of NF-kappaB transcription factor 
activity; proteolysis; stimulatory C-type lectin receptor signaling pathway; T cell 
receptor signaling pathway

-1.1 0.02

Q15417 Calponin-3 epithelial cell differentiation -1.1 0.02

Q92804
TATA-binding protein-associated 
factor 2N

positive regulation of transcription -1.1 0.03

P31150 Rab GDP dissociation inhibitor alpha
negative regulation of protein targeting to membrane; protein transport; signal 
transduction

1.3 0.03

Q01664 Transcription factor AP-4 negative regulation of cell proliferation; positive regulation of apoptotic process 1.4 0.04

P54652 Heat shock-related 70 kDa protein 2 response to unfolded protein 1.4 0.01

P14136 Glial fibrillary acidic protein extracellular matrix organization; response to wounding 1.7 0.03
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P35241 Radixin
establishment of endothelial barrier; establishment of protein localization to 
plasma membrane; regulation of cell shape; regulation of cell size

2.4 0.04

O95716 Ras-related protein Rab-3D exocytosis; positive regulation of regulated secretory pathway 2.7 0.05

P48643 T-complex protein 1 subunit epsilon protein folding; toxin transport 4.5 0.03

P30049
ATP synthase subunit delta. 
mitochondrial

respiratory electron transport chain; small molecule metabolic process -2.1 0.02

P17900 Ganglioside GM2 activator small molecule metabolic process 0.01-2.1

Q14257 Reticulocalbin-2 not defined -1.8 0.03

Q13561 Dynactin subunit 2
antigen processing and presentation of exogenous peptide antigen via MHC class 
II; mitotic cell cycle; organelle organization

-1.8 0.02

P09429 High mobility group protein B1

activation of innate immune response; adaptive immune response; apoptotic 
process; inflammatory response to antigenic stimulus; positive regulation of 
interferon-alpha production; positive regulation of interferon-beta production; 
positive regulation of interleukin-1 beta secretion; positive regulation of 
interleukin-6 secretion; positive regulation of JNK cascade; positive regulation of 
monocyte chemotaxis; positive regulation of sprouting angiogenesis; positive 
regulation of tumor necrosis factor production; positive regulation of wound 
healing

-1.6 0.04

P10606
Cytochrome c oxidase subunit 5B. 
mitochondrial

respiratory electron transport chain; small molecule metabolic process -1.6 0.03

O75380
NADH dehydrogenase [ubiquinone] 
iron-sulfur protein 6. mitochondrial

mitochondrion morphogenesis; respiratory electron transport chain; small 
molecule metabolic process

-1.4 0.03

P39687
Acidic leucine-rich nuclear 
phosphoprotein 32 family member A

gene expression; intracellular signal transduction -1.4 0.00

P37802 Transgelin-2 epithelial cell differentiation -1.4 0.02

O75947
ATP synthase subunit d. 
mitochondrial

respiratory electron transport chain; small molecule metabolic process -1.3 0.04

P28799 Granulins positive regulation of epithelial cell proliferation; signal transduction -1.3 0.02

Q9H299
SH3 domain-binding glutamic acid-
rich-like protein 3

cell redox homeostasis; regulation of actin cytoskeleton organization; regulation of 
blood vessel endothelial cell migration

-1.3 0.01

Q9HAV7
GrpE protein homolog 1. 
mitochondrial

protein folding; protein targeting to mitochondrion -1.3 0.01

P84090 Enhancer of rudimentary homolog cell cycle; positive regulation of Notch signaling pathway -1.1 0.03

Q9Y5J7
Mitochondrial import inner membrane 
translocase subunit Tim9

protein import into mitochondrial inner membrane -1.1 0.04

Δugm1 vs. WT

Accession 
numbera Protein identificationa Biological processa

Δ:WΤ 
Log(2) 
ratiob

ANOVA

p-value

O95716 Ras-related protein Rab-3D exocytosis; positive regulation of regulated secretory pathway -2.0 0.04

P43686 26S protease regulatory subunit 6B
antigen processing and presentation of exogenous peptide antigen via MHC class 
I; innate immune response; NIK/NF-kappaB signaling; regulation of apoptotic 
process; T cell receptor signaling pathway

-1.9 0.02

Q9UK76
Hematological and neurological 
expressed 1 protein

not defined -1.8 0.01

P02656 Apolipoprotein C-III regulation of Cdc42 protein signal transduction -1.6 0.00

