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Abstract

Invasive aspergillosis mainly occurs in immunocompro-
mised patients and is commonly caused by Aspergillus fu-
migatus, while A. nidulans is rarely the causative agent. How-
ever, in chronic granulomatous disease (CGD) patients, A.
nidulans is a frequent cause of invasive aspergillosis and is
associated with higher mortality. Immune recognition of A.
nidulans was compared to A. fumigatus to offer an insight
into why A. nidulans infections are prevalent in CGD. Live cell
imaging with J774A.1 macrophage-like cells and LC3-GFP-
mCherry bone marrow-derived macrophages (BMDM:s) re-
vealed that phagocytosis of A. nidulans was slower com-
pared to A. fumigatus. This difference could be attributed to
slower migration of J774A.1 cells and a lower percentage of
migrating BMDMs. In addition, delayed phagosome acidifi-
cation and LC3-associated phagocytosis was observed with

A. nidulans. Cytokine and oxidative burst measurements in
human peripheral blood mononuclear cells revealed a lower
oxidative burst upon challenge with A. nidulans. In contrast,
A. nidulans induced significantly higher concentrations of
cytokines. Collectively, our data demonstrate that A. nidu-
lans is phagocytosed and processed at a slower rate com-
pared to A. fumigatus, resulting in reduced fungal killing and
increased germination of conidia. This slower rate of A. nidu-
lans clearance may be permissive for overgrowth within cer-
tain immune settings. ©2017 5. Karger AG, Basel

Introduction

Aspergillus species are environmental molds that play
essential roles in the carbon recycling of decaying organ-
ic debris. On a daily basis, humans inhale hundreds of
conidia, yet these spores are efficiently removed from the
lung, which prevents healthy individuals from developing
Aspergillus infection.
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However, certain patient groups have an elevated risk
of developing aspergillosis; this susceptibility strongly de-
pends on the status of the host immune system. Immu-
nocompromised patients are highly susceptible to inva-
sive aspergillosis [1], predominantly due to chemothera-
py or treatment with immunosuppressive drugs in the
context of malignancies and organ or hematological stem
cell transplantation [2, 3]. Such treatments are a major
risk factor due to their suppression of the first line of an-
tifungal host defense in the lungs [3]. Although patients
with primary immunodeficiency are not usually suscep-
tible to aspergillosis, individuals with dysfunction of the
NADPH-oxidase complex, called chronic granulomatous
disease (CGD), are highly susceptible to Aspergillus infec-
tions [4]. Mutations in the 5 genes (NCF1, NCF2, NCF4,
CYBA, and CYBB) encoding the subunits of the NADPH
oxidase complex can lead to severely reduced activity of
the NADPH oxidase [5, 6]. Defective NADPH oxidase
activity in CGD patients (NCF1) and CGD mice (NcfI™~
and Ncf4~/~) was associated with defective LC3-associated
phagocytosis (LAP), leading to reduced fungal killing in
the case of NCF1 deficiency [7].

Interestingly, aspergillosis in CGD patients presents as
less severe and is associated with a lower mortality of 25-
27% compared to 50-60% in hematooncological patients
[4]. The epidemiological distribution of Aspergillus spe-
cies is also significantly different [8]. A. fumigatus is the
most commonly isolated species (approx. 62%) in invasive
aspergillosis of hematooncological patients, followed by
A. flavus (approx. 17%), A. terreus (approx. 10%), and A.
niger (approx. 2%) [9-12]. Infections with A. nidulans are
much less common and account for approximately 1% of
all invasive aspergillosis [10, 13]. Interestingly, no higher
mortality has been attributed to the different species [11].
In contrast, approximately 48% of aspergillosis infections
in CGD patients are caused by A. fumigatus, while ap-
proximately 33% of infections are caused by A. nidulans
[14-17] (online suppl. Fig. S1A; for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000484562). Al-
though A. nidulans is still less prevalent than A. fumigatus
in CGD, its disease severity and mortality is significantly
higher [15]. Increased mortality is associated with A. ni-
dulans infections compared to A. fumigatus (41% SD +15
vs. 12% SD *13; online suppl. Fig. S1B). We hypothesize
that in healthy individuals, the immune response against
A. nidulans or A. fumigatus may differ. A differential in-
nate response to these Aspergillus species may underpin
the capacity of A. nidulans to cause infections in CGD
patients. To date, no studies have investigated and com-
pared the initial immune recognition and phagocytosis of
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A. nidulans versus A. fumigatus. By deciphering the dif-
ferent aspects of the innate immune response under in-
tact NADPH oxidase conditions, we compared the im-
mune recognition of A. nidulans and. A. fumigatus by
studying phagocytosis, cytokine induction, and oxidative
burst. The differences in these processes might help to
explain why A. nidulans infection can occur in CGD pa-
tients.

Experimental Procedures

Aspergillus Strains

Aspergillus conidia were cultured and harvested as described in
a previous study [18]. Resting conidia of A. fumigatus (strains:
AF293/CBS 101355/ATCC MYA-4609, V05-27, ATCC204305,
and Ku80) and A. nidulans (CBS 114.63, CBS 119.55, and
CBS670.78) were used at a final concentration of 1 x 107/mL, either
used as freshly isolated live conidia or heat killed (30 min at 95°C
in a water bath) for the peripheral blood mononuclear cell (PBMC)
stimulation assays. Live conidia were germinated until the forma-
tion of small germ tubes (germlings) by incubation for 4 h at 37°C
in 10% human serum and used for the reactive oxygen species
(ROS) assay.

