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ABSTRACT  Aspergillus fumigatus, an opportunistic fungal pathogen, spreads in the environment by releasing numerous
conidia that are capable of reaching the small alveolar airways of mammalian hosts. In otherwise healthy individuals, macro-
phages are responsible for rapidly phagocytosing and eliminating these conidia, effectively curbing their germination and conse-
quent invasion of pulmonary tissue. However, under some circumstances, the fungus evades phagocyte-mediated immunity and
persists in the respiratory tree. Here, we report that A. fumigatus escapes macrophage recognition by strategically targeting
phosphatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)P;] metabolism through gliotoxin, a potent immunosuppressive myco-
toxin. Time-lapse microscopy revealed that, in response to the toxin, macrophages cease to ruffle, undergo abrupt membrane
retraction, and fail to phagocytose large targets effectively. Gliotoxin was found to prevent integrin activation and interfere with
actin dynamics, both of which are instrumental for phagocytosis; similar effects were noted in immortalized and primary phago-

cytes. Detailed studies of the underlying molecular mechanisms of toxicity revealed that inhibition of phagocytosis is attribut-
able to impaired accumulation of PtdIns(3,4,5)P; and the associated dysregulation of downstream effectors, including Rac
and/or Cdc42. Strikingly, in response to the diacylglycerol mimetic phorbol 12-myristate 13-acetate, gliotoxin-treated macro-
phages reactivate beta integrins, reestablish actin dynamics, and regain phagocytic capacity, despite the overt absence of plas-
malemmal PtdIns(3,4,5)P;. Together, our findings identify phosphoinositide metabolism as a critical upstream target of glio-
toxin and also indicate that increased diacylglycerol levels can bypass the requirement for PtdIns(3,4,5)P; signaling during

membrane ruffling and phagocytosis.
IMPORTANCE

Aspergillus fumigatus is the most frequent cause of human infections in the Aspergillus genus. In immunocom-

promised populations, invasive aspergillosis (IA) is associated with a mortality rate of up to 90%, and current antifungal thera-
pies have failed to prevent or reverse the infection. Therefore, a deeper understanding of the interactions between A. fumigatus
and its host is required. In healthy humans, alveolar macrophages can ingest and eliminate fungal spores, thus limiting their
germination into mycotoxin-producing hyphae. Our studies reveal that gliotoxin—the most abundant Aspergillus mycotoxin—
undermines the ability of phagocytes to carry out their protective functions. By targeting PtdIns(3,4,5)P, signaling and down-
regulating phagocytic immune defenses, the toxin could also exacerbate polymicrobial infections. Notably, we were able to re-
verse gliotoxin toxicity by addition of diacylglycerol analogues, which may provide the basis for therapeutic interventions.
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he opportunistic mold Aspergillus fumigatus is the primary

causative agent of invasive aspergillosis (IA), a devastating dis-
ease with a mortality rate of almost 90% in high-risk populations
(1). While immunosuppressed individuals—including patients
receiving a bone marrow transplant or undergoing chemothera-
py—are most susceptible to A. fumigatus infections (2), this
pathogen is also frequently isolated from sputum samples from
patients with chronic respiratory diseases, such as cystic fibrosis
(3,4).

Similar to other saprophytic fungi, A. fumigatus is virtually
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omnipresent in the environment as a natural occupant of soil and
plants (5). It spreads by releasing copious quantities of airborne
conidia, nonmotile dormant spores that can infiltrate the small
alveolar airways upon inhalation. As a necessary complement to
the mucociliary apparatus, lung-resident (alveolar) macrophages
recognize, internalize, and rapidly dispose of the hundreds of
Aspergillus conidia that the average person inhales every day (6, 7),
thereby preventing their germination and the formation of pul-
monary hyphal networks (8-10). Of note, the establishment of
hyphal networks by A. fumigatus is accompanied by the secretion
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of several immunosuppressive mycotoxins (11). The most abun-
dant of these mycotoxins is gliotoxin (12), a secondary metabolite
with a wide range of immunomodulating capabilities (13—18) and
associated with the development of IA (11). Like other toxins of
the epipolythiodioxopiperazine class, gliotoxin carries an internal
disulfide bridge that is essential for virulence (19).

Given that Aspergillus conidia are metabolically inactive, it is
only the hyphal morphotype that is capable of synthesizing and
secreting toxic secondary metabolites, including gliotoxin. Under
otherwise physiological conditions, alveolar macrophages rapidly
phagocytose inhaled conidia in order to prevent the formation of
these hyphal networks. However, in individuals with impaired
mucociliary clearance or suffering from immunodeficiencies, al-
veolar macrophages cannot effectively contend with the increased
and consistent burden of Aspergillus spores. The latter markedly
increases the susceptibility to mycelial colonization and to the
consequent destruction of pulmonary tissue. Thus, while alveolar
macrophages are normally instrumental in preventing hyphal col-
onization of the lung, underlying susceptibilities to infection
(such as immunosuppression or respiratory conditions) may
overwhelm phagocytic defenses and permit conidial germination.
Gliotoxin secretion by newly established hyphae may then further
suppress phagocytic defenses, thus intensifying an infection and
inflammation cycle.

Here, we test the notion that gliotoxin exacerbates microbial
infection by impairing the mechanisms employed by macro-
phages for recognizing, taking up, and destroying invading
pathogens. We find that gliotoxin markedly interferes with
PtdIns(3,4,5)P; production, thereby precluding the extension
of actin-driven membrane protrusions utilized by macro-
phages to survey their environment. PtdIns(3,4,5)P; dysregu-
lation results in overt integrin and actin cytoskeletal defects,
profoundly affecting the ability of macrophages to remain ad-
herent to the substratum and to complete phagocytosis of rel-
atively large targets. Interestingly, these abnormalities can be
reversed by the addition of a diacylglycerol analogue to
gliotoxin-treated cells. Overall, our observations identify
PtdIns(3,4,5)P; as a novel and critical gliotoxin target in
phagocytes and suggest that PtdIns(3,4,5)P;-mediated diacyl-
glycerol biosynthesis is key to the extensive actin remodeling
and integrin response required for cell spreading and phagocy-
tosis.

RESULTS

Gliotoxin inhibits diverse phagocytic modalities in macro-
phages. To characterize the effect of the toxin on phagocytosis, we
incubated murine RAW 264.7 macrophages with gliotoxin
(500 ng/ml; 1.53 uM) or vehicle (dimethyl sulfoxide [DMSO]) for
30 min. Immediately thereafter, IgG-opsonized red blood cells
(IgG-RBC) that had been prelabeled with a Cy3-conjugated sec-
ondary antibody were sedimented onto the macrophages to initi-
ate Fcry receptor (FcyR)-mediated phagocytosis, which was al-
lowed to proceed for 10 min before washing and fixing. I[gG-RBC
that remained adherent to the cell surface but were not internal-
ized were identified by incubating the fixed, nonpermeabilized
cells with Cy5-conjugated anti-IgG. Thus, our phagocytic assay
distinguished noninternalized targets (both Cy5 and Cy3 positive)
from internalized targets (Cy3 positive only). Macrophages were
subsequently permeabilized with Triton X-100 and stained with
Alexa Fluor 488-conjugated phalloidin to visualize actin fila-
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ments. As shown in Fig. 1A and B, gliotoxin-treated macrophages
exhibited a steep decline in phagocytic ability compared to un-
treated controls; not only did the toxin preclude binding to
phagocytic targets, it also hindered their subsequent internaliza-
tion. As quantified in Fig. 1G, the inhibitory effect of gliotoxin on
FcyR-mediated phagocytosis was dose dependent. The gliotoxin
doses employed in this assay, from 62.5 to 1,000 ng/ml, are in the
range of concentrations detected in serum samples of patients
with invasive aspergillosis (IA), which varies between ~150 and
800 ng/ml (20). Gliotoxin must be present at even higher concen-
trations in the lung parenchyma, the primary location of invasive
hyphal growth. Indeed, analyses of mice with experimentally in-
duced IA have shown that gliotoxin is typically found in the lung
at approximately 4,000 ng/g of tissue (20).