Q14847 LIM and SH3 domain protein 1 positive regulation of signal transduction -1.6 0.02

O60664 Perilipin-3 vesicle-mediated transport -1.1 0.02

P12035 Keratin. type II cytoskeletal 3 epithelial cell differentiation; intermediate filament cytoskeleton organization -1.0 0.01

O95197 Reticulon-3 apoptotic process; response to stress; vesicle-mediated transport 1.0 0.02

P54652 Heat shock-related 70 kDa protein 2 response to unfolded protein 1.3 0.02

P16885

1-phosphatidylinositol 4.5-
bisphosphate phosphodiesterase 
gamma-2

B cell differentiation; B cell receptor signaling pathway; blood coagulation; innate 
immune response; platelet activation; T cell receptor signaling pathway

1.7 0.01

Q9Y2Q3 Glutathione S-transferase kappa 1 epithelial cell differentiation; oxidation-reduction process 1.8 0.05

a Data obtained from UniProt Knowledgebase (UniProtKB)
b Log(2)ratio values considered statistically significant (p ≤ 0.05). The cut off values were at least equal or bigger than +1.0, for higher-abundance level proteins, and  
equal or smaller than -1.0, for lower-abundance level proteins.
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protein Elk-1) and p73 (tumor protein p73), two transcription factors
related to the inflammatory response. Finally, these results correlated
well with the increase in TNF-α secretion by HUVECs in response to
Δugm1 and to purified GAG.
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For the same reason as discussed above, i.e., the use of biological rep-
licates instead of technical replicates [63], we also performed a less
stringent IPA analysis usingproteinsfiltered onlywith the2-fold change
criterion. This analysis suggested that the Δugm1 mutant may also
osition of the hyphal outer layer of Aspergillus fumigatus modulates
16), http://dx.doi.org/10.1016/j.jprot.2016.06.015

http://dx.doi.org/10.1016/j.jprot.2016.06.015


Fig. 4. Ingenuity pathway analysis showing commonly regulated pathways in the Δugm1 vs. control and Δugm1 vs. WT comparisons. The graph shows the main pathways regulated by
Δugm1, indicating the number of proteins classified as up and down according to their abundance levels under the Δugm1 interaction condition (higher or lower abundance levels,
respectively). For this analysis, we used only proteins validated according to the following quantitation criteria: minimum of 2.0 fold-change and ANOVA p-value ≤ 0.05.
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cause modulation of the abundance of HUVEC proteins involved in im-
mune, inflammatory and stress responses, with the following pathways
being regulated: 14-3-3 mediated signaling, epithelial adherence junction
signaling, actin cytoskeleton signaling, remodeling epithelial adherence
junction signaling, regulation of actin-based motility by Rho, agranulocyte
adhesion and diapedesis, CDC42 signaling, protein ubiquitination pathway,
antigen presentation pathway (See Fig. 3 in Ref. [28]). All these proteins
(2-fold change criteria) are listed in Tables 1 and 2 in reference [28].

Moreover, it is important to highlight that A. fumigatus Δugm1 not
only overexpresses GAG but also lacks the galactomannan found in
the cell wall of the WT strain [18]. Accordingly, we tested purified
GAG isolated from A. fumigatus (see Materials and methods).
Table 2
List of HUVEC differentially regulated proteins found in pathways commonly predicted by
the IPA in both experimental conditions Δugm1 vs. control (Δ:C) and/or Δugm1 vs. WT
(Δ:WT).

Accession
numbera

Protein namea Δ:C_Log(2)
ratiob

Δ:WT_Log(2)
ratiob

14-3-3 mediated signaling
P14136 Glial fibrillary acidic protein 1.7 −1.9
P16885 1-phosphatidylinositol

4,5-bisphosphate phosphodiesterase
gamma-2

e 1.7

Unfolded protein response
P54652 Heat shock-related 70 kDa protein 2 1.4 1.3

Protein ubiquitination pathway
P54652 Heat shock-related 70 kDa protein 2 1.4 1.3
P43686 26S protease regulatory subunit 6B 1.7 −1.9
P61088 Ubiquitin-conjugating enzyme E2 N −1.1 d

eNOS signaling
P54652 Heat shock-related 70 kDa protein 2 1.4 1.3
P16885 1-phosphatidylinositol

