
Received: 5 April 2018 Revised: 3 September 2018 Accepted: 17 September 2018

DOI: 10.1111/cmi.12976
R E S E A R CH AR T I C L E
Host membrane glycosphingolipids and lipid microdomains
facilitate Histoplasma capsulatum internalisation by
macrophages

Allan J. Guimarães1,2 | Mariana Duarte de Cerqueira3 | Daniel Zamith‐Miranda3 |

Pablo H. Lopez4† | Marcio L. Rodrigues3,5 | Bruno Pontes6 | Nathan B. Viana6,7 |

Carlos M. DeLeon‐Rodriguez8 | Diego Conrado Pereira Rossi8 | Arturo Casadevall8 |

Andre M.O. Gomes9 | Luis R. Martinez10 | Ronald L. Schnaar4 | Joshua D. Nosanchuk2* |

Leonardo Nimrichter3*
1Department of Microbiology and Parasitology, Biomedical Institute, Fluminense Federal University, Rio de Janeiro, Brazil

2Departments of Medicine (Division of Infectious Diseases) and Microbiology and Immunology, Albert Einstein College of Medicine, Bronx, New York

3Department of General Microbiology, Microbiology Institute, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

4Department of Pharmacology and Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, Maryland

5 Instituto Carlos Chagas, Fundação Oswaldo Cruz (Fiocruz), Curitiba, Brazil

6 LPO‐COPEA, Institute of Biomedical Sciences, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

7 LPO‐COPEA, Institute of Physics, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

8Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland

9Program of Structural Biology, Institute of Medical Biochemistry Leopoldo de Meis and National Institute of Science and Technology of Structural Biology and

Bioimaging, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

10Biological Sciences, The University of Texas at El Paso, El Paso, Texas
Correspondence

Leonardo Nimrichter, Institute of

Microbiology Professor Paulo de Góes,

Federal University of Rio de Janeiro, Health

Sciences Center, block I. 21941590, Rio de

Janeiro, Brazil.

Email: nimrichter@micro.ufrj.br

Joshua D. Nosanchuk, Departments of

Medicine (Division of Infectious Diseases) and

Microbiology and Immunology, Albert Einstein

College of Medicine, 1300 Morris Park Ave.,

Bronx, NY 10461.

Email: josh.nosanchuk@einstein.yu.edu

Present Address

Pablo H. Lopez, Instituto de Investigación

Médica Mercedes y Martin Ferreyra (INIMEC–
CONICET) and Facultad de Psicología,

Universidad Nacional de Córdoba, Córdoba,

5000, Argentina.

Funding information

A.J.G and J.D.N., Grant/Award Number: NIH

AI056070‐01A2 and the Center for AIDS

Research; A.J.G., L.N., M.L.R., B.P., N.BV. and

D.Z‐M., Grant/Award Number: Conselho

Nacional de Desenvolvimento Tecnológico;
Allan J. Guimarães and Mariana Duarte de Cerque

*Leonardo Nimrichter and Joshua D. Nosanchuk s

Cellular Microbiology. 2019;21:e12976.
https://doi.org/10.1111/cmi.12976
Abstract

Recognition and internalisation of intracellular pathogens by host cells is a multifacto-

rial process, involving both stable and transient interactions. The plasticity of the host

cell plasma membrane is fundamental in this infectious process. Here, the participation

of macrophage lipid microdomains during adhesion and internalisation of the fungal

pathogen Histoplasma capsulatum (Hc) was investigated. An increase in membrane lat-

eral organisation, which is a characteristic of lipid microdomains, was observed during

the first steps of Hc–macrophage interaction. Cholesterol enrichment in macrophage

membranes around Hc contact regions and reduced levels of Hc–macrophage associa-

tion after cholesterol removal also suggested the participation of lipid microdomains

during Hc–macrophage interaction. Using optical tweezers to study cell‐to‐cell interac-

tions, we showed that cholesterol depletion increased the time required for Hc adhe-

sion. Additionally, fungal internalisation was significantly reduced under these

conditions. Moreover, macrophages treated with the ceramide‐glucosyltransferase

inhibitor (P4r) and macrophages with altered ganglioside synthesis (from B4galnt1−/−

mice) showed a deficient ability to interact with Hc. Coincubation of oligo‐GM1 and

treatment with Cholera toxin Subunit B, which recognises the ganglioside GM1, also
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reduced Hc association. Although purified GM1 did not alter Hc binding, treatment

with P4 significantly increased the time required for Hc binding to macrophages. The

content of CD18 was displaced from lipid microdomains in B4galnt1−/− macrophages.

In addition, macrophages with reduced CD18 expression (CD18low) were associated

with Hc at levels similar to wild‐type cells. Finally, CD11b and CD18 colocalised with

GM1 during Hc–macrophage interaction. Our results indicate that lipid rafts and partic-

ularly complex gangliosides that reside in lipid rafts stabilise Hc–macrophage adhesion

and mediate efficient internalisation during histoplasmosis.
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1 | INTRODUCTION

Glycosphingolipids (GSLs) are components of plasma membranes of

virtually all eukaryotic cells (Hakomori, 2003). Besides their complex

roles as components of biological membranes, they also participate

in immunoregulatory processes, including modulation of cytokine pro-

duction and lymphoproliferative responses (Das et al., 2008; Vieira

et al., 2008). In concert with sterols, GSLs laterally associate with other

molecules including pathogen receptors and GPI‐anchored proteins

within special regions of membranes called lipid microdomains (Brown

& London, 2000). Association of pathogen receptors with lipid micro-

domains implies that these regions are involved in host–pathogen

interactions (Cuschieri, Billigren, & Maier, 2006; Grassme et al.,

2003; Triantafilou, Miyake, Golenbock, & Triantafilou, 2002;

Triantafilou & Triantafilou, 2003). In fact, viruses, bacteria, protozoa,

fungi, and even prions exploit lipid microdomains to invade phagocytic

and nonphagocytic host cells (Goluszko, Popov, Wen, Jones, &

Yallampalli, 2008; Kalischuk, Inglis, & Buret, 2009; Lafont & van der

Goot, 2005; Maza, Straus, Toledo, Takahashi, & Suzuki, 2008; Murphy

et al., 2006).

Histoplasma capsulatum (Hc) is the etiologic agent of histoplasmo-

sis, one of the most common invasive fungal pulmonary diseases

(Cano & Hajjeh, 2001; Pfaller & Diekema, 2010). This organism is a

classical intracellular pathogen that replicates within macrophages

and suborns the reticuloendothelial system to disseminate (reviewed

by Kauffman, 2009). The infection is usually asymptomatic in immuno-

competent individuals, although several thousand admissions for his-

toplasmosis occur annually in the United States (Kauffman, 2009).

Disseminated histoplasmosis is more common in immunocompro-

mised patients, especially in individuals with AIDS (Kauffman, 2009;

Rodrigues et al., 2008).

Hc interacts primarily with CR3 at the macrophage (Mφ) surface

(Bullock & Wright, 1987) through a 60‐kDa heat shock protein

(HSP60) expressed at the fungal cell wall (Long, Gomez, Morris, &

Newman, 2003). CD18, the β subunit of the αmβ2 integrin CR3,

appears to be the site of CR3 to which Hc binds, although antibodies

to CD11b also decrease the association levels (Lin, Huang, Hung, Wu,

& Wu‐Hsieh, 2010; Long et al., 2003). Internalisation of nonopsonised
fungi occurs via CR3 and typically results in fungal survival inside res-

ident Mφs (Lin et al., 2010; Newman, 1999, Strasser et al., 1999, Shi

et al., 2008).