The fact that gliotoxin subverted phagocytosis of IgG-coated
particles in RAW 264.7 cells prompted us to investigate whether
the toxin had comparable effects on the engulfment of fungal par-
ticles by primary macrophages. To this end, we used either serum-
coated or unopsonized zymosan as phagocytic targets for human
monocyte-derived macrophages (Fig. 1C to F). Zymosan is ideally
suited for the study of phagocytosis of fungal particles, as it is
prepared from yeast cell walls and carries on its surface 3(1,3)-
glucans that are recognized by the phagocytic receptor dectin-1.
To facilitate their visualization by microscopy, we simultaneously
labeled all zymosan particles with succinimidyl esters conjugated
to either Alexa Fluor 555 (shown in red in Fig. 1C to F) or to
biotin. These functionalized zymosan particles were then sedi-
mented onto macrophages to initiate phagocytosis, which was al-
lowed to proceed for 20 min before fixation. Noninternalized par-
ticles were identified by labeling the biotin tag with fluorescent
streptavidin (shown in blue). Similar to the effects observed for
FcyR-mediated phagocytosis, gliotoxin profoundly depressed
both binding and engulfment of serum-coated zymosan (Fig. 1C
and D), which is normally engulfed upon engagement of both
FcyR and complement receptors. Likewise, dectin-1-mediated
phagocytosis of unopsonized zymosan (Fig. 1E and F) by human
macrophages was virtually obliterated by gliotoxin. As quantified
in Fig. 1H, the total number of serum-opsonized zymosan parti-
cles engaged by macrophages (white bars) decreased from 9.4 *
1.3 to 3.1 = 0.7 upon gliotoxin treatment. This effect was even
more striking for unopsonized zymosan; the total number of con-
tacted particles was reduced from 4.4 = 0.6 to 0.22 % 0.08. Thus,
for both serum-opsonized and unopsonized zymosan, gliotoxin
exposure led to a more than 4-fold drop in phagocytic efficiency
(the ratio of internalized to total number of engaged particles;
shown as a percentage above the bars in Fig. 1H).

Macrophage viability is not compromised after acute glio-
toxin exposure. Prolonged exposure to gliotoxin has been re-
ported to trigger apoptosis (12, 15, 21). While our gliotoxin treat-
ments were comparably short (15 to 30 min), we nevertheless
questioned whether the gliotoxin-mediated phagocytic impair-
ment we observed was attributable to reduced macrophage viabil-
ity. We addressed this by two independent, complementary assays
(see Fig. S1 in the supplemental material). First, we monitored
plasmalemmal integrity in gliotoxin-treated RAW 264.7 macro-
phages using the membrane-impermeant dye aqua LIVE/DEAD.
This fluorescent molecule exclusively stains plasmalemmal pro-
teins of live cells, but it gains access to the cytoplasm of necrotic
cells because of their increased membrane permeability. As illus-
trated in Fig. SIA and S1B, the vast majority (93.2% * 1.7%) of
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FIG 1 Gliotoxin inhibits phagocytosis in macrophages. (A to F) RAW 264.7 cells (A and B) and human monocyte-derived macrophages (C to F) were treated
with vehicle only (DMSO) (left panels) or 500 ng/ml gliotoxin (right panels) for 30 min immediately before being challenged with IgG-opsonized red blood cells
(A and B), serum-opsonized zymosan (C and D), or unopsonized zymosan (E and F). In all instances, phagocytosis proceeded for 20 min before fixation. All
IgG-coated erythrocytes were labeled with Cy3-conjugated IgG (shown in red) prior to the onset of phagocytosis. To identify erythrocytes that were not

(Continued)
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gliotoxin-treated macrophages maintained plasmalemmal integ-
rity even 4 h after gliotoxin exposure (as evident by the absence of
cytoplasmic fluorescence), implying that these cells were not un-
dergoing necrosis. Second, to assess whether short gliotoxin incu-
bations resulted in apoptosis, we monitored phosphatidylserine
(PtdSer) exposure on the exofacial leaflet of the plasma mem-
brane and also nuclear condensation, using annexin V and 4',6'-
diamidino-2-phenylindole (DAPI) staining, respectively. As
shown in Fig. S1C and S1D, PtdSer asymmetry was maintained for
the first 2 h of treatment, with 87.8% = 4% of the cells remaining
annexin V negative and therefore not apoptotic at this time. Of
note, no indications of cell death were observed for periods of time
greatly exceeding the one used for our phagocytic assays. Indeed,
the gliotoxin-induced phagocytic and cytoskeletal abnormalities
shown in Fig. 1 were fully apparent within 15 min of gliotoxin
treatment. Thus, a mechanism other than cell death must account
for the acute phagocytic impairment elicited by gliotoxin.

Cell-surface distribution and affinity of FcyR are not altered
by gliotoxin. The marked reduction in the ability of gliotoxin-
treated macrophages to engage their targets may have been caused
by a reduction in the number of phagocytic receptors at the cell
surface and/or of their ability to recognize their ligand. We exam-
ined these possibilities by a combination of immunofluorescence
and flow cytometry. Figure 2A to D show representative micro-
graphs of control (left panels) and gliotoxin-treated (right panels)
RAW 264.7 cells that were stained with antibodies against Fcy
receptor I (FcyRI) (Fig. 2A and B) or against an epitope shared by
FcyRIIb and FcyRIII (Fig. 2C and D). As evident in these images,
the levels of cell-surface Fcy receptors were comparable in
DMSO- and gliotoxin-treated cells. The density of FcyRI and
FcyRIIb/FcyRIII at the cell surface was also quantified by flow
cytometry (Fig. 2G and H), which confirmed that the distribution
of these receptors did not change upon gliotoxin treatment.

To assess whether gliotoxin reduced receptor affinity, we next
compared the ability of control and gliotoxin-treated macro-
phages to bind fluorescent IgG aggregates (Fig. 2E and F). These
assays, performed at 16°C to avoid internalization of the aggre-
gates, revealed no significant differences between DSMO- and
gliotoxin-treated macrophages (Fig. 2I). Together, these data in-
dicate that neither a change in the number of receptors nor in their
affinity for IgG can account for the impairment of phagocytosis by
gliotoxin.

Cell adhesion and actin dynamics are profoundly affected by
gliotoxin. To aid us in identifying likely targets of the toxin in
phagocytes, we compared the ultrastructure of human monocyte-
derived macrophages under control and gliotoxin treatment con-
ditions, using scanning electron microscopy. As the representative
micrographs in Fig. 3 show, gliotoxin treatment prevented the
elaboration of lamellipodial extensions, which were otherwise
prominent under control conditions (Fig. 3A). Instead, macro-

Figure Legend Continued

phages exposed to the toxin lost adhesion to the substratum,
forming retraction fibers (Fig. 3B). The capacity of gliotoxin to
dually interfere with actin dynamics and cell adhesion was also
observed by time-lapse differential interference contrast (DIC)
microscopy; Movie S1 in the supplemental material shows that
RAW 264.7 cells withdrew their actin-driven membrane exten-
sions and abruptly retracted in response to the mycotoxin. Like-
wise, the phagocytic response and highly dynamic membrane pro-
trusions of primary human macrophages (Movie S2) were
virtually obliterated upon gliotoxin treatment (Movie S3).