LC3-GFP-mCherry Bone Marrow-Derived Macrophages

LC3-GFP-mCherry bone marrow-derived macrophages
(BMDMs) were kindly provided by Dr. Fraser P. Coxon (Univer-
sity of Aberdeen) and Dr. Ian Ganley (University of Dundee). The
bone marrow was derived from C57Bl/6 mice that constitutively
express mCherry-GFP-MAPILC3b (from rat) from the ROSA26
locus (TaconicArtemis). Differentiation into BMDMSs occurred in
5 days at 37°C (5% CO,) in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10 ng/mL M-CSF, 10% fetal bovine
serum (heat-inactivated; Invitrogen), 100 U/mL penicillin, and
100 mg/mL streptomycin.

Live Cell Imaging

Murine J774A.1 cells or M-CSF-differentiated BMDMs were
seeded in 8-well ibidi imaging dishes at a density of 1 x 10°/well or
1.5 x 10°/well, respectively, to adhere overnight. Live cell video
microscopy phagocytosis assays were carried out at 37°C using an
Ultra-VIEW VoX spinning disk microscope (Nikon, Kingston
upon Thames, UK). Volocity software was used for data analysis
(version 6.3.1; Improvision, PerkinElmer, Coventry, UK). Imme-
diately prior to live cell imaging, DMEM was replaced with 200 puL
of prewarmed supplemented CO,-independent medium (Gibco,
Invitrogen, Paisley, UK). Live A. fumigatus or A. nidulans cell sus-
pensions of resting conidia were added to cells at an MOI (multi-
plicity of infection) of 1:1. In experiments with J774A.1 cells, acid-
ic compartments were stained with 1 uM of LysoTracker Red
DND-99 (LTR; Invitrogen). Expression and localization was mon-
itored in experiments with mCherry LC3. Volocity software (Im-
provision) was set to capture images every minute for a 6-h period
using an electron-multiplying charge-coupled device (EMCCD)
camera. For all conditions, at least 2 independent experiments
were carried out, with a minimum of 2 movies per experiment with
approximately 20 J774A.1 cells per video or 12 BMDMs per video.
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In the video analysis, contact was defined as the moment when
the macrophage made visible cell-cell contact with the live conidia.
Engulfment was defined as the time frame between contact and
complete enclosure. Phagosome acidification was defined as the
time until observation of a halo of LTR staining surrounding en-
gulfed conidia, relative to the moment of engulfment. LC3 colocal-
ization was defined as the time until observation of a halo of LC3
surrounding engulfed conidia, relative to the moment of engulf-
ment. Germination of the Aspergillus conidia was defined as the
moment when conidia formed a visible germ tube.

Volunteers

Blood was collected from healthy volunteers by venous blood
puncture after informed consent was obtained. All experiments
were performed and conducted in accordance with good clinical
practice, the Declaration of Helsinki, and the approval of the Arn-
hem-Nijmegen Ethical Committee (No. 2010/104).

PBMC Isolation

Venous blood was drawn in 10-mL EDTA tubes. The blood was
diluted 1:1 with phosphate-buffered saline (PBS). Subsequently,
PBMCs were isolated using Ficoll-Paque (GE Healthcare, Zeist,
The Netherlands) density gradient centrifugation. The PBMCs
layer was collected and washed twice in cold PBS. Cells were re-
constituted in RPMI+, consisting of RPMI-1640 culture medium
(Dutch modification; Gibco, Invitrogen, Breda, The Netherlands)
supplemented with 10 ug/mL gentamicin, 2 mM of glutamax and
1 mM of pyruvate (Gibco). The cells were counted with a particle
counter (Beckmann Coulter, Woerden, The Netherlands) and the
concentration was adjusted to 1 x 107 cells/mL.

PBMC Stimulation and Cytokine Measurements

PBMCs were plated in a 96-well plate (Corning Inc., Corning,
NY, USA) at a final concentration of 2.5 x 10%/mL, and were stimu-
lated with 1 x 107/mL of A. fumigatus or A. nidulans live or heat-
killed conidia in an end volume of 200 pL per well. All PBMC stimu-
lations were performed in the presence of 10% human serum. In
several experiments, phagocytosis was blocked by adding 1 ng/mL
of cytochalasin D to the stimulations and were compared to a DMSO
vehicle control. Cells were incubated at 37°C with 5% CO,. After
stimulation for 24 h the supernatants were collected and stored at
-20°C. The cytokines IL-1B, IL-6, TNFa, and IL-1Ra were measured
in culture supernatants (R&D Systems, Minneapolis, MN, USA) ac-
cording to the instructions supplied by the manufacturer.

ROS Induction

The induction of ROS was measured by oxidation luminol
(5-amino-2,3,dihydro-1,4-phtalazinedione). PBMCs (5 x 10°)
were resuspended in HBSS and placed in dark 96-well plates. The
cells were exposed to HBSS, A. fumigatus heat-inactivated resting
conidia, live resting conidia, live germinated conidia (each at 1 x
107/mL), A. nidulans heat-inactivated resting conidia, live resting
conidia, live germinated conidia (each at 1 x 107/mL), or zymosan
(150 ug/mL), and 20 pL of 1 mM luminol immediately was added.
Chemiluminescence was measured in BioTek Synergy HTreader
at 37°C for every minute during 1 h.