Here, we investigated the role of GSL and lipid microdomains

during initial steps of interaction between Hc and murine macro-

phages (Mφs). Two‐photon excitation confocal fluorescence micros-

copy of live cells was used to show in real time the formation of

organised lipid domains at the site of interaction of Hc with the

Mφs membranes. We used cellular systems that included cultured or

bone marrow‐derived Mφs (BMDMs) from mice genetically deficient

in the synthesis of complex sialylated GSL (including II3‐N‐

acetylneuraminosylgangliotetraosylceramide or GM1), CD11b, and

CD18, with the use of sterol‐ and GSL‐specific reagents and an optical

tweezers (OTs)‐based experimental model to evaluate fungus–host

cell affinity. Using OTs, we estimated the time required for adhesion

between Hc and Mφs, with a focus on the participation of lipid micro-

domain components. Our results demonstrated that depletion of cho-

lesterol interferes with Hc adhesion kinetics and internalisation. The

participation of CD18 and CD11b during Hc association was also

compared using genetically deficient mice. In addition, GSL partici-

pated in the initial steps of Mφ interaction and infection by a fungal

pathogen. Interfering with microdomain assembly and protein recruit-

ment could potentially affect macrophage responses, with direct

impact on disease development or progression.
2 | RESULTS

2.1 | Hc contact with the Mφ plasma membrane
induces formation of lipid microdomains at contact
sites

Lipid microdomains present a characteristic lateral organisation that

can be accessed by environment‐sensitive fluorescent molecules

(Sanchez, Tricerri, Gunther, & Gratton, 2007). Using Laurdan fluores-

cence microscopy, one can obtain a map of the spatial distribution

of lipid phases along the cell membranes. In a time‐lapse microscopy

experiment, these maps are representative of the dynamics of
nse
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formation and localisation of lipid domains in the cell membrane. With

this approach, we obtained Laurdan General Polarisation or GP images

during the interaction between Hc and Mφs in real time. Laurdan GP

has been measured before to characterise laterally organised lipid

domains in synthetic and cellular membranes including Mφs mem-

branes (Gaus et al., 2003). To investigate if lipid microdomains are

involved in Hc binding to the surface of Mφs, we incubated these cells

with Laurdan, which partitions into the lipid bilayer. Hc–Rhodamine

(Hc‐Rho) yeasts were added over the Laurdan‐loaded Mφs. The inter-

action was imaged in a two‐photon excitation microscope by a time‐

lapse sequence of images acquired in real‐time during contact and

internalisation of Hc cells by the Mφs. A time‐lapse series of 90

images was acquired (one frame per second). Figure 1a–c shows,

respectively, the Laurdan intensity images at 440, 490, and Hc fluores-

cence at frame number 15. Figure 1d–f shows merges of Channels 1,

2, and 4, at Frames 15, 45, and 75 as representatives of initial, middle,

and advanced stages of the interaction process. Using the intensity

images in Channels 1 and 2, the Laurdan GP image sequence can be

calculated as described in Experimental Procedures, and changes in

lipid organisation at the macrophage membrane level can be followed

during the interaction process. Figure 1g–i shows the respective GP

images of Frames 15, 45, and 75, merged with the correspondent

Hc fluorescence images. The average change in membrane organisa-

tion as a function of time is plotted in Figure 1j. The purple line repre-

sents changes in average GP values of all Mφs membranes imaged,

and the average GP values for specific Hc contact sites are plotted

in green (Figure 1j). The interaction time sequence can be divided in

three parts of 30 s each. The first 30 s show that during the first steps

of contact of Hc with macrophages, the GP values on the contact area

were higher than the Mφs membranes average (Hc‐contact areas

mean = 0.45, SD = 0.01; Mφs mean = 0.38, SD = 0.02, t(40) = −12.9,

P = 7.67 × 10−16, significantly different). As the process continues,

the values of the averages become very close. Finally, in the last

30 s, there is almost no difference between Hc‐contact areas and

Mφs, with macrophage membranes average showing a slightly higher

average GP value (Hc‐contact areas mean = 0.41, SD = 0.017; Mφs

mean = 0.42, SD = 0.009, t(38) = 3.91, P = 0.0004, significantly differ-

ent). Notably, the average GP of macrophages increased during

internalisation of Hc (mean of first 10 frames = 0.38, SD = 0.006; last

10 frames mean = 0.43 and SD = 0.004; t(16) = −21.6,

P = 2.88 × 10−13, significantly different; Figure 1 and more details in

Table S1).
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2.2 | Disruption of lipid domains with m‐β‐CD
decreases Hc association with Mφs

Filipin staining of Hc adhered to J774.16 Mφs revealed enrichment of

sterols on the adhesion area (Figure 2a–d), indicating that cholesterol

within microdomains could be involved in Hc‐Mφs recognition. Treat-

ment of J774.16 Mφs with methyl‐β‐cyclodextrin (m‐β‐CD) removes

sterols from cell membranes causing lipid microdomain disruption. To

test this hypothesis, we then measured the percentage of Hc‐Mφs

association, which includes the total of Mφs where Hc are adhered

or internalised, in the presence and absence of m‐β‐CD. Incubation
of Mφs with m‐β‐CD decreased their association with Hc in a dose‐

dependent fashion (Figure 2d,e), especially at early time points

(15 min, Figure 2d). Although opsonisation with a monoclonal anti-

body (mAb) to heat shock protein 60 (HSP60; mAb 7B6) did not

change the association level in control Mφs, it partially reversed the

inhibition caused by previous m‐β‐CD treatment. A second mAb

against a different surface antigen (M antigen, mAb 6F12) had a similar

effect (Figure 2d,e). When the incubation period was increased to

45 min, a similar tendency was observed, but no statistical differences

were detected (Figure 2e). Overall, the association of opsonised yeast

was abruptly decreased by m‐β‐CD treatment after 15 min of interac-

tion, with a significant reversion in the magnitude of effect over time

suggesting that remodelling of microdomains is important during the

initial steps of fungi–phagocyte interaction.

Mφ metabolic integrity was assessed using

methylthiazolyldiphenyl‐tetrazolium 1 hr after treatment with m‐β‐

CD (0 to 20 mM). At the highest dose, a trend towards lower meta-

bolic activity was observed, as previously described in several models

(Kainu, Hermansson, & Somerharju, 2010; Piel et al., 2007). However,

using a Trypan Blue assay, the cells displayed approximately 100% of

membrane integrity in all conditions tested (data not shown).
2.3 | Fungal adhesion to Mφs is dependent on the
integrity of lipid rafts

The results above indicate that lipid raft disruption might interfere

with the kinetics of Hc‐Mφs association. Using OTs, we were able

to access this kinetics by measuring the characteristic time (τ) required

for adhesion of Hc to Mφs, the step that precedes fungal phagocyto-

sis. A plot of the relative adhesion as a function of time revealed that

the number of positive adhesions between Hc and J774.16 Mφs

increased with time in all experimental conditions (Figure 3). Treat-

ment with 10‐mM m‐β‐CD slowed the rate of yeast–Mφ stable adhe-

sion nearly threefold. Whereas opsonisation increased the rate of

association to both control and m‐β‐CD‐treated Mφs, raft disruption

again slowed the relative rate of stable adhesion, in this case approx-

imately fourfold. The characteristic time values obtained by OTs are in

agreement with the association results.
2.4 | Treatment with m‐β‐CD also reduces the
capacity of Mφs to phagocytose Hc

Cholesterol depletion influences adhesion during the first minutes of

Mφs‐Hc interaction. We then investigated whether treatment with

m‐β‐CD also impacts Hc internalisation by J774.16 Mφs after 45‐

min interaction (Figure 4a and Table S2). When experiments were per-

formed using nonopsonised fungi and control Mφs, we observed that

71% of associated Hc were internalised in 45 min. For these analyses,

only the Mφs containing at least one Hc attached were considered for

comparison between adhered and internalised yeasts. Furthermore,

because there was no difference between GFP‐Hc and NHS‐Rho‐Hc

association to Mφs (data not shown), NHS‐Rho did not impair Hc rec-

ognition by Mφs. Treatment with 5‐ and 10‐mM m‐β‐CD reduced the

internalisation of Hc by treated Mφs by nearly 20%. Treatment with
nse



FIGURE 1 Hc yeast cells induce dynamic changes of lateral organisation in Mφ membranes. Hc‐Rho yeast cells were plated onto bone marrow‐
derived murine Mφs previously stained with Laurdan. (a) Channel 1: 440 nm, arbitrarily coloured blue, (b) Channel 2: 490 nm, arbitrarily coloured
red, and (c) Channel 3: 595 nm, arbitrarily coloured green depict the first frame displaying the interaction of Hc yeasts and Mφ. Merge images of
the three channels are shown in three distinct time frames ([d–f] 15, 45, and 90 s of interaction). GP images at the same time frames merged with
Hc‐Rho images showing the increase in lateral organisation over the time of interaction (g–i). GP values over this time course are depicted in panel
j where the purple line represents average GP values of Mφ membranes and the green line represents the average GP specifically at the Hc‐Mφ
contact regions. Statistics were performed for (i) all frames, (ii) the first and last 10 min, and (iii) the three sets of frames (30, 60, and 90).
Representative of three independent experiments, differences considered significant by unpaired t test. For all analyses P < 0.001 (see details in
Table S2). Bar, 10 μm
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FIGURE 2 Importance of sterols in the Hc association with macrophages and effect of m‐β‐CD treatment on the association with Hc. (a) Light
microscopy of Mφ‐Hc interaction. (b,c) Filipin staining of cholesterol in J774.16 Mφ membranes and WGA‐Alexa546 in Hc. (d) Merged images
denoting the colocalisation of filipin staining and WGA‐Alexa546‐Hc. Bar, 10 μm. (e) GFP‐Hc yeast cells with or without opsonisation with
antibodies to HSP60 (mAb 7B6) or to M antigen (mAb 6F12) were incubated for 15 or (f) 45 min with J774.16 Mφs pretreated with different
concentrations of m‐β‐CD. Samples were analysed by flow cytometry. Bars show the percentage of yeast‐associated Mφs over the total number
of Mφs analysed. The numbers on the bars indicate the total infected Mφs in each system followed by the percentage determined in the setting of
infection compared to controls (considered as 100%). The results shown are the average of three independent experiments. Each individual
system showed statistical significance (P < 0.0001) in comparison with its appropriate control