The scanning electron microscopy examination also re-
vealed that gliotoxin-treated macrophages responded to serum-
opsonized zymosan by developing abortive phagocytic cups,
which arrested halfway around the particle (Fig. 3D, inset). Previ-
ous studies have shown that macrophages incubated with phos-
phatidylinositol 3-kinase (PI3K) inhibitors such as LY294002 or
wortmannin arrest at similar stages of phagocytosis (22-24), gen-
erating unproductive cups or membrane pedestals akin to those
shown in Fig. 3D.

Given its striking effect on the ability of macrophages to extend
and maintain actin-driven protrusions, we next questioned
whether the cellular level of filamentous actin (F-actin) was al-
tered by gliotoxin. RAW 264.7 macrophages were treated with
increasing concentrations of the toxin for 30 min immediately
before being fixed, permeabilized, and stained with fluorescent
phalloidin (Fig. 3E and F). Cells were then imaged by confocal
microscopy, and the intensity of phalloidin fluorescence was used
as an indicator of the F-actin level. As shown in Fig. 3F, gliotoxin
treatment led to a dose-dependent decline in the F-actin content
of the cells.

Gliotoxin-induced cytoskeletal abnormalities are accompa-
nied by Rac/Cdc42 inactivation. The small Rho GTPases Rac and
Cdc42 orchestrate the initial projection and progression of actin-
driven pseudopodia around phagocytic targets (25-29). Rac is
also responsible for driving the constitutive membrane ruffling of
professional phagocytes (30). We therefore tested the effects of
gliotoxin on these GTPases. To this end, we cotransfected macro-
phages with constructs encoding PAK(PBD)-YFP, the p21-
binding domain (PBD) of p21-activated kinase (PAK) conjugated
to yellow fluorescent protein (YFP), and Lifeact-mRFP (mRFP
stands for monomeric red fluorescent protein), fluorescent bio-
sensors of active (GTP-loaded) Rac/Cdc42 (27, 31) and F-actin
(31), respectively. Transfectants were imaged live by time-lapse
confocal microscopy under control conditions and immediately
after gliotoxin exposure (see Movie S4 for uninterrupted time-
lapse sequence). As expected, control macrophages constitutively
generated actin-rich membrane ruffles (Fig. 3G, top panel), and
these disappeared upon gliotoxin addition (Fig. 3H, top panel).
More importantly, retraction of these membrane projections was
coincident in space and time with the dissociation of PAK(PBD)-

internalized, the fixed cells were stained with a Cy5-conjugated antibody (shown in blue) following phagocytosis. Likewise, all zymosan particles were simulta-
neously labeled with succinimidyl esters of Alexa Fluor 555 (shown in red) or of biotin prior to initiating phagocytosis. Bound but nonphagocytosed zymosan was
visualized by staining with streptavidin-Alexa Fluor 647 (shown in blue). Macrophages were then permeabilized and stained with phalloidin-Alexa Fluor 488 to
visualize F-actin. All images are displayed as Z-projections of confocal sections. Bars = 10 um. (G) Quantification of the average number of IgG-opsonized
erythrocytes internalized per RAW 264.7 cell in response to the indicated gliotoxin concentrations. (H) Quantification of the total (white bars) and internalized
(black bars) number of serum-opsonized or unopsonized zymosan particles associated per human macrophage. The ratio of internalized-to-total number of
particles is indicated as a percentage above the bars. All experiments were conducted independently at least three times, and error bars represent the standard
errors of the means (SEM). IgG-RBC, IgG-opsonized red blood cells; SOZ, serum-opsonized zymosan.
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FIG2 Surface density and binding ability of Fcy receptors are unaltered by gliotoxin. (A to F) RAW 2.7 cells were treated with vehicle alone (DMSO) (left panels)
or 500 ng/ml gliotoxin (right panels) for 30 min immediately before being labeled with either anti-FcyRI (a-FcyRI) (A and B) or anti-FcyRIIb/III (C and D)
antibodies or exposed to Cy3-conjugated aggregated IgG (E and F). Surface expression of the indicated Fcry receptors (shown in green) was visualized by staining
with Alexa Fluor 488-conjugated secondary antibodies, while nuclei were counterstained with DAPI (shown in blue). For each individual panel in panels A to F,
channels are shown either individually as confocal XY sections (smaller images, left side), or merged as a Z-projection (larger image, right side). Bars = 10 um.
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YFP from sites of actin polymerization (Fig. 3G and H, bottom
panels), suggesting that gliotoxin interferes with homeostatic ac-
tin dynamics by precluding activation of Rac and/or Cdc42.

Treatment with gliotoxin does not trigger cAMP signaling in
macrophages. A previous study reported that gliotoxin induces
marked alterations in the actin cytoskeleton of neutrophils (32).
The authors noted that stimulation of cyclic AMP (cAMP) signal-
ing in neutrophils recapitulated (some of) the gliotoxin-induced
cytoskeletal abnormalities. Conversely, these actin defects were
prevented if gliotoxin treatment was preceded by incubating
the neutrophils with (R)-adenosine, cyclic 3’,5’-(hydrogen-
phosphorothioate) trimethylammonium (cAMPS-Rp), a com-
petitive inhibitor of cAMP signaling (32). To investigate whether
the profound alterations in actin dynamics we observed in mac-
rophages were also cAAMP dependent, we conducted two indepen-
dent assays. First, we assessed the activation state of protein kinase
A (PKA), a cAMP-dependent kinase, by monitoring phosphory-
lation of its substrate, vasodilator-stimulated phosphoprotein
(VASP), at serine 157 (33, 34). Surprisingly, the levels of phos-
phorylated VASP (phospho-VASP) were equivalent in resting and
gliotoxin-treated macrophages (see Fig. S3A and S3B in the sup-
plemental material), implying that gliotoxin does not elevate
cAMP in macrophages. In contrast, treatment with forskolin—a
direct activator of the adenylyl cyclase (35, 36)—led to a more
than 80-fold increase in phospho-VASP levels, and this was
blunted by incubating the macrophages with cAMPS-Rp prior to
forskolin stimulation. Given that our findings were not congruent
with gliotoxin toxicity being cAMP dependent, we also assessed
cAMP levels by measuring integrin activation; previous work has
demonstrated the existence of cAMP-dependent guanine nucleo-
tide exchange factors (GEFs) that promote inside-out activation
of integrins through Rap1 (37, 38). Thus, if cAMP levels increased
as a consequence of gliotoxin exposure, then integrin activation
would ensue. Human monocyte-derived macrophages were
treated with gliotoxin or vehicle alone, fixed, and stained with an
antibody that recognizes an epitope exposed on activated (high-
affinity) integrin [3,. As a positive control, integrins were activated
by incubating with the phorbol ester phorbol myristate acetate
(PMA) (Fig. S3C and D). Contrary to the consequences expected
from elevation of cAMP, gliotoxin treatment reduced integrin ac-
tivation (Fig. S3C, top panels; Fig. S3D). Moreover, preincubation
of macrophages with gliotoxin significantly precluded PMA-
mediated integrin activation (Fig. S3C, bottom panels; Fig. S3D).
The failure of gliotoxin to increase VASP phosphorylation, in con-
junction with the observed decline in integrin activation, implies
that the toxin operates through a mechanism other than triggering
cAMP signaling in macrophages.