Fungal Killing Assays
PBMCs (5 x 10°/well), J774A.1 cells (1 x 10°/well), and
BMDMs (1 x 10%/well) were plated in 96-well flat-bottom plates

Phagocytosis of A. fumigatus and
A. nidulans

and exposed to A. fumigatus or A. nidulans conidia (2 x 10°) in a
final volume of 200 uL. After 24 h at 37°C all content of the wells
was collected and the host cells were lysed with water, pooled with
the well contents, and plated in serial dilution on Sabouraud agar
plates in order to obtain both conidia associated with cells as well
as free conidia. CFUs (colony-forming units) were counted after
24 h at 37°C, and were compared to the inoculum of live conidia
in the wells to calculate the percentage killing.

Statistical Analysis

Experimental data were plotted and analyzed using GraphPad
Prism v6.0 (GraphPad Software Inc., San Diego, CA, USA). Results
are shown as the mean + standard error of the mean (SEM). The
Mann-Whitney U test and 2-way analysis of variance (ANOVA),
followed by Bonferroni post hoc tests, were used to test statistical
significance (*p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001).

Results

Phagocytosis of A. nidulans and A. fumigatus

Cells of the murine macrophage-like cell line J774A.1
were exposed to resting conidia isolated from 4 A. fumi-
gatus and 3 A. nidulans strains. Phagocytosis efficiency
was assessed after 6 h of exposure to investigate whether
there are major differences in overall phagocytosis of A.
fumigatus and A. nidulans. After the 6-h time period,
J774A.1 cells had engulfed a significantly higher percent-
age of A. fumigatus conidia compared to A. nidulans co-
nidia (Fig. 1a). However, no significant difference was ob-
served in the percentage of J774A.1 cells that were engulf-
ing conidia (Fig. 1b). The phagocytic index of J774A.1
cells engulfing A. fumigatus strains was significantly
higher, however, in a strain-to-strain comparison, not all
A. fumigatus strains were engulfed with a higher phago-
cytic index compared to the A. nidulans strains. The re-
duced engulfment of A. nidulans strains led to signifi-
cantly more conidia germinating and forming hyphae
(Fig. 1d). Fungal killing assays were performed to assess
whether the reduced capacity to engulf A. nidulans trans-
lated into a reduced capacity to kill A. nidulans conidia.
After 24 h of exposure of J774A.1 cells to live conidia, the
cells demonstrated a reduced capacity to kill conidia of A.
nidulans strains compared to A. fumigatus strains
(Fig. 1e).

For the remaining experiments, a representative strain
of each of the fungal species was used (Af293 for A. fu-
migatus and CBS114.63 for A. nidulans).

To validate the difference in phagocytosis and killing
of A. nidulans spores, M-CSF-differentiated BMDMs
were assessed for their phagocytosis and killing capacity.
BMDMs also engulfed more A. fumigatus conidia after
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6 h (Fig. 1a). Although no significant differences were
observed in the percentage of engulfing macrophages
and the phagocytic index (Fig. 1b, ¢), a trend towards
more germination of A. nidulans conidia was observed
(Fig. 1d). As with J774A.1 cells, the BMDMs and human
PBMCs also demonstrated a reduced capacity to kill
A. nidulans in comparison to A. fumigatus (Fig. le). A
full characterization of the growth dynamics of the 2
strains AF293/CBS 101355/ATCC MYA-4609 (A. fumi-
gatus) and CBS 114.63 (A. nidulans) was performed to
exclude that the differences in phagocytosis were due to
differences in growth of the 2 fungal species (online
suppl. Fig. S2).

J774A.1 Cells and BMDMs Engulf A. nidulans at a

Slower Rate than A. fumigatus

To dissect the dynamics of recognition and phagocy-
tosis of live resting A. fumigatus and A. nidulans conidia
in more detail, imaging videos were analyzed (see online
suppl. Video 1 for a representative live cell-imaging vid-
eo). The moment of contact (timepoint at which contact
occurs between phagocyte and conidium) was established
from 1-min interval time lapse videos (Fig. 2a). A signifi-
cant difference was observed in the moment of contact
between J774A.1 cells and conidia of A. fumigatus versus
A. nidulans (Fig. 2b). Fifty percent of all A. fumigatus co-
nidia were in contact with cells after 30 min, while this
took over 1 h for A. nidulans (Fig. 2b). Subsequently, the
time of engulfment was assessed that was defined as the
time between contact and complete enclosure (Fig. 2c).
However, no significant difference in the mean time of
engulfment was observed (Fig. 2d). BMDMs exhibited
similar interactions, although the dynamics of contact be-
tween macrophage and spore (Fig. 2e) and speed of en-
gulfment (Fig. 2f) was not significantly slower. Collec-
tively, these observations demonstrate that A. nidulans
conidia are phagocytosed more slowly than A. fumigatus
conidia (Fig. 2g).