4,5-bisphosphate phosphodiesterase
gamma-2

e 1.7

a Data obtained from UniProt Knowledgebase (UniProtKB).
b Log(2)ratio values considered statistically significant (p ≤ 0.05). The cut off values

were at least equal or bigger than+1.0, for higher-abundance level proteins, and equal or
smaller than −1.0, for lower-abundance level proteins.

d Protein not filtered by the minimum of 2.0 fold-change criteria.
e Protein not identified in one of the experimental conditions.
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3.5. The A. fumigatus cell surface component GAG induces TNF-α secretion
by HUVECs and regulates endothelial pathways found in the Δugm1 inter-
action condition

In contrast to the parental (WT) and complemented Δugm1::ugm1
strains, A. fumigatus Δugm1 germlings and swollen conidia exhibit
more abundant surface material (see Fig. 1A in Ref. [28]). In agreement
with Gravelat et al. [20], fluorescence microscopy using anti-GAG anti-
bodies and TRITC-conjugated secondary antibodies confirmed that this
abundant extracellular material corresponds to a higher GAG content;
lower fluorescence is found in the WT strain (see Fig. 1B in Ref. [28]).
This result indicates that Δugm1 produces more GAG than the parental
strain, suggesting that the extracellularmaterial involved in A. fumigatus
adherence to endothelial cells is GAG, as shown in Fig. 1.

We thus addressed whether the response of HUVEC cells to the
Δugm1 mutant is more likely caused by the presence of GAG than
the lack of GM as a consequence of the UGM1 deletion. To investigate
the role of GAG in the HUVEC response, endothelial cells were incu-
bated directly with GAG. The level of cytokines in the HUVEC-condi-
tioned medium after 16 h of interaction with GAG indicated that this
polysaccharide was able to induce a statistically significant increase
in TNF-α secretion. When HUVECs interacted with GAG, the levels
of TNF-α secretion were 12.72 pg/mL ± 4.57 compared to 2.01 pg/
mL ± 0.87 for the WT interaction condition; 0.07 pg/mL ± 0.16
was observed for the HUVEC control. In this case, cellulose was
used as a control because previous studies have shown that only
water-insoluble cell wall polysaccharides are able to induce an im-
mune response (Latgé JP et al., unpublished data), with no induction
of cytokine secretion (undetected level) by HUVECs.