Gliotoxin decreases PtdIns(3,4,5)P; levels in phagocytes. We
next turned our attention to phosphoinositides, which play a cen-
tral role in signaling actin polymerization and remodeling (39). In
particular, PtdIns(4,5)P, promotes the formation of actin net-
works and their anchorage to the plasmalemma (40-43), while

Figure Legend Continued

PtdIns(3,4,5)P; recruits and activates modulators of Rho GTPase
activity carrying pleckstrin homology (PH) domains. For in-
stance, the GEFs Vav, Sosl, and Tiam1 induce Racl signaling in
spatially restricted membrane regions enriched in PtdIns(3,4,5)P;
(30, 44, 45). To investigate whether gliotoxin-induced alterations
in actin dynamics and in Rac/Cdc42 activity were due to a dys-
regulation in phosphoinositide metabolism, we visualized the cel-
lular distribution of PtdIns(4,5)P, and PtdIns(3,4,5)P; with the
PLC8(PH)-GFP (PLC stands for phospholipase C, and GFP
stands for green fluorescent protein) and Akt(PH)-GFP fluores-
cent biosensors, respectively (46, 47) (Fig. 4A to E). As expected,
PLC8(PH)-GFP was found along the entire plasmalemma—
where PtdIns(4,5)P, is most abundant—while Akt(PH)-GFP
was largely restricted to membrane ruffles. Remarkably, glio-
toxin addition caused dissociation of both biosensors from the
plasma membrane (Fig. 4B and D), implying that the concen-
tration of both PtdIns(4,5)P, and PtdIns(3,4,5)P; decreased.
While plasmalemmal PtdIns(4,5)P, was only modestly re-
duced, PtdIns(3,4,5)P; was virtually undetectable following
gliotoxin treatment (see Fig. 4E for a quantification of normal-
ized fluorescence).

To ensure that the observed decline in PtdIns(3,4,5)P; was not
an artifact caused by interference of the toxin with the biosensor
itself, we also measured Akt phosphorylation at serine 473 by im-
munoblotting, a commonly used indicator of PtdIns(3,4,5)P;
abundance (48). As shown in Fig. 4F and G, Akt phosphorylation
was markedly reduced in gliotoxin-treated cells compared with
controls. Note that cells exposed to gliotoxin exhibited a decline in
Akt phosphorylation equivalent to that observed in cells treated
with the customary PI3K inhibitor wortmannin (Fig. 4F and G).
These observations indicate that gliotoxin interferes with
PtdIns(3,4,5)P; homeostasis and implicate PI3K as a likely target
of the toxin. The data also suggest that the rapid inactivation of
Rac/Cdc42 and the ensuing actin cytoskeletal abnormalities may
be attributable to a reduction of plasmalemmal PtdIns(3,4,5)P5.

Gliotoxin-induced inhibition of phagocytosis is dependent
on particle size. While similar at first glance, phagocytosis of dif-
ferently sized particles varies significantly at the molecular level. In
particular, phagocytosis of large targets is dependent on PI3K ac-
tivity, while that of small targets is not (21). Indeed, we and others
have shown that cells treated with conventional PI3K inhibitors
fail to internalize large (>5-um) prey, instead developing actin-
rich pseudopodia that arrest halfway around the target (21, 23,
24). Notably, PI3K inhibitors do not similarly affect internaliza-
tion of smaller targets. This differential requirement of PI3K ac-
tivity for phagocytosis, in conjunction with our observation that
gliotoxin markedly interfered with PtdIns(3,4,5)P5 levels, led us to
hypothesize that internalization of large—and not that of small—
targets would be affected by gliotoxin. We tested this notion by
challenging gliotoxin-treated macrophages with either large (8.3-
pm) or small (1.6-um) IgG-opsonized beads, allowing phagocy-
tosis to proceed for 10 min before fixation. As shown in Fig. S2A in

a-rat 1gG-488, anti-rat IgG conjugated to Alexa Fluor 488. (G and H) Flow cytometry histograms depicting the relative frequency of FcyRI-positive (G) and
FcyRIIb/1I-positive (H) RAW 264.7 cells under control (solid blue trace) and gliotoxin (solid red trace) conditions. Isotype traces, indicative of antibody-
receptor interactions that occurred through the IgG2a Fc portion (as opposed to the variable region) are shown in dashed lines. The background signal (unlabeled
macrophages) is depicted by the gray trace. (I) Quantification of the results shown in panels E and F. Relative fluorescence intensity of Cy3-conjugated aggregated
IgG at the cell surface, representative of the affinity of Fcy receptors for their ligand, is reported for control cells (black bars) and gliotoxin-treated cells (white
bars). Experiments were conducted at least three times and error bars represent the SEM.
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FIG 3 Gliotoxin alters the actin cytoskeleton and Rho GTPase activation. (A to D) Ultrastructural characterization of the morphological changes induced by
gliotoxin. Primary human macrophages were treated with DMSO (left panels) or gliotoxin (right panels) for 50 min before being fixed and imaged by scanning
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FIG 4 PtdIns(3,4,5)P; is depleted in gliotoxin-treated macrophages. (A to D) RAW 264.7 cells transiently expressing PLC6(PH)-GFP (A and B) or Akt(PH)-
GFP (C and D), biosensors for PtdIns(4,5)P, and PtdIns(3,4,5)P;, respectively. Cells were treated with DMSO (left panels) or 500 ng/ml gliotoxin (right panels)
for 30 min immediately before being imaged live by spinning-disk confocal microscopy. Illustrated in each panel are single XY (top) and XZ (bottom) optical
slices. The white dotted line along the XY plane indicates the coordinates of the XZ plane. Bars = 10 um. (E) Quantification of plasmalemmal fluorescence
intensity in DMSO- or gliotoxin-treated macrophages expressing the indicated phosphoinositide biosensor. Values were obtained by dividing the difference
between plasmalemmal and cytoplasmic fluorescence by the cytoplasmic fluorescence, thus accounting for differential levels of expression and photobleaching.
Values that are not statistically significant (n.s.) are indicated. (F) Macrophage-colony stimulating factor (M-CSF)-dependent phosphorylation of Akt at serine
473 was assessed by immunoblotting as an alternative readout of PtdIns(3,4,5)P; abundance. RAW 264.7 cells were first treated for 30 min with DMSO, gliotoxin,
or the PI3K inhibitor wortmannin. Where indicated, cells were incubated with PMA following gliotoxin or wortmannin exposure for the last 15 min of treatment.
For all conditions in panel F, cells were activated with M-CSF 5 min prior to extraction in order to induce PI3K signaling. pAKT, phosphorylated Akt. (G)
Quantification of the phospho-Akt signal divided by that of GAPDH in the immunoblot shown in panel F. Values are reported as changes relative to the
DMSO-treated control. Experiments were conducted at least three times, and error bars represent the SEM.

the supplemental material, control macrophages exposed to large  (Fig. S2B). Of note, gliotoxin-treated macrophages developed
targets readily completed phagocytosis of the majority of their  abortive, actin-rich phagocytic cups akin to those observed in cells
contacted targets, as expected. In sharp contrast, internalization of ~ with impaired PI3K activity. Gliotoxin treatment also led to a
these large targets was precluded in response to gliotoxin marked reduction in the total number of large targets that were