Fig. 1. Comparison of phagocytosis and killing of A. fumigatus and
A. nidulans by J774A.1 murine cells and BMDMs. a Percentage
of engulfed live resting A. fumigatus (Af293, ATCC204305, V05-
27, and Ku80) and A. nidulans (CBS114.63, CBS119.55, and
CBS670.78) conidia after 6 h of exposure to J774A.1 cells or A. fu-
migatus (Af293) and A. nidulans (CBS114.63) in M-CSF-differen-
tiated BMDMs at an MOI of 1:1. b Percentage of J774A.1 cells or
BMDMs with engulfed conidia after 6 h. ¢ Phagocytic index as cal-
culated by the percentage of phagocytosing cells multiplied by the
number of conidia per J774A.1 cell or BMDM. d Percentage of
germinating conidia within the total population of conidia after

Phagocytosis of A. fumigatus and
A. nidulans

Enhanced Migration of ]774A.1 Cells in Response to

A. fumigatus Conidia

Phagocyte migration was analyzed during exposure
to each fungal species to understand whether this was a
component of slower A. nidulans engulfment (Fig. 3a).
For individual engulfed conidia, we investigated wheth-
er cells actively migrated to engulf the spore. No sig-
nificance difference was observed in the number of
J774A.1 cells migrating towards conidia. Although cells
migrated significantly more towards conidia that be-
came swollen during the course of the experiment, no
significant differences in the percentage of cells that mi-
grated were observed between A. fumigatus and A. ni-
dulans (Fig. 3b). In addition, no significant differences
were observed in the distance that cells migrated to en-
gulf conidia (Fig. 3c). However, the J774A.1 cells mi-
grated with significantly greater velocity towards A. fu-
migatus resting and swollen conidia than to A. nidulans
(Fig. 3d). In contrast, BMDM:s did not show a faster mi-
gration towards A. fumigatus conidia (Fig. 3d). How-
ever, significantly more cells were migrating to engulf
A. fumigatus conidia when compared to A. nidulans co-
nidia (Fig. 3b).

LC3-Associated Phagocytosis Is Less Efficient for

A. nidulans

Phagosomes containing Aspergillus conidia mature
into a phagolysosome, a process that is characterized by
fusion with endosomes and lysosomes. Over the past
years it has been demonstrated that a fully functional LAP
is required for inducing an optimal phagosome matura-
tion of phagosomes containing A. fumigatus by mono-
cyte/macrophages [19-22]. Moreover, cells from CGD
patients recruit LC3 to Aspergillus-containing phago-
somes less efficiently [7, 20]. We therefore investigated
whether A. nidulans delayed LAP, which could be a con-
tributing factor in the enhanced susceptibility of CGD pa-
tients to A. nidulans. BMDMs that constitutively express

6 h of exposure to J774A.1 cells or BMDMs. e Percentage of co-
nidia killed after 6 h of exposure to J774A.1 cells, BMDMs, or
human PBMCs measured by CFUs remaining after plating on
Sabouraud agar. Data are presented as the mean + SEM derived
from at least 4 independent experiments for J774A.1 cells with a
total of 14 frames for Af293, 6 for V05-27, 6 for ATCC204305, 6
for Ku80, 14 for CBS114.63, 6 for CBS119.55, and 6 for CBS670.78.
For BMDMs, 2 independent experiments are shown with 2 and 4
videos. Means were compared for significance using the Mann-
Whitney U test; * p < 0.05, ** p < 0.01, **** p < 0.0001.

J Innate Immun 2018;10:145-160
DOI: 10.1159/000484562

149



Cumulative % of
spores in contact with M®

Cumulative % of
phagocytosed spores

Cumulative % of
phagocytosed spores

o

Cumulative % of
phagocytosed spores

Cumulative contact dynamics

Engulfment

J774A.1
100
1L "y —
75 - aadssaissdiii S
....... N
()
50 2
s
>
25 :E,
Af vs. An: k% O
0 T T T T T 1
0 60 120 180 240 300 360
Time, min C
Cumulative phagocytosis
J774A.1
100
25 i - Af
1 -0~ An  Afvs. An: %%
0 T T T T T 1
60 120 180 240 300 360
Time, min
Cumulative contact dynamics
BMDMs
100
75 5
O\O
[
50 2
______________________ ©
25 - Af £
-0~ An  Afvs. An:ns ©
0 7 T T T 1
0 60 120 180 240 >300
Time, min f

100

75

50

25

Cumulative phagocytosis
BMDMs

- Af
-0~ An

Afvs. An: x

120 180
Time, min

240

>300

engulfed spores

engulfed spores

Duration of engulfment
J774A.1

[y
o
|

wul
|

o
|

100 o
. iid
- jraiiaaiaae
} 1 IDEE N c 4
RrTae £
50 }Ay' g
|
25 - .
; Afvs. An: ns
0 T T T 1 0
0 5 10 15 20 >20
Time, min
Duration of engulfment
BMDMs
100 15
p;uigvli°
TT L] L
] e
HEetE £
! €
50 {g &
i :
=
25 o
i Afvs. An: ns
o T T T T 1
0 5 10 15 20 >20
Time, min

J774A1

Af An

BMDMs

Af An

150

J Innate Immun 2018;10:145-160
DOI: 10.1159/000484562

(For legend see next page.)