FIGURE 3 Optical tweezers‐based determination of Hc adhesion to
Mφs. Treatment of J774.16 Mφs with 10‐mMm‐β‐CD (blue) results in
a decreased during the adhesion kinetic, in comparison with systems
using control Mφs (red). Antibody‐treatment of Hc followed by
interaction with control (green) or m‐β‐CD‐treated (grey) Mφs
enhances adhesion in comparison with systems where opsonisation
was not performed. The data shown are averages of results from three
independent experiments. The error bars were determined as half the
difference between the maximum and minimum values for each
interval in 30 events performed in three distinct samples. The
characteristic time (τ) required for adhesion is also shown
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20‐mM m‐β‐CD resulted in almost complete abrogation of

internalisation. Inhibition of phagocytosis was overcome by

opsonisation of yeasts with antibodies to HSP60, except at the
highest concentration of m‐β‐CD, in which the inhibitory conditions

were only slightly reduced by opsonisation. This observation is in

agreement with a possible impairment of interaction through FcγR

or an alternative mechanism of association of yeast by a low affinity

nonraft receptor. In combination with the observation that only the

treatment with 20‐mM m‐β‐CD efficiently reduced the association

index at 45 min (Figure 2), these data suggest that cholesterol deple-

tion impacts both adhesion and internalisation of Hc by Mφs. Because

m‐β‐CD efficiently extracts proteins from cell surfaces (Ilangumaran &

Hoessli, 1998), we next tested whether CR3 components were nor-

mally detected in m‐β‐CD‐treated cells. The membrane levels of

CD18 and CD11b, which are well‐characterised receptors for Hc

(Long et al., 2003) were not altered by m‐β‐CD treatment (Figure 4b).

2.5 | Inhibition of GSL synthesis by Mφs reduces Hc
association

We then explored the role of GSL, another class of lipids enriched in

microdomains, during Hc association by using J774.16 Mφs treated

with P4 ((1R,2R) 1‐phenyl‐2‐palmitoylamino‐3‐pyrrolidino‐1‐

propanol), a specific inhibitor of GSL biosynthesis (Nicholson, Quinn,

Kellett, & Warr, 1999). Mφs were treated with P4r (active isomer) or

P4s (the 1S,2S inactive isomer) as a control for 3 days. Under the con-

ditions used in our experiments, P4r treatment resulted in approxi-

mately 60% inhibition of ganglioside synthesis in BMDMs (Figure

S1). Treatment also minimally reduced sphingomyelin and ceramide

(approximately 10% and 14%, respectively), when compared with the
nse



FIGURE 4 Disruption of membrane rafts by m‐β‐CD decreases adhesion and internalisation of Hc yeasts. (a) J774.16 Mφs were treated, or not
with 5, 10, or 20 mM of m‐β‐CD and then incubated with nonopsonized (left panels) or anti‐Hsp60 mAb opsonized (right panels) yeast previously
labelled with NHS‐Rho. After 45 min of interaction, Uvitex 2B was added to stain extracellular fungi. Percentages of adherent and internalised
yeasts are only for Mφs associated with Hc. The effect on sterol depletion by m‐β‐CD treatment was overcome by yeast opsonisation at
concentrations of 5 and 10 mM and partially reversed at 20‐mM m‐β‐CD. (B) Mφs treated with 10 mM of m‐β‐CD were also labelled with anti‐
CD11b or CD18 to confirm the levels of CR3 on the cell surface, and no changes were detected. The experiments were performed three different
times with similar results. Statistical analyses of these data are shown in Table S2

6 of 18 GUIMARÃES ET AL.

 14625822, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cm

i.12976 by C
A

PE
S, W

iley O
nline L

ibrary on [13/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

ice
inactive control P4s (Figure S2). In addition, P4r treatment reduced the

Mφ‐Hc association by 30% compared with P4s‐treated cells

(P < 0.05), suggesting the involvement of gangliosides during Hc
infection of Mφs (Figure 5a). Corroborating with these data, the char-

acteristic time (τ) required for adhesion of Hc yeasts was significantly

increased in P4r‐treated Mφs when compared with the inactive
nse



FIGURE 5 Inhibition of GSL synthesis and CtxB influences Hc‐Mφ association. (a) Inhibition of GSL expression decreases fungal association to
J774.16 Mφ (P < 0.05). Mφs treated with the CerGlcT inhibitor P4r (active isomer) for 3 days have a 70% inhibition of ganglioside expression
whereas exposure to P4s (inactive isomer) had no effect (data not shown). Treated Mφs were incubated with GFP‐Hc and the association index
determined by FACS analysis. (b) Kinetics of Hc‐Mφ adhesion measured by OT. Treatment of Mφs with P4r (Δ) results in decreased kinetics of
adhesion compared with control systems (■). Characteristic time (τ) required for adhesion is shown. (c) TLC showing major gangliosides produced
by J774 cells. GM1 and GD1a are indicated and were detected by immunoassays using specific mAbs (data not shown). (d) GFP‐Hc yeast cells with
or without opsonisation with mAb 7B6 were incubated for 45 min with WT or B4galnt1−/− peritoneal Mφs. Samples were analysed by flow
cytometry. (e) Hc yeasts were incubated with J774.16 Mφs previously treated with CtxB (1 μg/ml). Binding of CtxB to Mφ cell surface inhibited
fungal association (CtxB/Hc). Pretreatment of yeasts with mAbs to HSP60 reversed the effect of CtxB (CtxB/Ab‐Hc). Association percentage
values normalised by the control are shown (above bars). (f) Hc yeast were coincubated with oligo‐GM1 and J774.16 Mφs. Inhibition of fungal
association by oligo‐GM1 was dose dependent. The experiments were performed at least twice with similar results
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does not impact cytoskeleton stability because no changes were

observed in F‐actin (Figure S3). The ability of m‐β‐CD to extract mac-

rophage gangliosides was also investigated (Figure S4). Although a

small reduction was observed (approximately 21% for GM1 and

approximately 25% for GD1a) when compared with P4 treatment,

the results were significant, suggesting that a decrease in Hc associa-

tion to macrophages could be also linked to the reduced amount of
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2.6 | Complex gangliosides are required for Hc‐Mφ
association

The data indicating the participation of GSL during fungal association

with Mφs led us to determine which gangliosides are synthesised by

Mφs and explore their role during interaction with Hc. The resolution

of polar lipids extracted from J774.16 Mφs by TLC revealed six major

resorcinol‐positive (sialic acid‐containing) bands (Figure 5c). Based on

their migration, the major gangliosides synthesised by Mφs

corresponded to GM3, GM1, and GD1a, each migrating as double

bands due to variations in their lipid moieties (Ando & Yu, 1984).