Figure Legend Continued

electron microscopy. Cells in panels C and D were challenged with serum-opsonized zymosan for the last 20 min of gliotoxin treatment. Insets display magnified
views of zymosan particles contacted by control (C) and gliotoxin-traded cells (D). (E) Visualization of the microfilament skeleton of RAW 264.7 cells treated
with gliotoxin at the concentrations indicated on each micrograph’s lower left. After 30 min of gliotoxin treatment, cells were stained with Alexa Fluor
488-conjugated phalloidin and imaged by spinning-disk confocal microscopy. Images were pseudocolored according to the heat map shown on the bottom right.
(F) Quantification of phalloidin fluorescence intensity in the cells shown in panel E as a function of gliotoxin concentration, representative of the relative levels
of F-actin. Values have been normalized to the untreated control condition. A.U., arbitrary units. (G and H) Micrographs obtained by time-lapse fluorescence
microscopy showing sites of actin polymerization and Rac/Cdc42 activation. RAW 264.7 macrophages were transiently cotransfected with constructs encoding
Lifeact-mRFP (top panel) and PAK(PBD)-YFP (bottom panel), fluorescent probes for F-actin and active Rac/Cdc42, respectively. The arrows in panel G point
to membrane ruffles formed by untreated cells at sites of Rho GTPase activation. The cells in panel H were exposed to gliotoxin at the 0-min time point. Bars in
panels E to H)= 10 wm. Experiments were conducted at least three times, and error bars represent the standard errors of the means. SOZ, serum-opsonized
zymosan.
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associated with the macrophages, a phenomenon likely attributed
to the inability of gliotoxin-exposed cells to ruffle their mem-
branes and probe their microenvironment. The toxin also caused
a decrease in the total number of small targets associated with the
macrophage surface. Remarkably, however, gliotoxin did not alter
the efficiency with which these small targets were phagocytosed;
the majority of small beads contacted by both control and
gliotoxin-treated cells were internalized. A quantification of these
determinations is provided in Fig. S2E and S2F. Together, these
results indicate that gliotoxin profoundly depresses the efficiency
of macrophages to phagocytose large, but not small, targets. The
differential effect of gliotoxin on the phagocytosis of large versus
small targets is in line with the notion of PI3K being a gliotoxin
target in professional phagocytes.

PMA promotes PtdIns(3,4,5)P;-independent ruffling and
phagocytosis. While assessing the effect of gliotoxin on integrin
activation (see Fig. S3C and S3D in the supplemental material), we
made an interesting, serendipitous observation: in response to
PMA, gliotoxin-treated macrophages not only activated 3, integ-
rins well above resting levels (Fig. S3D), they also regained their
ability to ruffle and spread their membranes. Figure 5A and
Movie S5 in the supplemental material show human monocyte-
derived macrophages pretreated with gliotoxin for 15 min and
exposed to 100 nM PMA immediately thereafter. Notably, the
addition of this diacylglycerol analogue effected the transforma-
tion of gliotoxin-induced retraction fibers into highly motile and
dynamic peripheral membrane ruffles. Since PMA allowed for
gliotoxin-treated macrophages to reestablish their morphology
and regain cytoskeletal dynamics, we questioned whether cells
treated in this manner also recovered their phagocytic capacity. To
investigate this, RAW 264.7 cells that had been treated with glio-
toxin for 15 min were subsequently exposed to PMA or vehicle
(DMSO) alone for an additional 20 min and then challenged with
IgG-opsonized erythrocytes (Fig. 5C and D). As anticipated, the
ability to engage and internalize IgG-coated targets by macro-
phages treated with gliotoxin alone was greatly impaired. More
strikingly, however, gliotoxin-treated cells that were subsequently
stimulated with PMA regained their ability to engage and inter-
nalize IgG-RBC; their phagocytic efficiency did not differ signifi-
cantly from that of controls (Fig. 5C and D).

That PMA was capable of reversing gliotoxin toxicity suggested
that the phorbol ester activated signaling components lying down-
stream of PtdIns(3,4,5)P5, which we showed above is a primary
target of gliotoxin. If this were the case, then PMA-induced mem-
brane ruffling and phagocytosis in gliotoxin-treated cells should
be restored in the absence of plasmalemmal PtdIns(3,4,5)P;. We
tested this premise by electroporating human monocyte-derived
macrophages with the PtdIns(3,4,5)P; biosensor Akt(PH)-GFP.
Transfectants were then treated with gliotoxin and finally stimu-
lated with PMA or not stimulated. As expected, resting macro-
phages elaborated extensive membrane ruffles that were rich in
PtdIns(3,4,5)P;, and these disappeared upon gliotoxin treatment
(Fig. 5B, left and middle panels). In contrast, the membrane ruf-
fles induced by PMA in gliotoxin-treated cells were devoid of
PtdIns(3,4,5)P; (Fig. 5A and B, right panels). Together, these ob-
servations are consistent with the notion that PMA rescues mac-
rophage function from the gliotoxin-mediated insult on
PtdIns(3,4,5)P; by triggering signaling pathways that operate
downstream of this phosphoinositide. Our findings also raise the
interesting possibility that a key role of PtdIns(3,4,5)P; during the
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formation of membrane ruffles and pseudopodia is to signal diac-
ylglycerol biosynthesis.

DISCUSSION

While considering possible gliotoxin targets in immune cells, it is
helpful to recall that this is a small, membrane-permeant molecule
(12, 49, 50) whose toxicity entirely depends on its bridged disul-
fide ring (11, 51). Indeed, gliotoxin activity is abolished in the
presence of reducing reagents or by substituting the disulfide
bridge with a dimethylthioether moiety (19). This, in conjunction
with the hydrophobicity of gliotoxin, supports the notion that the
mycotoxin operates by modifying host proteins that carry suscep-
tible thiol groups, generating mixed disulfides via disulfide-
sulfhydryl exchange. Proteins residing in the cytoplasmic com-
partment, a reducing environment, are thus likely targets of the
toxin. The availability of multiple sulthydryl-containing proteins
in the cytosol implies that several separate targets could be affected
by gliotoxin, accounting for its profound immunosuppressive ef-
fects. Indeed, previous reports have indicated that this mycotoxin
inhibits NAPDH oxidase function in neutrophils (14, 52), pre-
cludes the cytotoxic properties of T lymphocytes (13), and pre-
vents NF-«B-dependent transcription of cytokines in both B and
T cells (17). A recent study also suggested that gliotoxin induces
cytoskeletal abnormalities in neutrophils by elevating the cellular
concentration of cAMP (32). However, despite observing similar
defects in the actin architecture of macrophages, we failed to de-
tect any alterations in the activity of cAAMP effectors in response to
the toxin (see Fig. S3 in the supplemental material). Consistent
with our inability to detect gliotoxin-induced alterations in cAMP
levels, it was previously indicated that the activity of a cAMP-
sensing transcription factor (CREB or cAMP response element-
binding protein) was not affected in gliotoxin-treated T lympho-
cytes (17). Thus, the effect of gliotoxin on cAMP may be unique to
neutrophils.