Regarding the shotgun proteomics analysis of HUVECs challenged
with GAG, 763 proteins were identified in the GAG vs. control compar-
ison. Among these, 26 proteins showed different abundance levels (2-
fold change and ANOVA p-value ≤ 0.05), as shown in Table 3. Interest-
ingly, the abundance of the majority of these proteins was lower
under the GAG interaction condition. To unveil pathways that might
be specifically regulated by GAG, IPA analysis was performed to identify
the common pathways regulated by both GAG and Δugm1 in HUVECs.
This analysis revealed five pathways commonly found in the HUVEC re-
sponse under both experimental conditions, with all proteins present-
ing lower abundance levels (Table 4 and Fig. 6). Of note, these
pathways are involved in oxidative stress and infectious disease re-
sponses: oxidative phosphorylation, mitochondrial dysfunction, chondroi-
tin sulfate degradation, dermatan sulfate degradation and hypoxia
signaling in the cardiovascular system.
osition of the hyphal outer layer of Aspergillus fumigatus modulates
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Fig. 5. Illustration of the 14-3-3-mediated signaling pathway generated by QIAGEN's Ingenuity® Pathway Analysis and regulated by Δugm1. Proteins in red and green indicate higher and
lower abundance levels under themutant interaction condition, respectively. In addition, the figure illustrates that TNF-α can participate in the upstream regulation of this pathway. The
arrows indicate the predicted regulation: activation (→) or inhibition (⊢). The proteins used in this analysis were filtered according to the following quantitation criteria: minimum of 2.0
fold-change and ANOVA p-value ≤ 0.05. TNF — Tumor Necrosis Factor; TNFR1 — Tumor Necrosis Factor Receptor Superfamily Member 1 A; TRAF2 — Tumor Necrosis Factor Receptor
Associated Factor 2; ASK1 — Mitogen-Activated Protein Kinase 5; JNK — c-Jun N-terminal Protein Kinase; cJUN — Jun Proto-Oncogene; cFOS — FBJ Murine Osteosarcoma viral
oncogene homolog; YAP — Yes-Associated Protein 1; P73 — Tumor Protein P73; BAX — BCL2-associated X Protein; AKT — Protein Kinase B; LKB1 — Serine/Threonine Kinase 11; 14-3-
3–14-3-3 Protein; EDC3 — Enhancer of mRNA decapping 3; SRPK2 — SRSF Protein Kinase 2; AiP — Programed Cell Death 6-Interacting Protein; p90RSK — Ribosomal Protein S6 Kinase
90 kDa Polypeptide 1; TSC — Tuberous Sclerosis Complex Protein; FOX01 — Fork head box 01; BAD — BLC2-Associated Agonist of Cell Death; P13K — 1 Phosphatidylinositol 3 kinase;
SRC — SRC Proto-oncogene; RTK — Receptor Tyrosine Kinase; GRB2 — Growth Factor Receptor-binding Protein 2; PIP2 — 1-Phosphatidyl-1D-myo-inositol 4,5 bisphosphate; PLC —
Phospholipase C; DAG — Diacylglycerol; PRAS40 — AKT1 substrate 1; PKC — Protein Kinase C; Ras — Ras Protein; CRAF — Raf 1 Proto-oncogene Serine/Threonine Kinase; MEK1/2 —
Mitogen-activated Protein Kinases MEK1/2; GFAP— Glial Fibrillary Acid Protein; VIM — Vimentin; SNCα — Synuclein α; ERK ½ — Mitogen-activated Protein Kinases ERK 1/2; TUBULIN
— Tubulin Complex; P27KIP1 — Cyclin-dependent Kinase inhibitor 1B; GSK3 — Glycogen synthase kinase 3; TAU — Microtubule-associated Protein TAU; LKB1 — Serine/Threonine
Kinase 11; LBL — Lbl Proto-oncogene/E3 ubiquitin Protein ligase.
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These results were corroborated by the enrichment analysis of
our dataset performed by DAVID Bioinformatics Resources 6.7 [59],
which validated the observed regulation of Oxidative phosphorylation
pathway (p-value = 0.0017) under the Δugm1 interaction condition.
This pathway was also revealed in the DAVID analysis performed for
the GAG interaction condition. According to this analysis, the pro-
teins involved in Oxidative phosphorylation pathway are ATP syn-
thase subunit delta, cytochrome c oxidase subunit 5B, ATP synthase
subunit d, NADH dehydrogenase [ubiquinone] iron-sulfur protein
6, the same proteins according to IPA for this pathway, as shown in
Table 4. This pathway is illustrated in Fig. 7. Furthermore, DAVID
analysis validated lysosome pathway (p-value = 0.021) for the GAG
interaction condition, involving GM2 ganglioside activator, beta-
hexosaminidase subunit beta and cathepsin Z. Interestingly, 2 of
these proteins are involved in the chondroitin sulfate degradation
and dermatan sulfate degradation pathways according to IPA (Table
4). Lysosome pathway was also indicated by the DAVID analysis for
the Δugm1 interaction condition, but only involving the GM2 gangli-
oside activator.
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Moreover, the GO enrichment analysis for biological processes by
DAVID indicated the following statistically validated terms (p-
value ≤ 0.05): mitochondrial transport, oxidative phosphorylation and
protein localization for the Δugm1 interaction condition; and oligosac-
charide metabolic process, ganglioside metabolic process, glycolipid
metabolic process, glycosphingolipid metabolic process, membrane
lipid catabolic process and lipid storage for the GAG interaction
condition.

In addition, the IPA analysis of alteredHUVEC proteins in response to
GAG showed pathways involved in inflammatory responses, such as
mTOR signaling and ILK signaling (data not shown), a result in accor-
dance with the cytokine analysis that showed higher TNF-α secretion
due to GAG. Fig. 5 in reference [28] illustrates the ILK signaling pathway
generated by the IPA analysis.

To gain a better biological overview of the pathways involved in the
HUVEC response to GAG, we also performed IPA analysis considering
proteins filtered only by the 2-fold change criterion (see Table 3 in
Ref. [28]). Interestingly, some other pathways were coincident with
the Δugm1 analysis: 14-3-3 mediated signaling, epithelial adherens
osition of the hyphal outer layer of Aspergillus fumigatus modulates
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Table 3
List of proteins differentially regulated in the GAG vs. control (GAG:C) comparison.