BMDMs revealed four major resorcinol‐positive bands corresponding

to GM1 and GD1a (Figure S1). The presence of GM1 and GD1a was

confirmed by immunostaining (data not shown). Considering that
Mφ GSL levels influenced Hc interactions, we analysed the association

of yeast with peritoneal Mφs (pMφs) isolated from B4galnt1 deficient

mice and wild‐type (WT) mice. B4galnt1−/− mice lack the N‐

acetylgalactosaminyltransferase required for the synthesis of complex

gangliosides, such as GM1 and GD1a. Instead, they accumulate trun-

cated gangliosides, such as GM3 and GD3 (Sheikh et al., 1999). PMφs

from B4galnt1−/− mice were significantly impaired in their capacity to

bind Hc compared with Mφs from WT mice, showing an almost com-

plete loss of fungal association (P < 0.02, Figure 5d). Hc opsonisation

with anti‐HSP60 mAb partially reversed the reduced capacity of

B4galnt1−/− Mφs to recognise yeasts, as observed for m‐β‐CD treat-

ment. These data suggest that Mφs lacking complex gangliosides have

an impaired capacity to organise the cell surface apparatus required to

recognise Hc. Also, only complex gangliosides, GM1 and GD1a, appear

to be involved with fungal association, because GM3 accumulates in

B4galnt1−/− mice.
2.7 | Cholera toxin Subunit B and oligo‐GM1 inhibit
Hc association with Mφs

Because the absence of complex gangliosides impaired the recognition

of Hc yeasts by Mφs, we tested whether GM1 and GD1a could be

additional receptors for Hc. In fact, GSL have been described as recep-

tors for bacterial toxins, virus, and fungus (Kroken et al., 2011;
nse
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Matrosovich, Herrler, & Klenk, 2015; Oda, Terao, Sakurai, &

Nagahama, 2015; Ywazaki, Maza, Suzuki, Takahashi, & Straus, 2011).

In order to do that, we tested whether the Cholera toxin Subunit B

(CtxB), a well‐described ligand for GM1, and the lipid‐free glycan

derived from GM1 (oligo‐GM1) would also interfere with Hc infection.

Treatment with CtxB, which blocks part of the available GM1 at the

J774.16 Mφ surface, significantly decreased fungal association

(Figure 5e). As observed for m‐β‐CD treatment, opsonisation reversed

the inhibition effect of CtxB. We also investigated whether the addi-

tion of GM1 could impair binding of Hc to J774.16 Mφs using soluble

binding inhibition assays with different concentrations of oligo‐GM1.

Our results demonstrate that 1‐, 3‐, and 9‐mM oligo‐GM1 resulted

in a dose‐dependent reduction of association to 99%, 89%, and 81%,

respectively, relative to control (Figure 5f; P < 0.05). Because CtxB

can also modulate the architecture and dynamics of microdomains

composition and function (Day & Kenworthy, 2015) and that the per-

centage of association inhibition using oligo‐GM1 was very low, addi-

tional experiments to investigate the participation of complex

gangliosides as receptors were performed. Overlay assays in ELISA

and HPTLC plates using immobilised gangliosides (Lopez & Schnaar,

2006) and incubations with yeasts of Hc were developed. Under our

experimental conditions, no direct association between any GSL and

Hc yeasts was visualised (data not shown). These results suggest that

the role of GM1 in Hc adhesion to phagocytes is accessory and prob-

ably involves the microdomains architecture and the participation of

other plasma membrane components.
FIGURE 6 Complex gangliosides are required for correct CD18 recruitm
WT and B4galnt1−/− mice Mφs. Fractions from sucrose gradients were pro
(Becton Dickinson). Peroxidase‐labelled CtxB (Sigma) was used to detect G
microdomains was performed using ImageJ and the relative values from on
with similar results (*P < 0.05)
2.8 | Lack of complex gangliosides interferes with
CD18 recruitment to lipid microdomains

Our results indicated that lipid microdomains disruption and complex

gangliosides absence impaired efficient association between Hc and

Mφs. However, GM1 and GD1a do not appear to be receptors for

Hc yeasts. To explore possible mechanisms regulating this phenome-

non, we investigated the association between complex gangliosides

and CD18 recruitment to lipid microdomains using Mφs from WT

and B4galnt1−/− mice. Integrin CD18 was chosen as a prototype for

mechanistic evaluation because of its well‐known role on Hc adhesion

to Mφ (Bullock & Wright, 1987; Long et al., 2003). The CD14 receptor

was also examined, because this receptor is a GPI‐anchored protein

expected to be enriched in lipid domains (Schmitz & Orso, 2002).

The amount of CD14 in lipid microdomains fractions is similar in

Mφs from both phenotypes (Figure 6a,b). Thus, this result indicated

that a lack of complex gangliosides does not impair lipid microdomains

assembly at the cell surface. In contrast, in comparison with Mφs from

WT mice, CD18 was significantly decreased in lipid microdomains

fractions isolated from B4galnt1−/−. Larger amounts of CD18 were

found in other fractions that do not correspond to lipid microdomains

density fractions (Figure 6a,b). Remarkably, the levels of CD18 in WT

and B4galnt1−/− macrophages were similar (Figure S5). Thus, these

results indicated that complex gangliosides could be important for

the correct maintenance of transmembrane proteins within lipid rafts,

and disruption of gangliosides could interfere with Hc association.
ent to lipid microdomains. (a) Lipid microdomains were isolated from
bed with peroxidase‐conjugated antibodies to CD14 or to CD18
M1. (b) Densitometric analysis of fractions corresponding to lipids
e experiment are presented. Experiments were performed three times
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2.9 | Association with Hc is reduced in CD11b−/−

Mφs but not modified in phagocytes with reduced
CD18 expression (CD18low)

CR3 is composed by α and β integrins (CD18 and CD11b, respectively)

with well‐recognised adhesive properties (Ehlers, 2000). CD18 is a major

ligand for HSP60 displayed at the cell wall of Hc (Long et al., 2003). How-

ever, participation of other integrins including CD11a and CD11c cannot

be ruled out (Newman, Bucher, Rhodes, & Bullock, 1990). According to

Lin and colleagues, CD18 is a key protein for Hc phagocytosis by Mφs

(Lin et al., 2010). The significant decrease of CD18 detection within lipid

rafts isolated from Mφs lacking complex gangliosides led us to investi-

gate the requirement of CD18 to Hc adhesion. Initially, we confirmed

the reduced levels of CD18 staining in the CD18lowMφ byWestern Blot

(Figure S6). The association index of Hc to CD18low was similar to that

observed for WT Mφs (Figure 7a). These results were confirmed by OT

experiments, which showed that the kinetics of Hc binding to the Mφs

was identical in both CD18low and WT cells (data not shown). On the

other hand, Mφs lacking CD11b showed a 30% decreased capacity to

associatewithHc yeasts (Figure 7a). To confirm this observation, we per-

formed additional experiments of fungus–host cell adhesion using OT,

comparing Chinese hamster ovary (CHO) cells expressing the same α

(CD18) and distinct β integrins (CD11a, CD11b, and CD11c, to form,

respectively, the LFA1, CR3, and CR4), and observed that the rate of

yeast–Mφ stable adhesion was higher for CHO expressing CD11b

integrins in comparison with CHO null or expressing CD11a or CD11c

integrins (Figure S7). Together, these data suggest that CD11b can also

impact Hc‐Mφs association.
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2.10 | CD11b and CD18 colocalised with GM1 and
Hc yeasts during Mφ infection

Given the potential involvement of GSL in receptor recruitment and

stabilisation of Hc adhesion to Mφs, we mapped GM1, CD18, and

CD11b during infection of BMDMs. We first examined the distribution

of GM1 at the cell surface of Mφs. GM1was distributed over the entire

cell surface, with some punctuate staining (Figure 7b) similar to what

has been published (Huang et al., 2015). We then assessed GM1,
FIGURE 7 Participation of CD18 and CD11b during Hc‐Mφs association
CD11b−/− Mφs. The association levels were analysed by flow cytometry (*P
Uvitex 2B‐labelled Hc for 15 min (moi 1:2), and the distribution of gangliosi
were evaluated. The overlay images show the binding sites between Mφs
CD18, and CD11b distribution at the surface of Mφs infected with

Hc. Staining with FITC‐labelled CtxB was performed at 4°C to avoid

Hc and CtxB internalisation and to impair reorganisation of GM1 along

the Mφ cell surface (Dickens & Thompson, 1981; Kasai et al., 1976;