Rather than increasing the cAMP content of macrophages,
gliotoxin seems to subvert their PtdIns(3,4,5)P; metabolism.
At present, it is unclear whether the decline in PtdIns(3,4,5)P,
results from stimulated degradation or from inhibition of its
synthesis, and these mechanisms are not mutually exclusive.
Regardless of the precise underlying mechanism, the decrease
in PtdIns(3,4,5)P; can readily account for the gliotoxin-induced
cytoskeletal and physiological abnormalities. First, localized accu-
mulation of PtdIns(3,4,5)P5 is thought to be necessary to assemble
the actin-driven projections that underlie membrane ruffling (30,
53) and phagosome formation (23, 24). Accordingly, gliotoxin
profoundly affected the ability of macrophages to form peripheral
membrane ruffles (see Movies S1, S3, and S4 in the supplemental
material) and complete phagocytosis (Fig. 1). Remarkably, the
aborted phagocytic cups formed by gliotoxin-treated cells
(Fig. 3D) were morphologically similar to those reported in cells
treated with PI3K inhibitors (22—24). This too bolsters the notion
that gliotoxin interferes with PtdIns(3,4,5)P; homeostasis. Sec-
ond, earlier studies have proposed an essential role for
PtdIns(3,4,5)P; in the inside-out activation of 8, and 3, integrins
in immune cells (54-57), and we have provided evidence that
gliotoxin prevents activation of 8 integrins (see Fig. S3C and S3D
in the supplemental material). Third, it is well established that
3’-phosphoinositides provide survival signals through Akt (58—
61), and as in other cell types (12, 21, 49), we found that a suffi-
ciently long exposure to gliotoxin eventually leads to macrophage
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FIG 5 PtdIns(3,4,5)P;-independent membrane ruffling and phagocytosis in response to PMA. (A and B) Representative micrographs of primary human
macrophages imaged live by time-lapse differential interference contrast (DIC) microscopy (A) or confocal microscopy (B). Cells were imaged under resting
conditions (0- to 5-min time point), 15 min following gliotoxin exposure (5- to 20-min time point) and 20 min after treatment with PMA (20- to 40-min time
point). Gliotoxin was not removed from the medium during the time of PMA activation. The insets in panel A show magnified views of actively ruffling regions
under resting conditions (left), the retraction of these extensions upon gliotoxin treatment (middle), and their reappearance in response to PMA activation
(right). The primary macrophages in panel B were electroporated with a construct encoding Akt(PH)-GFP, a fluorescent reporter of PtdIns(3,4,5)P;. Dashed
arrows point to sites of PtdIns(3,4,5)P; accumulation within extensive membrane ruffles in resting cells. (C) Representative Z-projections of RAW 264.7 cells
challenged with IgG-opsonized erythrocytes. Macrophages were treated under the same conditions as the cells in panels A and B, and phagocytosis was initiated
immediately thereafter. Ten minutes following exposure to phagocytic targets, cells were fixed and permeabilized, and their F-actin skeleton was stained with
Alexa Fluor 488-conjugated phalloidin. All phagocytic particles are shown in red, while those that remained extracellular at the time of fixation are shown in blue.
Solid arrows point to abortive phagocytic cups developed in gliotoxin-treated cells. Bars = 10 wm. (D) Quantification of the total (white bars) and internalized
(black bars) number of IgG-opsonized targets associated per macrophage under the indicated conditions. Experiments were conducted at least three times, and
error bars represent the SEM. IgG-RBC, IgG-opsonized red blood cells; Gt, gliotoxin.

apoptosis (Fig. S1). Interference with PtdIns(3,4,5)P; accumula- Integrin activation and Rho GTPase-mediated actin nucle-
tion provides a unifying hypothesis that provides an explanation  ation are two main components of the phagocytic response.
for the effects of gliotoxin on phagocytosis, integrin activation, PtdIns(3,4,5)P; recruits modulators of Rac activity that possess
and even cell survival. PH domains, thereby orchestrating the assembly of the actin
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meshwork. In turn, actin-based networks generate membrane
ruffles that sample the extracellular environment for targets (30,
53) and also propel the formation of pseudopods to engulf such
targets (24). The failure of gliotoxin-treated macrophages to acti-
vate Rac (Fig. 3) is also expected to hinder the production of mi-
crobicidal superoxide anions by the NADPH oxidase, as this Rho
GTPase is critical for the assembly and activation of the oxidative
complex (62). Thus, by interfering with PtdIns(3,4,5)P5 levels—
and therefore with Rac activation—gliotoxin could preclude
the effective deployment of the oxidative complex. That super-
oxide formation is critical for combating A. fumigatus is sup-
ported by the observation that IA is the primary cause of death
in patients with chronic granulomatous disease, a primary im-
munodeficiency caused by mutations in NADPH oxidase com-
ponents. Thus, gliotoxin could exacerbate infection in individ-
uals with a functional NADPH oxidase by interfering with the
PtdIns(3,4,5)P;-Rac-NADPH oxidase axis. It is also likely that
the mycotoxin obstructs the phagocytic response by inhibiting
the activation of 3 integrins, which are necessary for optimal
phagocytosis (63—65). In this context, it is noteworthy that
inside-out integrin activation during phagocytosis is normally
dependent on PI3K activity (63, 64).

Strikingly, while PtdIns(3,4,5)P; is a key signaling component
during the activation of Rho family GTPases and [ integrins, we
found that PMA treatment restored membrane ruffling in
gliotoxin-treated macrophages, which also regained the ability to
spread and phagocytose prey in a seemingly PtdIns(3,4,5)P;-
independent manner (Fig. 5). How is this unexpected observation
explained? As a diacylglycerol analogue, it is conceivable that PMA
directly stimulates the function of calcium- and diacylglycerol-
regulated guanine nucleotide exchange factor I (CalDAG-GEFI), a
diacylglycerol-regulated GEF that promotes inside-out integrin
activation through the Rapl GTPase (37, 66—69). This would
bypass the need to generate diacylglycerol by PtdIns(3,4,5)P5-tk;
4initiated activation of phospholipase C. Interestingly, active
Rap]1 has been shown to directly recruit the Rac GEFs Tiam1 and
Vav2 to sites of active membrane protrusion (70). Thus, catalyz-
ing nucleotide exchange on Rapl by CalDAG-GEFI would not
only restore integrin function during phagocytosis and spread-
ing; it would also promote the reestablishment of actin cyto-
skeletal dynamics. Because CalDAG-GEFI, Tiaml, and Vav2
signal downstream of PtdIns(3,4,5)P;, the PMA-mediated
stimulation of these GEFs would bypass the subversion of
PtdIns(3,4,5)P; by gliotoxin, thus restoring integrin avidity
and cytoskeletal dynamics.

While our studies suggest an unequivocal role for gliotoxin in
hindering macrophage function in vitro, conflicting evidence ex-
ists on whether the mycotoxin is necessary for Aspergillus viru-
lence in vivo. Independent studies in which immunodeficient
mice were infected with wild-type or gliotoxin-deficient Aspergil-
Ius mutants have reached opposing conclusions on whether glio-
toxin is necessary for virulence (71-75). However, it has since
become apparent that the discrepancy lay on the regime used for
immunosuppression: mice that had been rendered neutropenic
(through a combination of corticosteroids and cyclophosph-
amide) were equally susceptible to wild-type and gliotoxin-
deficient strains (71, 73, 74), while mice retaining its neutrophil
population (those treated with corticosteroids alone) succumbed
less easily to infection when gliotoxin was deleted (72, 75-77).
Thus, neutrophils seem to be a critical target of gliotoxin toxicity
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during Aspergillus pathobiology. Given the universal role of
PtdIns(3,4,5)P; in controlling actin-driven processes such as che-
motaxis (31) and phagocytosis (78), it is quite feasible that the
mechanisms we describe for macrophages herein apply also to
neutrophils. Indeed, dysregulation of PtdIns(3,4,5)P; signals
could account for the inhibition of phagocytosis and impairment
of NADPH oxidase function that has been previously reported in
neutrophils (32, 52).

Macrophages and neutrophils thus seem to carry out indepen-
dent yet complementary tasks in shaping the course of Aspergillus
pathobiology: the former are responsible for the quick and effi-
cient phagocytosis of inhaled conidia, while the latter may play a
more active role in contending with complex and extensive hyphal
networks, which are simply too large for macrophages to phago-
cytose. By subverting phosphoinositide signaling—and therefore
interfering with both actin cytoskeletal dynamics and integrin
function—gliotoxin may impair the function of both kinds of
professional phagocytes, thereby ensuring the survival of its prog-
eny while keeping hyphal networks clear from neutrophil on-
slaught.