Gresnigt/Becker/Leenders/Alonso/Wang/

Meis/Bain/Erwig/van de Veerdonk




Contact
T =10 min

Initiation migration
T =0 min

in

Speed 4.13 ym/m
5

A\
I

J774A.1 BMDMs
20 0~
IS 1S
3 3
o 154 s 154
O o
g s
2 10 2 10
c C
§el ke)
T 54 T 54
2 =)
= =
0 0
Af  An Af  An Af  An
C Resting Swollen

J774A.1 BMDMs
g 100 H — g 100 —
2 2
3 L8
19 (9]
£ £
o 50 o 50
£ £
S 1 g
= A=yl
£ 1S ||
o\o 0 1 1 1 o\o O 1 1
b %0(\@ c}\q,o e‘ooq o\\é\ Af An

¥ N & *
Af An

1 No migration I Migration

J774A1
44 skkksk * 4 -

BMDMs

A An

Q  Migration speed, um/min
o = N w
| | | |
Migration speed, pm/min
o [ N w
| | |

Resting Swollen

Fig. 3. A. fumigatus is more efficiently recognized and phagocy-
tosed than A. nidulans. a Two representative frames from live cell-
imaging videos illustrating the measurement of migration distance
(left panel) and definition of contact between an A. fumigatus co-
nidium and a J774A.1 cell (right panel). b Percentage of J774A.1
cells (left panel) and BMDMs (right panel) that show active migra-
tion to A. fumigatus or A. nidulans resting conidia or swollen co-
nidia. ¢ Mean distance (um) measured using Volocity software
from the moment of initiation of migration by J774A.1 cells (left

Fig.2.]774A.1 cellsand BMDMs engulf A. nidulans at a slower rate
compared to A. fumigatus. a Representative frame series illustrat-
ing the definition of contact and full enclosure (phagocytosis). b,
e Cumulative percentage of A. fumigatus and A. nidulans conidia
in contact with J774A.1 cells (b) or BMDMs (e). Contact is defined
as the timepoint where the cell makes visible physical contact with
the spore. ¢, f Cumulative percentage of A. fumigatus and A. nidu-
lans conidia engulfed by J774A.1 cells (c) or BMDMs (f) relative to
the time of contact between spore and macrophage and mean time
of duration between contact and engulfment. d, g Cumulative

Phagocytosis of A. fumigatus and
A. nidulans

panel) and BMDMs (right panel). d Migration speed (um/min)
measured by Volocity software from the moment of movement
initiation to the moment of contact between J774A.1 cells (left
panel) and BMDMs (right panel) and conidia. All bars and dot
plots represent the mean + SEM, derived from 2 independent ex-
periments with 4 videos per experiment for J774A.1 cells and 2
independent experiments with 2 and 4 videos for BMDMs. Means
were compared for significance using the Mann-Whitney U test;
* p < 0.05, ¥¥** p < 0,0001

percentage of A. fumigatus and A. nidulans conidia engulfed by
J774A.1 cells (d) or BMDMs (g) relative to the time of the start of
the experiment. All bars and dot plots represent the mean + SEM
derived from 2 independent experiments with 4 videos per exper-
iment for J774A.1 cells and 2 independent experiments with 2 and
4 videos for BMDMs. Statistical analysis was performed with
2-way ANOVA for cumulative graphs and means were compared
for significance using the Mann-Whitney U test; * p < 0.05, ** p <
0.01.
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Fig. 4. A. nidulans-containing phagosomes show delayed LC3 re-
cruitment. a Representative image series of GFP-mCherry LC3 ex-
pressing M-CSF-differentiated BMDMs showing the LC3 GFP-
mCherry signal and appearance of an LC3 halo surrounding the
conidia at 24 min after engulfment. b Mean time until an LC3 halo
was visible relative to the moment of engulfment. ¢ Cumulative
dynamics of LC3 halo colocalization. d Percentage of engulfed co-

LC3-GFP-mCherry were exposed to A. fumigatus and A.
nidulanslive resting conidia, and the time until formation
of an LC3 halo was assessed relative to the moment of
phagocytosis of the conidia (Fig. 4a; online suppl. Video
2, 3). Although the time until colocalization of an LC3
halo was not significantly different for A. nidulans com-
pared to A. fumigatus (Fig. 4b), the cumulative percent-
age of engulfed conidia that acquire an LC3 halo over
time was significantly delayed for A. nidulans (Fig. 4c),
and significantly fewer A. nidulans conidia recruited LC3
following phagocytosis, when compared to A. fumigatus
conidia.
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nidia that become surrounded by an LC3 halo (halo) and the per-
centage of conidia that are not enclosed by a halo of LC3 (no halo).
All bars and dot plots represent the mean + SEM derived from 2
independent experiments with 2 and 4 videos, respectively. Statis-
tical analysis was performed with 2-way ANOVA for cumulative
graphs and the means were compared for significance using the
Mann-Whitney U test; * p < 0.05.

Phagosome Acidification Is Slower for Phagosomes

Containing A. nidulans

Phagosome acidification has previously been shown to
be crucial for the killing of A. fumigatus [23]. LTR was
used to stain the acidic compartments of J774A.1 cells.
Upon exposure of J774A.1 cells to live resting conidia, the
onset of phagosome acidification was assessed by localiza-
tion of LTR as a halo around the engulfed spore, relative
to the moment of complete enclosure of the particle
(Fig. 5a). Phagosome acidification of A. nidulans-contain-
ing phagosomes in J774A.1 cells was significantly slower
than phagosome acidification of A. fumigatus-containing
phagosomes (Fig. 5b). Analysis of the dynamics reveal that
50% of engulfed A. fumigatus conidia were in acidified
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Fig.5. A. nidulans-containing phagosomes show delayed phagoly-
sosomal fusion. a Representative image series showing LTR stain-
ing of acidic compartments in J774A.1 cells and the appearance of
an LTR halo surrounding the conidia at 5 min after engulfment.
b Histogram illustrating the distribution of time in which the LTR
halo colocalized with the engulfed conidia relative to the time of
engulfment and a plot of the average time of LTR-halo colocaliza-
tion relative to the time of engulfment compared between A. fu-

compartments of the J774A.1 cells by 8 min postengulf-
ment, while for A. nidulans this took over 11 min (Fig. 5¢).