Martin et al., 1976; Williamson, Shanahan, & Hochmuth, 1975). GM1

was again present along the entire Mφ surface, including the yeast

binding sites (Figure 7b). CD11b and CD18 are distributed over the cell

surface of Mφ (Huang et al., 2015). After incubation of Hc with Mφ,

CD11b was found surrounding the yeast cells in a pattern similarly to

that observed for GM1. Reactivity to anti‐CD18 was also visualised at

the interface between Hc and Mφs (Figure 7b). These results indicate

that both integrins are found in lipid domains surrounding yeasts of

Hc yeasts, strongly suggesting the involvement of these lipid‐enriched

compartments during interaction between Mφ and Hc.
3 | DISCUSSION

Lipid microdomains are nanoscale regions in the membrane that are

able to compartmentalise lipids and proteins, forming platforms that

coalesce and participate during membrane signalling, trafficking, and

phagocytosis (Barrias, Dutra, De Souza, & Carvalho, 2007; Dykstra,

Cherukuri, Sohn, Tzeng, & Pierce, 2003; Kim, Watarai, Makino, &

Shirahata, 2002; Lafont & van der Goot, 2005). Exploring lipid micro-

domains dynamics can shed light on new mechanisms or alternatives

for blocking infectious processes. Our experiments indicate that these

platforms are involved with the initial kinetics of Hc‐Mφ association

and fungal internalisation. Using live cells, we showed that Mφs‐Hc

interaction induces recruitment of laterally organised lipid domains

and Mφ membrane organisation, first at the site of fungus–phagocyte

contact and then along the entire surface of the host cell. As the pro-

cess continues, the interaction of Hc with Mφs triggers a general

change in membrane organisation that apparently persists after

internalisation of the fungus, potentially affecting future events of

phagocyte infection. Membrane plasticity would allow recruitment of

other proteins, modulating Mφs‐Hc engagement and the host cell

response, as suggested in a previous study (Huang et al., 2015).

We hypothesise that global membrane organisation at initial times

of interaction could be associated with basal sterol levels, a
. (a) GFP‐Hc yeast cells were incubated for 5 min with WT, CD18low, or
< 0.001). (b) Bone marrow‐derived murine Mφs were incubated with

de GM1 (green), CD18 (red, upper panel), and CD11b (red, lower panel)
and Hc by the colocalisation of integrins and GM1. Bar, 10 μm
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requirement for ideal membrane plasticity (Marsh, 2009). Changes in

or obstructions of microdomains components interfere with adhesion

and internalisation (Riethmuller, Riehle, Grassme, & Gulbins, 2006).

For example, sterol‐depleted Mφs are not efficient at internalising

mycobacteria (Gatfield & Pieters, 2000). In this setting, mycobacteria

remained loosely attached to the sterol‐depleted cell membranes,

whereas control Mφs readily internalised the pathogen. In addition, a

higher depletion of sterol content also impairs FcR function in Mφs

during Hc adhesion suggesting that engagement and phagocytosis

through FcγR are at least partially linked with lipid microdomains

assembly. In fact, m‐β‐CD treatment of CHO cells expressing human

FcγRIIA impairs binding and phagocytosis of 4.5‐μm polystyrene

beads covered with IgG (Vieth, Kim, Pan, Schreiber, & Worth, 2010).

Although these cells are not classical phagocytes, these results confirm

a possible involvement of lipid rafts during internalisation through

FcγR. In our model, sterol appears to be necessary mostly during the

initial events of interaction between Mφs and Hc yeasts probably

through a mechanism that involves microdomain rearrangements.

For longer periods of interaction, other mechanisms may compensate

sterol requirement because the relative associations reach 100% even

after m‐β‐CD treatment. In addition, disruption of the lipid microdo-

mains was overcome in the setting of opsonised yeast, especially dur-

ing the first 15 min of interaction, suggesting a more efficient

association through FcR. Decreasing in association levels is usually

correlated with adhesion impairment, which we also confirmed by

OT analysis. However, sterol depletion also appears to influence

internalisation of Hc by Mφs. Thus, normal concentrations of sterol

are required for optimal adhesion and internalisation events during

Mφs‐Hc recognition.

Membrane cholesterol levels are a key factor in determining micro-

domain stability and organisation (Silvius, 2003), and GSLs constitute a

second pool in membranemicrodomains (Lafont & van der Goot, 2005).

Although the major effect of m‐β‐CD is to deplete sterols from cell

membranes, our results demonstrated that this treatment also reduced

the presence of GSL in a minor but significant level. We then extended

our studies investigating the contribution of sialic acid‐containing GSL,

the so‐called gangliosides, during Hc‐Mφs association. Inhibition of

GlcCer synthesis by P4r, which affects the levels of all downstream

GSLs, resulted in an effective decrease in fungal association and adhe-

sion kinetics. Our results showed that major gangliosides synthesised

by Mφs include GM3, GM1, and GD1a. Although an increase of

sphingomyelin and ceramide was also observed, the changes are mini-

mal and unlikely to influence Hc‐Mφs association. To confirm the

requirement for complex gangliosides during Mφs‐Hc, we used Mφs

from B4galnt1−/− mice, which the synthesis of complex gangliosides,

including GM1 and GD1a, is impaired (Sheikh et al., 1999). Key neural

functions for complex gangliosides have been suggested using these

animals as models (Sheikh et al., 1999; Sun et al., 2004); however, the

impact of altered ganglioside synthesis in infectious processes has not

been evaluated. Because both association and adhesion kinetics were

decreased when B4galnt1−/− Mφs were used, two possibilities were

raised. First, depletion of GSL would disorganise complexes and modify

lateral or side‐by‐side (cis‐interactions) associations with other mem-

brane molecules within lipid domains and interfere with functions of

proteins such as integrins from Mφs, resulting in a lower association
level with yeasts. Second, gangliosides could be coreceptors during ini-

tial steps of interaction with apposing cells (trans‐interactions), as previ-

ously suggested for other GSL (Jimenez‐Lucho, Ginsburg, & Krivan,

1990). GSLs have been reported as ligands for different pathogens,

including fungi (Bergelson et al., 1982; Jimenez‐Lucho et al., 1990;

Krivan, Ginsburg, & Roberts, 1988; Krivan, Roberts, & Ginsburg,

1988; Superti & Donelli, 1991). In Paracoccidioides brasiliensis, GM1

has been shown to bind to yeast forms and to accumulate at fungal

binding sites in alveolar epithelial cells (Ywazaki et al., 2011). Previous

data suggested that GM1 is also recruited to sites of Hc association in

host cells (Huang et al., 2015), but no function regarding the importance

during the association process was determined. GM1 has also been

shown to colocalised with CD44 in human brain microvascular endo-

thelial cells interacting with Cryptococcus neoformans (Huang et al.,

2012). In addition, Ywazaki suggested that GM3 and GM1 participate

during binding and/or infection by P. brasiliensis (Ywazaki et al., 2011).

Mobility of GM1 has been demonstrated to impact endocytosis of

CtxB, a toxin that specifically binds to this GSL (Pang, Le, & Nabi,

2004). Furthermore, internalisation of Escherichia coli by epithelial cells

requires GM1 recruitment (Kansau et al., 2004), and internalisation of

the intracellular pathogen Legionella involves a mechanism dependent

on GM1‐ and GPI‐anchored proteins (Watarai, Makino, Fujii, Okamoto,

& Shirahata, 2002).

In our model, inhibition of Hc association after exposure of host

cells to CtxB might be the result of steric hindrance or lower mobility

of GM1 after binding to the toxin, impairing the recruitment of these

molecules to lipid microdomains along with other receptors, which

consequently would stabilise the Hc‐Mφ interactions. The fact that

CD14 is normally enriched in lipid microdomains from B4galnt1−/−

Mφs suggests that such domains are formed in the absence of com-

plex gangliosides. Thus, Mφs‐Hc interaction is dependent not only

on microdomains formation but also to a well‐coordinated recruitment

of specific molecules, such as complex gangliosides, during their

assembly. Several receptors on the Mφ surface are able to mediate

interaction with Hc, including CD18, Dectin‐1, and TLR (Lin et al.,

2010). However, Lin et al. (2010) suggest that only CD18 is involved

with Hc adhesion and internalisation in the absence of opsonins.