Accession
numbera

Protein identificationa Biological processa GAG:C
Log(2)
ratiob

ANOVA
p-value

Q9UI15 Transgelin-3 Negative regulation of transcription from RNA polymerase II promoter −2.1 0.01
P17900 Ganglioside GM2 activator Small molecule metabolic process −1.7 0.02
Q15404 Ras suppressor protein 1 Positive regulation of cell-substrate adhesion; cell junction assembly; Ras protein signal

transduction
−1.6 0.04

P17302 Gap junction alpha-1 protein Apoptotic process; cell-cell signaling; chronic inflammatory response; cellular response to
mechanical stimulus; endothelium development; positive regulation of I-kappaB
kinase/NF-kappaB signaling; response to fluid shear stress; response to peptide hormone

−1.6 0.04

P62841 40S ribosomal protein S15 Translation; cellular protein metabolic process −1.6 0.04
O43504 Regulator complex protein LAMTOR5 Cell cycle arrest; positive regulation of GTPase activity; positive regulation of mTOR signaling;

negative regulation of apoptotic process
−1.5 0.04

P61088;
Q5JXB2

Ubiquitin-conjugating enzyme E2 N;
Putative ubiquitin-conjugating enzyme E2
N-like

Cytokine-mediated signaling pathway; innate immune response; MyD88-dependent toll-like
receptor signaling pathway; positive regulation of I-kappaB kinase/NF-kappaB signaling;
positive regulation of NF-kappaB transcription factor activity; proteolysis; stimulatory C-type
lectin receptor signaling pathway; T cell receptor signaling pathway

−1.5 0.01

Q99623 Prohibitin-2 Negative regulation of apoptotic process; protein stabilization −1.4 0.01
Q4VXU2 Polyadenylate-binding protein 1-like mRNA polyadenylation −1.4 0.01
Q99877;
Q96A08

Histone H2B type 1-N;
Histone H2B type 1-A

Chromatin organization; inflammatory response; plasminogen activation; innate immune
response in mucosa

−1.4 0.05

P10606 Cytochrome c oxidase subunit 5B.
mitochondrial

Respiratory electron transport chain; small molecule metabolic process −1.3 0.02

P21291 Cysteine and glycine-rich protein 1 Platelet aggregation −1.3 0.01
Q07021 Complement component 1 Q

subcomponent-binding protein.
Mitochondrial

Apoptotic process; blood coagulation; complement activation. Classical pathway; innate
immune response; positive regulation of cell adhesion; positive regulation of dendritic cell
chemotaxis; positive regulation of neutrophil chemotaxis

−1.3 0.02

P55145 Mesencephalic astrocyte-derived
neurotrophic factor

Response to unfolded protein −1.2 0.04

Q14257 Reticulocalbin-2 Not defined −1.1 0.04
O14979 Heterogeneous nuclear ribonucleoprotein

D-like
Regulation of gene expression −1.1 0.01

P14314 Glucosidase 2 subunit beta Innate immune response; post-translational protein modification; protein folding −1.1 0.01
Q8WUP2 Filamin-binding LIM protein 1 Regulation of cell shape; regulation of integrin activation; single organismal cell-cell

adhesion
−1.1 0.01

O43390 Heterogeneous nuclear ribonucleoprotein R Gene expression −1.0 0.03
P67809 Nuclease-sensitive element-binding protein

1
Gene expression; positive regulation of cell division −1.0 0.03

P07686 Beta-hexosaminidase subunit beta Regulation of cell shape; phospholipid biosynthetic process; chondroitin sulfate metabolic
process; keratan sulfate metabolic process