A. fumigatus Induces a Significantly Stronger

Oxidative Burst than A. nidulans

The oxidative burst is thought to be essential for suc-
cessful killing of Aspergillus conidia, since NADPH-in-

Phagocytosis of A. fumigatus and
A. nidulans

migatus and A. nidulans engulfed conidia in J774A.1 cells. ¢ Cu-
mulative dynamics of LTR halo colocalization relative to the mo-
ment of engulfment in J774A.1 cells. All bars and dot plots
represent the mean + SEM derived from 2 independent experi-
ments with 4 videos. Statistical analysis was performed with 2-way
ANOVA for cumulative graphs and means were compared for
significance using the Mann-Whitney U test; * p < 0.05, **** p <
0.0001.

duced ROS was found to regulate LAP [7, 20], a mecha-
nism that is required for fungal killing and antigen pre-
sentation [20, 24]. Therefore, the capacity to induce an
oxidative burst was compared between A. fumigatus
and A. nidulans using live resting conidia, live germi-
nated conidia (germlings), and heat-inactivated resting
conidia (Fig. 6a—-d). In line with previous studies [25],

J Innate Immun 2018;10:145-160
DOI: 10.1159/000484562

153



Zymosan Live resting conidia Live germinated conidia Inactivated resting conidia
—@— A fumigatus =@= A. nidulans -@— A fumigatus =@= A. nidulans —&— A fumigatus =@— A. nidulans
25,000 3,000 4 3,000 4 3,000 4
20,000
2,000 4 2,000 2,000
., 15,000
<
=
& 10,000 4 100 1000 skskoskok 1000
000 ’ 000000 :
5,000 — 2
0 T T T 1 0 T T T 1 0 T T T 1 0 T T T 1
0 15 30 45 60 0 15 30 45 60 0 15 30 45 60 15 30 45 60
a Time, min Time, min Time, min Time, min
A. fumigatus A. nidulans A. fumigatus A. nidulans A. fumigatus A. nidulans A. fumigatus A. nidulans
fulololo oKk
1 e N— 1 1 1 —
1,500 3,000 koK k 2,000 — 60,000
—
1,500 — .
E 1,000 — _E‘ 2,000 E E 40,000 —
> > > 2 —_—
a a a 1,000 — <
o 5 ) T &
= £ ;
Y 500 Z 1,000 = 20,000
= = 500 =
0 - 0 - 0 - 0 -
P S DL &P & & A & & N O IR < I N A SR I
%) X < e COMITRAGRR C e LR I RARR < e COMITRAGRR < e A
W PO W E T PP TS PP W E T PP
b <O (SNl & [CaNeNe & (SN eINe & [CaNeINeY
v k5 ® ®
J774A.1 BMDMs
2,500 + 2,000 1,500 15,000 4,000 8,000
kk kkk k% _ *
p =006
o 20007 = 1,500 . 2 2 3,000 - 2 6,000
E E £ 1,000 + < 10,000 < <
g 12007 2 3 g g g
Q. 2 1,000 o N - 2,000 - 4,000
o« 1,000 <} 5 4] Iy] o]
- < © 500 - & 5,000 5 5
= 500 - & 500 H = - - 1,000 — 2,000 H
0 + 0+ 0+ 0+ 0+ 0+
C Af An Af An Af An Af An d Af An Af An

Fig. 6. A. fumigatus induces higher ROS but lower cytokine levels
in human PBMCs compared to A. nidulans. a Oxidative burst as-
sayed by luminol oxidation by human PBMCs (5 x 10° cells/well)
from healthy volunteers (n = 6) that were incubated with Zymosan,
live resting conidia (1 x 10’/mL), live germinated conidia (1 x 107/
mL), or inactivated conidia (1 x 107/mL; panels from left to right).
b Cytokine release by human PBMCs measured in the cell culture
supernatant by ELISA were stimulated with live conidia of various
strains of A. fumigatus (Af293, n = 16; ATCC204305, n = 10; V05-
27, n =10, and Ku80, n = 8) and A. nidulans (CBS114.63, n = 16;

we confirmed that A. nidulans induced a significantly
reduced oxidative burst in human PBMCs (Fig. 6c, d).
The induction of oxidative burst was below the detec-
tion limit of the assay for J774A.1 and BMDM:s (data not
shown).
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CBS119.55, n = 10, and CBS670.78, n = 5). ¢ Cytokine release by
human PBMCs induced by heat-inactivated conidia of A. fumiga-
tus (Af293, n = 13) or A. nidulans (CBS114.63, n = 13). d IL-1Ra
release measured in the cell culture supernatants of J774A.1 cells
(n =10) and BMDMs (n = 6) after stimulation with A. fumigatus
(Af293) or A. nidulans (CBS114.63). All bars and dot plots rep-
resent the mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001,
Rk p < 0.0001. Statistical analysis was performed with 2-way
ANOVA for ROS curves and the Mann-Whitney U test for cyto-
kine data.