Recently, Huang et al. (2015) demonstrated that Dectin‐1 and CR3

cross‐talk within lipid microdomains, which in part could explain our

results. We also showed that CD18 was significantly decreased in lipid

microdomains from B4galnt1−/− Mφs, which could result in loose asso-

ciation between the Mφ and Hc. In fact, CD18 partially colocalises

with lactosylceramide (LacCer)‐enriched lipid microdomains in the

plasma membrane of neutrophils during phagocytosis of

nonopsonised zymosan (Nakayama et al., 2008). Accordingly, CD18

is recruited to lipid microdomains, and the pretreatment of neutrophils

with anti‐LacCer, anti‐CD11b, and lactose interferes with phagocyto-

sis. Our results initially indicate that complex gangliosides could partic-

ipate during basal CD18 recruitment to lipid microdomains in Mφs. In

addition, GM1 and CD18 could cooperatively act during Hc recogni-

tion and trigger amplification of CD18 recruitment, resulting in stable

adhesion and initiating signalling for fungal internalisation. In addition,

OT experiments revealed that CD18low Mφs support Hc adhesion as

well as WT. These results indicate that low CD18 expression is suffi-

cient for Mφs‐Hc binding. Absence of CD11b culminated with
nse
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decreased but not null Hc recognition by Mφs, suggesting that intact

CR3 is not essential but enhances the fungal–phagocyte association.

Cell wall β‐glucan could attach to the CD11b‐lectin site located

C‐terminal to the I‐domain of CD11b and induce changes in the

integrin conformation with possibly increased ligand affinity (O'Brien

et al., 2012; Thornton, Vetvicka, Pitman, Goldman, & Ross, 1996).

Using OT, we confirmed that CHO cells expressing the heterodimers

LFA‐1 (CD11a/CD18) and CR4 (CD11c/CD18) were also able to sup-

port Hc binding but required a higher adhesion time (Figure S7).

Our results demonstrate that membranemicrodomain composition

impacts Hc recognition by Mφs. Furthermore, they are required for

efficient internalisation, a step necessary to optimal Hc replication

and disease development. We observed that GSL (especially GM1)

and membrane microdomains are involved with integrin recruitment

and potentially with stability of Hc‐Mφ interactions. In addition, Hc

internalisation through membrane microdomains suggests a selective

retention of membrane components with potential segregation of

other molecules. The lateral association between proteins and GSL

could regulate Mφs function during interaction with Hc through

integrin control (Jia, Howlader, & Cairo, 2016; Paller, Arnsmeier, Chen,

& Woodley, 1995). Membrane microdomains and GSL composition

could be then associated with the capacity of Hc to regulate

internalisation, phagosomematuration, and the intracellular fate of fun-

gus. Future studies are under development to determine whether lipid

microdomains and specifically GSL could influence histoplasmosis

establishment and impact the orchestration of host immune responses.
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4 | EXPERIMENTAL PROCEDURES

4.1 | Fungal strains and mammalian cells culture

For phagocytic assays, we used the Mφ‐like cell J774.16, derived from

a reticulum cell sarcoma (ATCC TIB 67) as well as primary or derived

murine cells. J774.16 cells were cultured in DMEM with 10% heat‐

inactivated FBS, 10% NCTC‐109 medium, nonessential amino acids

(1% by volume of 100×mixture, Invitrogen) and penicillin‐streptomycin

(1% by volume, Invitrogen). Hc G217B strain was obtained from the

ATCC. Yeast cells were grown in Ham's F‐12 medium at 37°C with

rotatory shaking as described (Allendoerfer, Biovin, & Deepe, 1997).

GFP‐expressing strain G217B (GFP‐Hc) was a gift from Dr. George S.

Deepe (University of Cincinnati College of Medicine) and cultivated

under the same conditions. Yeast were washed three times in PBS

and counted by haemocytometer. For all experiments, the Mφ:yeast

ratio used was 1:5. CHO cell lines stably transfected with LFA‐1

(CD18/CD11a), CR1 (CD35), CR3 (CD18/CD11b), or CR4 (CD18/

CD11c) were a gift from D. T. Golenbock (University of Massachusetts

Medical School, Boston, Massachusetts, USA). CHO cells were cultured

in Ham's F‐12 medium supplemented with 1.176‐g/L sodium bicarbon-

ate and 5% heat‐inactivated FBS at 37°C.
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4.2 | Mice

Mice with a disrupted gene for GM2/GD2 synthase, B4galnt1−/−, were

generated by Dr. Richard Proia (U.S. National Institutes of Health.) and
then extensively back‐crossed onto a C57BL/6 background as

described (Pan et al., 2005). Four‐ to eight‐week‐old female C57BL/6

CD11b−/− (strain B6.129S4‐Itgamtm1Myd/J) mice were purchased from

Jackson Laboratory (Bar Harbor, MA). CD18low (C57BL/6 genetic back-

ground) mice were donated by Prof. Lucia H. Faccioli (Universidade de

São Paulo, Brazil). WT C57BL/6 mice used as control were purchased

from Charles River. Animal procedures were approved by Albert Ein-

stein College of Medicine Animal Care and Use Committees.
4.3 | BMDM and pMφs

To prepare pMφ, peritoneal cells were harvested fromWT or KO mice

using classic protocols (Fortier & Falk, 2001). Bone marrow cells were

differentiated in vitro in the presence of RPMI with 10% FBS and 20%

L929 supernatant. After 4 days the differentiation media was replaced

by new one, and at the seventh day, macrophages were differentiated

as confirmed by flow cytometry as F4/80+/LY‐6C− cells.
4.4 | Laurdan confocal fluorescence microscopy and
GP measurements

To investigate the formation of lipid microdomains at the sites of inter-

action between Hc and Mφs, Laurdan fluorescence spectroscopy com-

bined with spatial resolution optical microscopy was used (Sanchez

et al., 2007). Laurdan is a fluorescent probe that intercalates at the

membrane perpendicular to the lipid bilayer and distributes equally,

independent of the lipid composition of the membrane. Laurdan fluo-

rescence spectrum shifts according to the polarity of the environment

(Parasassi, De Stasio, d'Ubaldo, & Gratton, 1990; Weber & Farris,

1979). The spectral change is related to the accessibility of water in

the membrane and thus to the lateral strength of the interactions

between lipid chains, representing different lipid phases. This spectral

change can be quantified by calculating the ratio between two different

emission wavelengths. This value is called the general polarisation or

GP (Parasassi et al., 1990). The GP theoretical values range from −1

to 1, but for biological membranes, it is known that GP values higher

than 0.5 are characteristic of gel phase; values from 0.3 to 0.5 represent

liquid organised membranes, which are characteristic of lipid microdo-

mains; and GP values below 0.3 are presented by liquid disordered

membrane domains (Parasassi et al., 1990; Sanchez et al., 2007).

BMDMswere plated in glass bottom dishes (MatTek) and incubated

in medium containing 20‐mMLaurdan for 10 min prior to the addition of

Hc‐Rho cells (see details below). Laurdan‐loadedMφs were then washed

with Laurdan‐free medium and imaged to establish the average GP value

of the cells in the absence of Hc. Time‐lapse sequences of images were

acquired throughout Hc contact, interaction, and internalisation by

Mφs. Time‐lapse image sequences of Laurdan‐labelled Mφs were

acquired in a Zeiss LSM 510 META NLO microscope (Zeiss, Germany).

Images were acquired simultaneously in four channels. Channels 1 and

2 were used to acquire the Laurdan‐emitted fluorescence in 440 and

490 nm, respectively, Channel 3 was used to acquire transmitted light

images of the Mφs as a reference, and Channel 4 was used to image

the red fluorescence from Hc‐labelled cells. To compare the lipid lateral

organisation at the Hc–macrophage contact areas to the average
nse
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macrophage lipid organisation, we calculated the entire GP sequence

from the time‐lapse experiment, and the average GP values for the

Mφs is calculated for each frame. To follow lipid organisation changes

specifically at the site of Hc interaction, masks were obtained for each

frame, representing the position of eachHc cell along the interaction pro-

cess using the fluorescence images in Channel 4. Themaskswere applied

over the GP sequence, and the average GP values for Hc contact sites

were obtained for each frame. All images were acquired with a Zeiss

Plan‐Apochromat 63×/1.40 oil immersion objective lens. Laurdan was

excited by two‐photon excitation, using a MaiTai Titanium‐Saphire

pulsed laser (80‐MHz pulse frequency, 120‐fs pulse width; Spectra‐

Physics Newport, Mountain View, California) at 780 nm using a 680LP

dichroic mirror, and fluorescence emission was measured at 440 and

490 nm, simultaneously at the META spectral detector. The emission

wavelengths at the META detector were set carefully to avoid cross‐talk

from other fluorescence signals from the cells. Hc‐Rho yeasts were used

for these experiments, and fluorescence was excited at 561 nm, and

emission was observed through a BP 575–615 IR band pass filter and col-

lected in the photomultiplier tube at Channel 4. Transmitted light images

of the cells were acquired during all the measurements using the 561‐nm

laser line simultaneously to the acquisition of the Hc‐Rho image. After

time‐lapse sequences acquisition, GP images were calculated for each

frame from the images obtained at 440 and 490 nm, as described before

(Parasassi, De Stasio, Ravagnan, Rusch, & Gratton, 1991), using Equa-

tion 1 as follows:

GPcorr ¼ I440 − G × I490ð Þ
I440 þ G × I490

: (1)

I440 is the pixel intensity at 440 nm, and I490 corresponds to the pixel

intensity at 490 nm. The G factor is used to correct possible differences

in sensitivity between the two channels and is obtained from images col-

lected in the same experimental conditions for a Laurdan solution

(20 mM) in DMSO, where the GP is known to be 0.2 (Sanchez et al.,

2007). Images were analysed, and GP calculations were performed in

SimFCS software (Laboratory for Fluorescence Dynamics, University of

California at Irvine, California, USA).