−1.0 0.01

O75947 ATP synthase subunit d. mitochondrial Respiratory electron transport chain; small molecule metabolic process −1.0 0.04
P62851 40S ribosomal protein S25 Cellular protein metabolic process; gene expression; translation −1.0 0.04
Q9UBR2 Cathepsin Z Angiotensin maturation; post-translational protein modification; proteolysis −1.0 0.00
P12882 Myosin-1 Not defined 1.8 0.01
Q99832 T-complex protein 1 subunit eta De novo’ posttranslational protein folding; cellular protein metabolic process; protein

folding; toxin transport
2.5 0.04

a Data obtained from UniProt Knowledgebase (UniProtKB).
b Log(2)ratio values considered statistically significant (p ≤ 0.05). The cut off values were at least equal or bigger than +1.0, for higher-abundance level proteins, and equal or smaller

than −1.0, for lower-abundance level proteins.
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signaling, remodeling epithelial adherens signaling, ILK signaling, mTOR
signaling, EIF2 signaling, and phagosome maturation (see Fig. 4 in Ref.
[28]). This analysis is in agreement with the fact that both GAG and
Δugm1 induce higher TNF-α secretion by HUVECs compared to the con-
trol and WT strain.
4. Discussion

During invasive aspergillosis, interaction between A. fumigatus and
the vascular endothelium is key to understanding the physiopathology
of this disease. Blood vessel invasion, thrombo-mycotic occlusion and
hemorrhagic infarctions are characteristic pathological findings in pa-
tients with this high-mortality fungal disease [69]. It is well described
that endothelial cells switch to a prothrombotic phenotype after
interacting with A. fumigatus hyphae, and it is known that this is due
to TNF-α secretion and tissue factor expression [7,8,9]. This endothelial
phenotype is characteristic of many thrombotic and inflammatory dis-
eases, such as septic shock [70]. However, some of the molecular
Please cite this article as: G.W.P. Neves, et al., Modifications to the comp
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mechanisms involved in the host-fungus interplay of non-phagocytic
host cells have yet to be elucidated [71,72].

The cell wall of A. fumigatus is the first structure to come in contact
with host cells. It is a complex and dynamic structure, mainly composed
of polysaccharides, and that can change depending on the fungal cell
morphotype [72]. Recently, a new cell wall polysaccharide, GAG, de-
scribed as composing the so-called A. fumigatus extracellular matrix,
was found to be related to the hyphal cell wall but not to the conidial
cell surface [10,73,74]. It is important to note that only A. fumigatus hy-
phae are able to deeply invade host tissues by overcoming some physi-
ological barriers [72]. Due to the location of GAG on the outer layer of A.
fumigatushyphae, the central hypothesis is that themoleculemay play a
pivotal role in the interaction of this pathogen with host cells [11]. The
main goal of the present work was to evaluate the involvement of
GAG in the endothelial interaction and response to A. fumigatus
infection.

The experimental strategy was to compare the HUVEC proteome in
response to A. fumigatus strain Δugm1 and WT. Furthermore, the
HUVEC proteome in response to a purified GAG fraction was also
osition of the hyphal outer layer of Aspergillus fumigatus modulates
16), http://dx.doi.org/10.1016/j.jprot.2016.06.015
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Table 4
List of HUVEC differentially regulated proteins found in pathways commonly predicted by
the IPA in both experimental conditions Δugm1 vs. control (Δ:C) and/or GAG vs. C
(GAG:C).

Accession
numbera

Protein namea Δ:C
Log(2)
ratiob

GAG:C
Log(2)
ratiob

Oxidative phosphorylation
P30049 ATP synthase subunit delta, mitochondrial −2.133 c

O75947 ATP synthase subunit d, mitochondrial −1.313 −0.971
P10606 Cytochrome c oxidase subunit 5B,

mitochondrial
−1.581 −1.322

O75380 NADH dehydrogenase [ubiquinone]
iron-sulfur protein 6, mitochondrial

−1.408 d

Mitochodrial dysfunction
P30049 ATP synthase subunit delta, mitochondrial −2.133 c

O75947 ATP synthase subunit d, mitochondrial −1.313 −0.971
P10606 Cytochrome c oxidase subunit 5B,

mitochondrial
−1.581 −1.322

O75380 NADH dehydrogenase [ubiquinone]
iron-sulfur protein 6, mitochondrial

−1.408 d

Chondroitin Sulfate Degradation
P17900 Ganglioside GM2 activator −2.082 −1.72
P07686 Beta-hexosaminidase subunit beta d −1.013

Dermatan sulfate degradation
P17900 Ganglioside GM2 activator −2.082 −1.72
P07686 Beta-hexosaminidase subunit beta d −1.013

Hypoxia signaling in the cardiovascular system
P61088 Ubiquitin-conjugating enzyme E2 N −1.118 −1.453

a Data obtained from UniProt Knowledgebase (UniProtKB).
b Log(2)ratio values considered statistically significant (p ≤ 0.05). The cut off values

were at least equal or bigger than+1.0, for higher-abundance level proteins, and equal or
smaller than −1.0, for lower-abundance level proteins.