MATERIALS AND METHODS

Plasmids. PAK(PBD)-YFP, the p21-binding domain (PBD) of p21-
activated kinase (PAK) conjugated to yellow fluorescent protein (YFP)
(31), was used to monitor the subcellular distribution of active (GTP-
bound) Rac and Cdc42. The presence of F-actin was visualized in living
cells using a construct encoding Lifeact-mRFP. The latter is a mRFP-
conjugated, 17-amino-acid peptide derived from the Saccharomyces
cerevisiae actin-binding protein Abpl140 (79). The distributions of
PtdIns(4,5)P, and phosphatidylinositol 3,4,5-trisphosphate [PtdIns
(3,4,5)P5] were monitored using constructs encoding green fluorescent
protein (GFP) chimeras of the pleckstrin homology (PH) domains of
phospholipase Cé (PLCS) (46) or of Akt (47), respectively.

Antibodies. Erythrocyte opsonization was carried out with rabbit
anti-sheep red blood cell antibodies (Cedarlane Laboratories). Cy5- and
Cy3-conjugated antibodies against rabbit IgG (Jackson ImmunoRe-
search) were employed to visualize the erythrocyte targets. The levels of
cell-surface phagocytic receptors were detected by immunofluorescence
and flow cytometry via an Fcy receptor I (FcyRI)-specific rat monoclonal
antibody (catalog no. MAB20741; R&D Systems) or with a rat antibody
that recognizes an epitope shared by both FcyRIIb and FcyRIII (catalog
no. 14-0161; eBioscience). An isotype-matched rat IgG2a antibody (cata-
log no. MAB006) was obtained from R&D Systems. Anti-FcyR antibodies
and the associated isotype control were all employed at final concentra-
tions of 10 wg/ml. For a secondary antibody, we used anti-rat IgG conju-
gated to Alexa Fluor 488 (catalog no. 4416; Cell Signaling) at a 1:500
dilution. Sites of integrin 3, activation were visualized by immunofluo-
rescence with a mouse monoclonal antibody against high-affinity human
CD18 (clone MEM-148; Abcam). As an indication of phosphatidylinosi-
tol 3-kinase (PI3K) activity, we measured phosphorylation of Akt at serine
473 by immunoblotting, using a rabbit polyclonal antibody (catalog no.
9271S; Cell Signaling). A rabbit polyclonal antibody was used to detect
vasodilator-stimulated phosphoprotein (VASP) phosphorylation at ser-
ine 157 (catalog no. 31118S; Cell Signaling), a marker of protein kinase A
(PKA) activity. An anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mouse monoclonal antibody (catalog no. MAB374; EMD Mil-
lipore) was utilized as a loading control. The Western blotting section
below details the concentrations and incubation times used.

Cell culture of immortalized and primary macrophages. The im-
mortalized RAW 264.7 murine macrophage line was obtained from the
American Type Culture Collection (ATCC) and cultured at 37°C under
5% CO, in RPMI 1640 supplemented with 5% heat-inactivated fetal bo-
vine serum (FBS) (Wisent). For the preparation of primary human mac-
rophages, peripheral blood was obtained from healthy donors and diluted
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with phosphate-buffered saline (PBS) ata 1:1 ratio. The diluted blood was
then resuspended in Lympholyte-H (Cedarlane), and peripheral blood
mononuclear cells (PBMCs) were purified by density gradient centrifuga-
tion. PBMCs were then allowed to settle onto 1.8-cm glass coverslips at an
approximate density of 3 X 10° cells per coverslip. The cells were then
cultured for 6 days (37°C, 5% CO,) in RPMI 1640 supplemented with
10% heat-inactivated FBS (Wisent) and penicillin-streptomycin (Multi-
cell). To promote monocyte differentiation, macrophage colony-
stimulating factor (25 ng/ml) was add ed at the onset of culture and every
other day throughout the 6 days of culture. Nonadherent cells were
washed off the macrophage monolayer at the conclusion of the differen-
tiation period.

Transfection and electroporation. For transient transfections of
RAW 264.7 macrophages, almost confluent monolayers were lifted by
gentle scraping and plated onto 1.8-cm coverslips (1 X 10° cells per cov-
erslip). Approximately 18 h after plating, cells were transfected with Fu-
GENE HD (Promega) according to the manufacturer’s protocol. In short,
6 ul of the FuGENE HD transfection reagent and 3 ug of plasmid DNA
were mixed in 100 ul of serum-free RPMI 1640 and allowed to sit for
30 min. The transfection mix was then supplemented with 500 ul of RPMI
1640 containing 10% heat-inactivated FBS and distributed in equal
amounts to 4 wells of a 12-well plate. In the case of human monocyte-
derived macrophages, transient expression of fluorescent proteins was
attained by electroporation with the Neon transfection system (Life Tech-
nologies). Following 5 to 6 days of differentiation in culture, primary
macrophages were lifted by exposure to Accutase (Innovative Cell Tech-
nologies) and gentle scraping. Next, 5 X 10> macrophages were centri-
fuged at 300 X g for 5 min before being resuspended in 100 ul of the
supplied buffer R. The cell suspension was then added to 15 ug of plasmid
DNA and subjected to electroporation by two sequential 30-ms pulses of
1,100 V each. To maximize cell survival, electroporated macrophages
were immediately transferred to RPMI 1640 supplemented with 10%
heat-inactivated FBS before plating onto glass coverslips.

Gliotoxin and other pharmacological treatments. Gliotoxin (Sigma-
Aldrich) was diluted in DMSO and utilized at a final concentration of
500 ng/ml (1.53 wM) in all instances, except for experiments in which the
toxin was serially diluted. Gliotoxin was added while the cells were in
serum-free medium and allowed to act for 30 min before further experi-
mental manipulations were carried out. In the cases where gliotoxin chal-
lenge was followed by the addition of a second compound (e.g., phorbol
myristate acetate [PMA]), gliotoxin was not removed from the medium.
PMA and wortmannin were both used at 100 nM for the indicated peri-
ods. The adenylate cyclase activator forskolin (Sigma-Aldrich) and the
competitive inhibitor of cAMP signaling (R)-adenosine, cyclic 3’,5-
(hydrogenphosphorothioate) trimethylammonium (cAMPS-Rp) (Tocris
Bioscience) were utilized at final concentrations of 100 and 200 M, re-
spectively. Where indicated, cells were pretreated with cAMPS-Rp before
being exposed to either gliotoxin or forskolin.

Phagocytosis. FcyR-mediated phagocytosis was studied using either
IgG-coated erythrocytes (10% suspension) (MP Biomedicals) or IgG-
coated beads (Bangs Laboratories Inc.) as targets for RAW 264.7 macro-
phages. Opsonization was carried out by mixing 200 ul of the erythrocyte
suspension with 5 ul of a rabbit anti-sheep erythrocyte IgG or by diluting
divinylbenzene (DVB)-coated polystyrene beads 10-fold in PBS and mix-
ing them with human IgG (final concentration, 5 mg/ml) at room tem-
perature for 1 h under constant agitation. Unbound IgG was removed by
washing the particles three times with PBS. Opsonized targets were sub-
sequently labeled with a Cy3-conjugated IgG, and excess antibody was
removed by washing the particles twice with PBS before resuspending
them in 200 wl of PBS. To initiate phagocytosis, 10 ul of the IgG-coated
erythrocyte suspension or 15 ul of the bead suspension was added to 2 X
10° RAW 264.7 cells and centrifuged at 300 X g for 30 s. Phagocytosis was
allowed to proceed for 30 min before the cells were fixed with 4% para-
formaldehyde (PFA). Extracellular targets were identified by incubating
the fixed (nonpermeabilized) cells with a Cy5-conjugated anti-rabbit an-
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tibody. Alternatively, phagocytosis of fungal particles by primary macro-
phages was analyzed with zymosan A bioparticles (Molecular Probes) as
phagocytic targets. Lyophilized zymosan was suspended in PBS (20 mg/
ml), boiled for 1 h, and subjected to three cycles of vortexing and sonica-
tion. The solution was then diluted to 2 mg/ml in PBS at pH 9 and further
homogenized by passing through a syringe 10 times. The particles were
then simultaneously labeled with succinimidyl esters of Alexa Fluor 555
(Invitrogen) and of biotin (Thermo Fisher Scientific), according to the
manufacturers’ instructions. Excess dye and biotin were removed by cen-
trifuging and washing twice with PBS. Labeled zymosan was left unop-
sonized or coated with human serum. For the latter, 500 ul of the 2-mg/ml
zymosan suspension was diluted 1:1 with human serum and incubated for
1 h with constant agitation at 37°C. The primary macrophages were chal-
lenged with 1 mg/ml unopsonized or serum-opsonized zymosan (5 ul per
coverslip), and phagocytosis was terminated after 30 min by bathing the
cells in HBSS at 15°C. Extracellular targets were identified by exposing the
macrophages to an Alexa Fluor 647 conjugate of streptavidin for 15 min at
15°C, which labeled the biotin tag on zymosan. Last, macrophages were
fixed for 15 min in 4% PFA, and permeabilized with 0.1% Triton X-100
for 5 min, and their F-actin skeleton was stained with Alexa Fluor 488-
conjugated phalloidin for 30 min.