Laurdan GP images presented are from a representative experi-

ment of three replicates. As described above, Mφs values are calcu-

lated as the average of all Laurdan signals in the image, meaning that

all macrophages are being included. In our experiments, all Mφs cells

in all images are in contact with at least one Hc cell. All Hc cells

detected in the field are measured as a contact area, as described

above. Then, considering approximately 30 Hc cells and at least

20‐Mph cells detected per field, in 90 frames, we have about 2,700

measurements of Hc‐Mφs contact regions per experiment, more than

60‐Mph cells measured in the three replicates and about 90 contact

regions followed in real time during the interaction process. It is wor-

thy to note that the area of Mφs is much larger than the area of con-

tact regions recovered from Hc‐Rho fluorescence. As the area of the

contact regions is much smaller, less pixels are used to calculate the

average GP of these areas, and that is the reason of the larger varia-

tion observed for these values. Results were compared by unpaired t

test and considered significantly different for P < 0.001. Statistics

are presented in Table S2.
4.5 | Sterol enrichment at Mφs and Hc association
sites

To determine whether cholesterol is recruited to fungal binding sites,

J774.16 cells were used. Mφs were plated in eight‐chamber polysty-

rene tissue‐culture glass slides as described previously (Nosanchuk,

Steenbergen, Shi, Deepe, & Casadevall, 2003). Hc was incubated with

wheat germ agglutinin (WGA)‐Alexa 546 at 1 μg/ml at RT for 1 hr,

washed three times with PBS and enumerated. Yeasts were added to

the wells in a Hc:Mφ ratio of 5:1 and incubated for 15 min at 37°C.

After washing to remove nonadherent cells, the slides were stained

with 10 μg/ml of filipin for 45 min at 4°C. WGA and filipin are probes

to detect chitin oligomers and sterol, respectively. The monolayers

were washed again with PBS and fixed with PF 4% for 30 min at room

temperature. Slides were mounted with n‐propylgallate, sealed under a

coverslip, and then visualised by epifluorescence under an Observer Z1

microscope (Zeiss). After Z‐stack acquisition, images were treated by

deconvolution (Zen software—Zeiss).
4.6 | M‐β‐CD treatment and association index

To deplete sterol from cell surfaces, J774.16 Mφ monolayers were

treated with m‐β‐CD. The m‐β‐CD stocks were prepared in serum‐free

DMEM. Mφs were washed once with serum‐free DMEM and then

incubated with different concentrations of m‐β‐CD (5, 10, or

20 mM) for 45 min at 37°C. After washing with serum‐free medium,

Mφs were used for functional assays. Different concentrations of

m‐β‐CD were used based on previous studies showing that increasing

concentrations reduce sterol content in a dose‐dependent fashion

(Ottico et al., 2003). After m‐β‐CD treatment, sterol depletion was

confirmed by staining Mφs with filipin, a fluorescent sterol ligand.

Cells were visualised by epifluorescence on a Zeiss Axioskop 200

inverted microscope equipped with a cooled CCD using 63× and

40× objectives. Cell viability after m‐β‐CD treatment was assessed

as described (Abboud et al., 2009).

To measure the impact of cholesterol depletion on association,

Mφs plated onto 24‐well plates were cultivated with or without m‐β‐

CD under the conditions detailed above. After m‐β‐CD treatment

Mφs were washed with PBS three times and then incubated with

GFP‐Hc for 15 or 45 min at 37°C (multiplicity of infection 5 Hc: 1

Mφ). Plates were washed, and infected Mφs displaying fluorescent

yeast were measured using a FACSCalibur flow cytometer (BD

Biosciences). Expression of CD18 was compared between control and

m‐β‐CD‐treated cells also using flow cytometry. For these experiments,

Mφs (1 × 106 cells) were detached from flasks using 0.053‐mM EDTA

at room temperature for 5 min and then washed again with PBS. Cells

were fixed with PF 4% for 30 min at room temperature. After blocking

non‐specific sites using 1% BSA, anti‐mouse PE‐conjugated CD18

(1 μg/ml; Biolegend, clone M18/2) or anti‐mouse APC‐conjugated

CD11b (1 μg/ml; eBioscience, clone M1/70) was added, and the cells

incubated for 1 hr at room temperature. Negative isotype controls

(IgG1 and IgG2a antibodies conjugated to APC, BIO‐RAD) were used

as controls. A total of 10,000 events were recorded for each flow

cytometer analysis. The percentage of Hc‐associated Mφs and the
nse
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association index (total number of Mφs containing Hc adhered and/or

internalised) was obtained for each experimental condition (Cordero

et al., 2016). All experiments were performed three times with consis-

tent results. A control experiment without m‐β‐CD treatment was per-

formed, and the infection rate normalised as 100%.

4.7 | OTs experiments

We used OTs to access the interaction between Hc and Mφs. All the

experimental procedures used were adapted from Guimaraes et al.

(2011). Briefly, a yeast cell suspension was trapped with the OTs

and allowed to interact with an adhered Mφ for periods of time rang-

ing from 5 to 300 s. Then the microscope stage was set to move with

a controlled velocity in order to detach the optically trapped yeast cell

from the Mφ surface. The maximum optical force in these experiments

was set to be in the order of 20 pN (Viana et al., 2007). If the Hc–host

cell interactions were stronger than the maximum force, the cells

remain in contact and we considered this event as a positive adhesion

event. The relative adhesion was defined as the number of positive

adhesion events (N) divided by the total number of attempts (N0).

The relative adhesion was determined for each time point and each

experimental condition used. The characteristic time (τ) was defined

as the time required for 63% of the interactions to be positive in all

the attempts tested, and it was determined based on the best fit for

all the curves obtained according to the equation:

N
N0

¼ 1 − exp −
t
τ

� �
: (2)

The error bars in the relative adhesion were determined as half the dif-

ference between the maximum and minimum values for each time

interval in 30 events performed with three different samples. The

error bars in the characteristic time were obtained using the best

curve fit for Equation (2) and also weighting the data with the errors

for the relative adhesion. All curve fits were obtained using the

Kaleidagraph software (Synergy Software). To investigate the sterol

requirement, four experimental conditions were used: (a) Hc with con-

trol Mφs, (b) Hc with 10‐mM m‐β‐CD‐treated Mφs, (c) opsonised Hc

with control Mφs, and (d) opsonised Hc with 10‐mM m‐β‐CD‐treated

Mφs. To determine the influence of GSL, Mφs were treated with P4

as described below. Requirement of CD18 was studied using Mφs

expressing very low amounts of this integrin (Sorgi et al., 2009), and

for the coreceptors of distinct integrins, we have used CHO cells

transfected with LFA‐1 (CD18/CD11a), CR1 (CD35), CR3 (CD18/

CD11b), or CR4 (CD18/CD11c).