c Protein not filtered by the minimum of 2.0 fold-change criteria.
d Protein not identified in one of the experimental conditions.
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analyzed. The Δugm1 strain lacks Galf residues [18] and shows an in-
creased cell surface content of GAG (See Fig. 1 in Ref. [28]). In agreement
with our hypothesis, the results showed a hyperadhesive phenotype of
Δugm1 germlings to HUVECs, correlatingwith increased endothelial se-
cretion of IL-6 and TNF-α and a pro-thrombotic phenotype character-
ized by a 2.5-fold increase in tissue factor expression. Interestingly,
these results correlated with the ability of the purified polysaccharide
to induce an almost 6-fold increase in TNF-α secretion by HUVECs.
Our findings are in line with previous reports indicating that GAG is a
major adhesin of A. fumigatus and an immunomodulatory molecule
[20,21,22,75,76].
Fig. 6. Ingenuity pathway analysis showing differently regulated pathways found to be coincide
number of proteins involved in each pathway. All of these proteins presented lower abundance l
analysis were filtered by cut-off values of a minimum of a 2.0 fold-change and an ANOVA p-va
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In addition, the purified GAG and Δugm1 strain both modulated the
abundance of key HUVEC proteins involved in inflammatory and stress
responses. IPA indicated five pathways commonly regulated in Δugm1
and GAG interaction conditions, two of which were chondroitin sulfate
and dermatan sulfate degradation, which share the proteins ganglioside
GM2 activator and beta-hexosaminidase subunit. This latter is a lyso-
somal component previously described as an important restrictor of
Mycobacterium marinum growth during macrophage infection [77].
This protein has also been characterized as a peptidoglycan hydrolase
that exerts its mycobactericidal effect at the macrophage plasma mem-
brane duringmycobacteria-induced secretion of lysosome [77]. In addi-
tion, A. fumigatus induces the secretion of other lysosomal enzymes
during in vitro interaction with epithelial cells, and the degranulation
of lysosomal enzymes appears to be responsible for fungal growth inhi-
bition and host cell damage [78]. Curiously, DAVID analysis indicated ly-
sosome pathway as being modulated by GAG in HUVECs; both
ganglioside GM2 activator and beta-hexosaminidase subunit are in-
volved in this pathway.

Other coincident pathways regulated in HUVECs by both A.
fumigatus Δugm1 and GAG included oxidative phosphorylation, mito-
chondrial dysfunction, and hypoxia signaling in the cardiovascular system
(Fig. 6). It is important to highlight that mitochondria play a pivotal role
in endothelial cell homeostasis under normal conditions and in endo-
thelial dysfunction in vascular diseases [79]. Moreover, oxidative stress
can induce inflammatory responses by activating transcription factors,
e.g., by increasing NF-κB activation [80,81,82]. DAVID analysis also cor-
roborated the oxidative phosphorylation pathway, as shown in Fig. 7.

Furthermore, IPA analysis of HUVECs challenged with GAG indicated
regulation of integrin-like kinase (ILK) signaling pathway (See Fig. 5 in
Ref. [28]). This pathway, which is responsible for connecting integrins to
the cytoskeleton at focal adhesion plaques, leading to cell survival and ad-
hesion maintenance [83], was also identified under less stringent condi-
tions as being regulated in HUVECs challenged with the Δugm1 mutant
[28]. According to QIAGEN's Ingenuity® iReport, this pathway can be ac-
tivated by TNF-α and is involved in inflammation, response towounding,
tissue invasion and cytoskeleton reorganization (data not shown).