IgG-binding assays. FcyR affinity was assessed by measuring the
binding of fluorescent IgG aggregates to the surfaces of RAW 264.7 mac-
rophages. To form the aggregates, a 10-mg/ml solution of human IgG and
Cy3-conjugated donkey IgG was agitated for 30 min at 62°C in PBS with
Ca?* and Mg?*. Insoluble aggregates were removed by spinning down at
1,600 X g for 10 min. The supernatant was added to macrophages grown
on 1.8-cm coverslips (20 ul of supernatant/ml of culture medium), and
binding was allowed to proceed for 15 min at 10°C to prevent IgG inter-
nalization. Cells were then washed twice with PBS, fixed in 4% PFA for
20 min, and imaged by confocal microscopy. Integrated fluorescence was
used as an indication of binding affinity.

Microscopy and image analysis. Fluorescence imaging was per-
formed by spinning-disk confocal microscopy (Quorum Technologies).
Our confocal systems are based on an Axiovert 200M microscope (Carl
Zeiss) and carry a 63X oil-immersion objective with a 1.4 numerical ap-
erture (NA) and a 1.5X magnifying lens. These microscopes are equipped
with a motorized XY stage (Applied Scientific Instrumentation), a Piezo
Z-focus drive and diode-pumped solid-state lasers emitting at 440, 491,
561, 638, and 655 nm (Spectral Applied Research). Images were recorded
with back-thinned, cooled charge-coupled-device cameras (Hamamatsu
Photonics) operating under control of the Volocity software (PerkinEl-
mer, version 6.2.1). For time-lapse imaging by differential interference
contrast, coverslips were loaded onto Leiden chambers, mounted on the
stage of a DM IRB Leica microscope, and maintained at 37°C throughout
image acquisition. Cells were illuminated via an XFO X-Cite 120 lamp
(XFO Life Sciences Group), and the signal was captured by a cooled
charge-coupled-device camera (Cascade II; Photometrics) driven by Vo-
locity (PerkinElmer, version 6.2.1). In preparation for scanning electron
microscopy, primary macrophages were fixed in a 2% glutaraldehyde so-
lution buffered with sodium cacodylate. Cells were then dehydrated
through a graded ethanol series and dried in a Bal-tec CPDO030 critical-
point dryer. Last, samples were mounted on aluminum stubs and coated
with gold using a Denton Desk II sputter coater. Images were acquired
with an FEI XL30 scanning electron microscope. Image] (National Insti-
tutes of Health, software version 1.48) was used for quantifying fluores-
cence intensity and correcting brightness and contrast. Adjustments were
made homogenously across the entire image, and the linearity of mapped
pixel values was not altered.

Flow cytometry and immunofluorescence. RAW 264.7 macrophages
were treated with gliotoxin or vehicle (DMSO) alone in serum-free RPMI
1640 for 30 min. The cells were then lifted from 6-well dishes by gentle
scraping and resuspended in 15°C PBS with bovine serum albumin (BSA)
(5%) at a density of 1 X 107 cells/ml. Next, the cells were incubated with
primary antibodies against FcyR or with an isotype-matched rat IgG2a for
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1 h on ice. Anti-FcyR antibodies and the associated IgG isotype control
were all employed at final concentrations of 10 wg/ml. Excess primary
antibody was removed by centrifuging and washing twice with cold PBS.
Cells were then incubated with an Alexa Fluor 488-conjugated anti-rat
IgG (1:500 final dilution) for 30 min at 15°C, washed with cold PBS, and
fixed in 4% PFA. Last, labeled cells were passed through a cell strainer and
ran in the flow cytometer (LSRII; BD Biosciences). Analysis was per-
formed in FlowJo (Tree Star, Inc.). For immunofluorescence assays, ap-
proximately 1 X 10° RAW 264.7 macrophages were plated on 1.8-cm
coverslips and cultured overnight. The cells were then switched to serum-
free RPMI 1640 for treatment with gliotoxin. Following 30 min of glio-
toxin incubation, the cells were fixed in 4% PFA, blocked in PBS supple-
mented with BSA (5%), and incubated with primary and secondary
antibodies at the same concentrations as those employed for flow cytom-
etry.

Western blotting. For each condition, RAW 264.7 macrophages were
plated on 2 wells of a 6-well plate (2.5 X 10> cells/well) and cultured
overnight. Cells were then exposed to gliotoxin or to the indicated phar-
macological agents, washed with cold PBS, and lifted by scraping in cold
radioimmunoprecipitation assay (RIPA) buffer supplemented with pro-
tease and phosphatase inhibitors (Roche). Nuclei and cell debris were
pelleted by centrifugation. A total of 30 ug of protein from the superna-
tant was loaded into each lane of a 12% sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAG) and separated by electrophoresis. The
proteins were then transferred to polyvinylidene fluoride membranes and
blocked for 30 min with 5% bovine serum albumin in Tris-buffered saline
(TBS) supplemented with Tween 20 (0.1%). This solution was also used to
dilute the antibodies against GAPDH, phospho-Akt (serine 473), and
phospho-VASP (serine 157). The anti-GAPDH antibody was employed at
a 1:1,000 dilution, while those against phospho-Akt and phospho-VASP
were diluted 10,000 times. In all instances, the membranes were incubated
with primary antibodies for 1.5 h and washed with TBS-Tween before
being exposed to secondary antibodies (diluted 10,000 times) for 45 min.
A horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary
antibody was used to detect phospho-Akt and phospho-VASP, while
GAPDH was detected with an IRDye 800CW-conjugated donkey anti-
mouse secondary antibody (LI-COR, Inc.), also diluted 10,000 times.
Membranes were visualized digitally on the Odyssey Fc system (LI-COR,
Inc.) after being treated with the enhanced chemiluminescence (ECL)
Western blotting substrate (GE Life Sciences). The intensity of indepen-
dent bands was quantified using the LI-COR Image Studio software and
normalized to GAPDH. Brightness and contrast were adjusted evenly
across the entire image.

Statistical analysis. Data values are presented as means of three inde-
pendent replicates, and error bars represent the standard error of the
mean (SEM). For microscopy-based determinations, sample sizes were of
at least 20 cells and 100 phagosomes per individual experiment. The sig-
nificance of differences was assessed by unpaired Student’s ¢ tests with a
95% confidence interval, using GraphPad Prism 5¢ (GraphPad Software,
Inc.).
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