A. nidulans-Induced Cytokine Levels Are Significantly

Higher Compared to A. fumigatus

Defective ROS production has been associated with a
higher cytokine production in CGD patients [26]. There-
fore, we investigated whether the reduced oxidative burst
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elicited by A. nidulans correlated with an increased cyto-
kine response by stimulating human PBMCs of healthy
volunteers with heat-killed and live resting conidia of A.
fumigatus or A. nidulans. Cytokine production in human
PBMC:s induced by live resting conidia of the 3 A. nidu-
lans strains was significantly higher for the innate cyto-
kines IL-6, TNFa, IL-B, and IL-1Ra compared to stimula-
tion with 4 A. fumigatus strains (Fig. 6b). Killed resting
conidia of A. nidulans induced significantly more IL-1p,
TNFa, and IL-6 (Fig. 6¢). Although no induction of IL-1f,
TNFa, and IL-6 could be detected in J774A.1 cells and
BMDMs in response to A. nidulans (strain CBS114.63)
and A. fumigatus (strain Af293), a trend towards higher
IL-1Ra release was observed in both cell types (Fig. 6d).

Inhibition of Phagocytosis Increases A. fumigatus-

and A. nidulans-Induced Cytokine Responses

In order to assess whether the differences in cytokine
release could be attributed to differences in phagocytosis,
the capacity of human PBMCs to engulf particles was in-

Phagocytosis of A. fumigatus and
A. nidulans

hibited by cytochalasin D. Inhibition of actin-polymer-
ization [27], and thus phagocytosis, resulted in a signifi-
cant increase of IL-1p, TNFa, and IL-6 induction in re-
sponse to both heat-inactivated resting conidia of the A.
nidulans (strain CBS114.63) and A. fumigatus (strain
Af293; Fig. 7a—c). The capacity to induce IL-1Ra, how-
ever, did not increase after the blockade of phagocytosis
with cytochalasin D (Fig. 7d). Despite inhibition of
phagocytosis, A. nidulans still induced significantly more
IL-1p and TNFa than A. fumigatus.

Discussion

In this study, various aspects of the innate immune re-
sponse, in particular the phagocytosis of A. fumigatus and
A. nidulans, were compared. Differences in the phago-
cytic and immune-stimulatory capacities of these 2 dis-
tinct opportunistic pathogens were observed, which
might help to explain their differential pathogenicity. By
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6 h phagocytes are less able to control A. nidulans, which
continue to grow and germinate, resulting in reduced
killing of A. nidulans compared to A. fumigatus. Both spe-
cies differed markedly in their engulfment and uptake ki-
netics during interactions with host cells: A. fumigatus
was recognized and taken up faster compared to A. nidu-
lans. Strikingly, LC3 appeared more rapidly in A. fumi-
gatus-containing phagosomes and phagosomes contain-
ing A. fumigatus were acidified significantly faster than
those containing conidia of A. nidulans. Human PBMCs
exposed to A. nidulans produced increased concentra-
tions of proinflammatory cytokines compared to expo-
sure to A. fumigatus conidia and oxidative burst was di-
minished in the response to A. nidulans. These findings
are summarized in Figure 8.

Phagosome maturation leading to phagosome acidi-
fication is crucial for the killing of A. fumigatus [23].
LAP utilizes autophagy machinery for more efficient
killing of engulfed pathogens [19, 20] and MHCII-me-
diated antigen presentation [28]. Specifically, LAP af-
fects the downstream maturation of Aspergillus-con-

156 J Innate Immun 2018;10:145-160
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taining phagosomes, including acidification [19-21].
Therefore, delayed LAP dynamics could indicate dif-
ferential processing of the 2 Aspergillus species in the
phagolysosomes.

We observed a difference in the kinetics of phago-
some acidification using LTR-stained J774A.1 cells and
LC3 halos in LC3-GFP-mCherry transgenic BMDMs.
Phagosome acidification in J774A.1 occurred earlier
than the appearance of LC3 halos in BMDMs. This dif-
ference in kinetics may be explained by the use of 2 dif-
ferent cell types for each of the observations. However,
an alternative explanation is that LC3 is present in low
quantity which is visible by microscopy much earlier
than appearance of the halo. A relatively weak LC3 signal
could be observed in the videos during engulfment (on-
line suppl. Video 2). Further investigations will deter-
mine whether early localization of LC3 concurrently
with engulfment regulates phagosome acidification.
Since the early weak LC3 signal was impractical for
quantification, and previous reports focused on LC3+
halos surrounding engulfed conidia as a measurement
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of LAP, in the current study LAP was also quantified as
LC3 halos surrounding engulfed conidia.

Using live cell imaging, we conducted detailed com-
parisons of the phagocytosis dynamics of A. nidulans and
A. fumigatus; these observations may have relevance in
the setting of CGD. We observed that phagocytes migrat-
ed poorly to resting conidia of either species, but upon the
end stage of conidial swelling and start of germ tube for-
mation of the conidia, both J774A.1 cells (online suppl.
Video 4) and BMDMs migrated actively. Interestingly,
this is different from another fungus, Candida albicans,
which elicits active migration of phagocytes in both yeast
and hyphal forms [29]. Delayed phagocytosis of resting
Aspergillus conidia might be due to PAMP masking by
spore surface hydrophobins [30], until germination re-
veals underlying immune-stimulatory molecules follow-
ing the shedding of the hydrophobin layer. Phagocytes ap-
pear to sense germination over a substantial distance (on-
line suppl. Video 4), perhaps by the sensing of secreted
fungal molecules, such as galactomannan or galactosami-
nogalactan (GAG). Alternatively, macrophages might
contact-sense distant germinating conidia using superfine
projections, as previously seen with Candida interactions
by scanning electron microscopy [31]. Nevertheless, the
factors that trigger the migration of phagocytes towards
germinating conidia warrants further investigation.