Studies regarding Cryptococcus neoformans interaction with endo-
thelial cells have suggested that the pathogen can induce cytoskeleton
reorganization in HUVECs and HBMECs [84,85]. It is known that the
host cellular actin cytoskeleton undergoes extensive remodeling during
pathogen invasion, and some studies have indicated that cofilin phos-
phorylation plays an important role in actin dynamics [86,87,88].
Cofilin-1 was identified in HUVEC monolayers after interaction with C.
neoformans [84], and this protein was also identified in the present
work, showing a higher abundance level in HUVECs challenged with
Δugm1 [28]. Curiously, the proteomics study of the HUVEC response
to C. neoformans suggested the modulation of proteins involved in oxi-
dative stress [84], as shown in the present study for A. fumigatus.
nt between the GAG vs. control and Δugm1 vs. control comparisons. The graph shows the
evels under the interaction condition compared to the control (C). Theproteins used in this
lue ≤ 0.05.
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Fig. 7. Illustration of the oxidative phosphorylation pathwaymodulated inHUVECs challenged by theΔugm1 strain. The list of proteinswith differential abundance levels under theΔugm1
interaction condition was analyzed by DAVID Bioinformatics Resources 6.7, and the figurewas generated by the KEGG database. The red arrows indicate the genes that correspond to the
proteins identified and with differential abundance levels in the Δugm1 vs. control comparison.
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Moreover, IPA indicated other interesting pathways related to in-
flammatory and stress responses as being modulated by the Δugm1
strain in HUVEC monolayers (Fig. 4). Among these identified pathways,
14-3-3 signaling is associatedwith apoptosis, cell cycle regulation, cellu-
lar signaling, stress and inflammatory responses (QIAGEN's Ingenuity®
iReport). This pathway can respond to TNF-α and leads to Toll-like re-
ceptor (TLR) signaling via activation of the ELK-1 transcription factor
(ETS domain-containing protein ELK-1) [89]. Moreover, IPA showed
that A. fumigatusΔugm1may regulate somepathways related to antigen
presentation and stress response processes, such as protein
ubiquitination and unfolded protein response. In fact, endothelial cells
have been described as “semiprofessional” antigen-presenting cells
(APCs) because they can costimulate T cell responses in vitro and
alloresponses in vivo [90,91,92,93,94]. These immune responses within
blood vessels are especially important because they can lead to vascular
remodeling and arteriosclerosis [95].

As mentioned above, endothelial cells are known to switch to a
prothrombotic phenotype upon interaction with A. fumigatus, and
thrombosis is a clinical feature observed in patients with invasive asper-
gillosis [69]. Curiously, eNOS signaling pathway was also highlighted by
IPA as being modulated during the interaction of HUVECs with the
Δugm1 strain. eNOS, a regulator that plays a crucial role in blood vessel
vasodilatation and modulates platelet aggregation, platelet and leuko-
cyte adhesion to the endothelium, endothelin-1 generation, vascular
smoothmuscle proliferation and angiogenesis, is released by endotheli-
al cells [96,97].

The role of GAG and other cell surface molecules expressed by A.
fumigatushas remained somewhat controversial [20,21,22]. Interesting-
ly, other molecules also present on the cell wall, such as melanin, have
different effects on the host response by phagocytic and non-phagocytic
cells [76]. These observations suggest that different host cell types have
particular responses to the same molecule. Along these lines, our find-
ings are in line with another recent report showing the activation of
human platelets by GAG [76].

In contrast, despite fungal growth, GAG-treated mice did not exhibit
inflammatory histopathology in the lung, and the cytokine expression
pattern in lung homogenates showed an inhibition of protective Th1/
Treg cells and a promotion of Th2 responses [22]. These anti-inflamma-
tory effects of GAGwere further related to the induction of interleukine-
1 antagonist receptor [22] and also neutrophil apoptosis mediated by
natural killer cells [21]. Accordingly, a murine model of invasive asper-
gillosis revealed that GAG was not able to confer protection against A.
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fumigatus infection [19]. However, as discussed above, the immuno-
modulatory role of GAG in the host remains intriguing [20,21,22].

Collectively, our results contribute new findings suggesting that the
A. fumigatusmutantΔugm1 and purified GAG induce a pro-inflammato-
ry HUVEC phenotype and a cell stress response. Within this context, we
hypothesize that the global GAG effect on the immune response de-
pends on the balance between its immunosuppressive effect on neutro-
phils and macrophages and the activation effect observed on platelets
and endothelial cells.

5. Conclusion

In conclusion,modifications to the A. fumigatus cell wall composition
related to galactosaminogalactan (GAG) expression appear tomodulate
the endothelium inflammatory and cell stress responses. Our results for
purified GAG suggest that this cell wall polysaccharide can modulate
and activate the endothelium response to A. fumigatus. Other studies
to confirm the role of GAG in the endothelial response during invasive
aspergillosis are ongoing.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.06.015.
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