C. albicans forms hyphae inside macrophages, facili-
tating lysis and escape [32]. This phenomenon was not
observed during the phagocytosis of A. fumigatus and A.
nidulans; however, hyphae were expulsed from the cell
following intracellular germination (online suppl. Video
5), as was previously described for Candida and Crypto-
coccus [33, 34]. These observations provide new insights
into the interplay between macrophages and Aspergillus,
and highlight the potential of live cell imaging as a tool to
study the dynamics of phagocytosis.

Previously, phagocytosis of A. fumigatus by J774A.1
macrophage-like cells was evaluated to be similar in terms
of morphology and efficiency to the phagocytosis by al-
veolar macrophages [35]. Nevertheless, a potential limita-
tion of the study is the use of macrophage-like cells
(J774A.1 cells) and nontypical macrophages (BMDMs).
Although these cell types have been extensively used to
study the dynamics of phagocytosis of fungi [29, 32-34,
36], the findings may not be directly translatable to bona
fide tissue macrophages, such as alveolar macrophages,
and further studies are warranted using primary macro-
phages, and in particular primary human alveolar macro-
phages. Protocols for the isolation of primary human
macrophages are becoming available [37, 38]; however, it

Phagocytosis of A. fumigatus and
A. nidulans

remains challenging to obtain large quantities of cells for
experiments without activating them and under sterile
conditions.

The findings of this study may help us understand why
the susceptibility to A. nidulans in CGD patients is much
higher compared to hematooncology patients. The differ-
ences in the prevalence of cases associated with fungal
species suggest that factors other than neutrophils may
determine the pathogenicity of A. nidulans, since A. ni-
dulans infections are rarely seen in neutropenic patients.
The residual cells of hematooncology patients, such as
residential alveolar macrophages, have normal antifungal
killing activity, while CGD patients have defects in neu-
trophils, macrophages, monocytes, and other immune
cells. Although the primary defect in CGD patients is an
inability to produce NADPH-dependent ROS, killing of
A. nidulans is still possible in NADPH oxidase-deficient
monocytes/macrophages [17]. However, the defect in the
NADPH complex in CGD patients has also been associ-
ated with a reduced efficiency of LAP [20, 39]. Restora-
tion of LAP in CGD mice was successful for controlling
invasive aspergillosis caused by A. fumigatus [7].

The epidemiology of Aspergillus infections in CGD pa-
tients implies that A. nidulans has an advantage in colo-
nizing patients within this particular disease background.
Although extensive studies are lacking, several studies
support the assumption that A. fumigatus is the more
abundant pathogen in the environment [40, 41]. In addi-
tion, A. fumigatus conidia are more efficiently dispersed
in the environment due to their higher hydrophobicity
[42]. The emergence of infections from less environmen-
tally abundant A. nidulans in CGD patients but not in
other immunocompromised groups points towards a se-
lective advantage for this fungus.

Here, we demonstrated that healthy macrophages
phagocytose and control A. nidulans with reduced effi-
ciency. Crucial antifungal processes, including LAP and
phagosome acidification, were impaired in response to A.
nidulans. Phagocytes of CGD patients have significantly
reduced LAP [7, 20], an impairment that may be com-
pounded upon further repression of LC3 recruitment and
phagosome acidification associated with A. nidulans. Ex-
posure to these spores may thus result in increased sus-
ceptibility and higher mortality of A. nidulans infection
in CGD [15-17].

Hematooncology patients experience a relatively short
time period of risk for Aspergillus infections, while CGD
patients are exposed to environmental Aspergillus conid-
ia over years. Therefore, it is tempting to speculate that
the net result of a chronic defective Aspergillus phago-
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cytic machinery characteristic for CGD in combination
with the slower phagocytic rate, delayed phagosome acid-
ification, and less efficient LAP of A. nidulans might ex-
plain why A. nidulans infections are only seen in CGD
patients and not in other disease settings, where this se-
vere threshold of defective host defense against A. nidu-
lans is not reached.

The higher immunostimulatory capacity of A. nidu-
lans compared to A. fumigatus is in agreement with ear-
lier studies using different strains than those presented
here [26, 43]. Interestingly, CGD patients, also exhibit a
heightened proinflammatory cytokine profile [44]. This
response in CGD patients especially for interleukin-1
production [7, 26, 43] has been associated with colitis [7].
Failure to control excessive inflammatory responses has
been associated with a poor clinical outcome and in-
creased mortality from aspergillosis [45], and the higher
mortality observed with A. nidulans could also be a result
of excessive inflammatory reactions leading to immuno-
pathology.

Differences in cell wall architecture between A. nidu-
lans and A. fumigatus may explain how they elicit differ-
ential cytokine responses. GAG is an important anti-in-
flammatory polysaccharide of the cell wall of A. fumigatus
that induces the anti-inflammatory cytokine IL-1Ra [46].
The absence of GAG in the cell wall of A. nidulans [47]
may contribute to its proinflammatory capacity, yet this
does not explain the additional high induction of an IL-
1Ra response. It should be noted, however, that other cell
wall components including chitin [48] and B-glucan [49]
are known to induce high levels of IL-1Ra, but in contrast
to GAG also have the capacity to induce strong proin-
flammatory responses. High IL-1Ra levels could also be a
result of a feedback loop of proinflammatory cytokines
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