4.8 | Influence of m‐β‐CD and CtxB on phagocytosis
of Hc by Mφs

We tested whether m‐β‐CD influenced internalisation of Hc by Mφs

according to our previously published protocol, with minor adapta-

tions (Shi et al., 2008). Briefly, Mφs were plated at 2 × 105 cells/well

in an eight‐chamber polystyrene tissue‐culture glass slide (Becton

Dickinson) and grown overnight. Hc were preincubated with 8‐μg/ml

NHS‐Rho (molecular probes) at 4°C for 1 hr. After several washes with
PBS to remove excess NHS‐Rho, fungal cells were plated onto Mφ

monolayers, with or without m‐β‐CD treatment, as described previ-

ously. Cells were then moved back to 37°C and incubated with

NHS‐Rho‐labelled Hc (Hc‐Rho). After incubation, nonattached Hc

were removed by washing the preparation with PBS. The monolayers

were then incubated with Uvitex B (100 μg/ml in PBS), a fluorescent

dye that binds specifically to chitin on the Hc cell wall. Cells were

washed again with PBS and then fixed with PF 4% for 30 min at room

temperature. To evaluate the effect of fungal opsonisation during this

interaction, Hc were incubated with MAb to HSP60 (50 μg/ml of

mAb) and then added to the Mφ monolayer. After fixing with PF

4%, the slides were washed with PBS, sealed under a coverslip and

visualised by epifluorescence. All yeast cells fluoresced red, and only

noninternalised Hc also fluoresced blue, because Uvitex B is excluded

from live Mφs (Levitz, DiBenedetto, & Diamond, 1987). In each sys-

tem, at least 300 Mφs were counted, and the percentage of associa-

tion number was determined. From infected Mφs, we determined

the percentage of adherent and internalised Hc.
4.9 | P4 treatment of Mφs

To estimate the participation of GSL expressed at Mφ surface during

interaction with Hc, we inhibited GlcCer formation, the first step dur-

ing gangliosides biosynthesis (Fox et al., 2001). Mφs were incubated

for 3 days with 1‐μM P4r, a small molecular weight inhibitor of the

enzyme ceramide:glucosyltransferase (Cer:GlcT). After treatment,

Mφs were washed with serum‐free medium and used to interact with

GFP‐Hc as described. The association index (total number of Mφs

containing Hc adhered and/or internalised) was obtained for each

experimental condition as described above. Control experiments used

an inactive isomer, P4s. OT experiments were developed as men-

tioned above. The expression of gangliosides after P4r treatment

was determined (see below) and compared with control. P4r and P4s

were synthesised by Dr. D. Meyers, Synthetic Core Facility, The Johns

Hopkins School of Medicine. To evaluate the effect of P4 on the cyto-

skeleton, Mφs were plated at 5 × 105 cells/well in an eight‐chamber

polystyrene tissue‐culture glass slide (Becton Dickinson) and treated

with P4r or P4s as described above. After 3 days of treatment, cells

were washed with PBS and then incubated with phalloidin‐FITC

(Sigma‐Aldrich) and DAPI (1 μg/ml; Sigma‐Aldrich) for 1 hr. Mφs were

washed with PBS; slides were mounted with n‐propylgallate, sealed

under a coverslip, and then visualised by epifluorescence under an

Observer Z1 microscope (Zeiss). Experiments were performed twice

with consistent results.
4.10 | Lipid extraction

Total lipids were extracted according to Schnaar (Schnaar & Needham,

1994). Mφs with or without P4r (1‐phenyl‐2‐palmitoylamino‐3‐

pyrrolidino‐1‐propanol) or m‐β‐CD were washed with cold PBS and

removed from the Petri dishes with a scrapper. The cells were col-

lected by centrifugation at 4°C and suspended in 3 ml of ice‐cold

water (W). Eight millilitres of methanol (M) was added and the suspen-

sion vigorously mixed. Chloroform (C; 4 ml) was added to the system
nse
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reaching a final proportion of C‐M‐W (4:8:3). After 2 hr under agita-

tion at room temperature, the suspension was centrifuged, and the

pellet extracted again with the same solvent mixture (C‐M‐W; 4:8:3).

The pellet was dried at room temperature and then solubilised with

3–5 ml of NaOH 0.1 M, and the total protein content was determined

using Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, USA).

Protein content was used to normalise the samples. The lipidic

extracts were combined, and water was added to the supernatant to

reach a final concentration of C‐M‐W (4:8:5.6). The suspension was

mixed, and a biphasic system formed. The upper phase containing

the polar lipids, including the gangliosides, was submitted to reverse

phase chromatography (tC18 SepPak Plus cartridges) to remove salts

and other polar contaminants. Cartridges were previously washed

with 3 ml of water, M‐W (1:1), methanol, and M‐W (1:1) again. The

upper phase was loaded, and the cartridges were washed with 3 ml

of M‐W (1:2) and M‐W (1:1). GSLs were eluted with 3 ml of methanol.

The methanol eluant (from the upper phase) and the whole lower

phase, enriched in ceramide and sphingomyelin, were dried under N2

and resolved by thin layer chromatography (TLC) as described below.
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4.11 | Thin layer chromatography

The fraction eluted in methanol was solubilised in C‐M‐W (4:8:3), and

the lower phase was solubilised in chloroform. Samples were then

spotted onto TLC plates. TLC was performed on silica gel plates in

proper solvent systems according to each class of lipids to be investi-

gated. Ceramide analysis was developed in a solvent system consisting

of C‐M‐W (80:10:1; van Echten‐Deckert, 2000). Cupric sulfate in

aqueous phosphoric acid was sprayed over the TLC plate for further

band visualisation after heating at 180°C for 15 min. Lipid bands,

including ceramide, appear brown against a white background (van

Echten‐Deckert, 2000). Ceramide from bovine brain was used as a

standard. To identify sphingomyelin, the lipids from lower phase were

resolved using C‐M‐W (65:25:4). TLCs were exposed to iodine in

chambers saturated with iodine crystals. Bands appear yellow against

a white background. Sphingomyelin from bovine brain was used as a

standard. Gangliosides were resolved in solvent system containing C‐

M‐0.25% aqueous KCl (60:35:8; Schnaar & Needham, 1994). Plates

were sprayed with resorcinol/HCl reagent and heated at 125°C for

20 min (Schnaar & Needham, 1994). Gangliosides were visualised as

purple spots. A mixture containing bovine brain gangliosides was used

as a standard.
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4.12 | Immunostaining of gangliosides

To confirm the presence of GM1 and GD1a (respectively mono and

disialo species of gangliosides) on lipid extracts of J774.16 Mφs, we

performed an immunostaining assay using monoclonal antibodies to

GM1 and GD1a (Schnaar et al., 2002). GSLs were resolved by TLC

as above, and the plate was dipped in a solution of 0.2% polyisobutyl

methacrylate (Aldrich) in hexane for 30 s. The plate was dried, sprayed

with PBS, and blocked for nonspecific binding with 10‐mg/ml BSA in

PBS for 1 hr at room temperature. After washing with PBS three

times, the plate was incubated with antibodies to the gangliosides
(2 μg/ml) for 2 hr at room temperature followed by incubation with

a secondary alkaline phosphatase‐conjugated anti‐mouse IgG (1 μg/ml)

under the same conditions. The plate was washed three times with

PBS and then developed by using Sigma Fast NBT‐BCIP according

to the manufacturer's instructions. Reactive bands (purple) were com-

pared with standards resolved at the same time and conditions but

developed with resorcinol/HCl reagent.
4.13 | Influence of P4, complex gangliosides, CD11b,
CD18, CtxB, and oligo‐GM1 during Mφs and Hc
association

GM1‐oligosaccharides (oligo‐GM1) were generated by treatment of

GM1 with a specific ceramide glycanase (Calbiochem; Zhou, Li, Laine,

Huang, & Li, 1989). To investigate whether P4 treatment, absence of

complex gangliosides, and CD11b and CD18 are required for Mφs

to associate with Hc, we used primary Mφs treated with P4 and

Mφs derived from B4galnt1−/−, CD11b−/−, or CD18low mice. CtxB is

a standard ligand for GM1 and has been extensively used as a lipid raft

marker (Vyas, Patel, Vyas, & Schnaar, 2001). To access the effect of

CTxB, we treated Mφs with 1 μg/ml of CTxB for 45 min at 4°C before

incubation with Hc. According to the manufacturer, this concentration

achieves 50% saturation of GM1‐coated plates. Mφs were washed

with PBS three times and then incubated with GFP‐Hc for 45 min at

37°C (multiplicity of infection 5 Hc: 1 Mφ). In another set of experi-

ments, oligo‐GM1 and GFP‐Hc were coincubated with Mφs for 1 hr.

Association indexes were determined by flow cytometry as described

above (Cordero et al., 2016). In addition, some systems where fungal

cells were opsonised with anti‐HSP60 (13B7 or 7B6; Guimaraes,

Frases, Gomez, Zancope‐Oliveira, & Nosanchuk, 2009) or M antigen‐

specific mAbs (Guimaraes, Hamilton, de, Nosanchuk, & Zancope‐

Oliveira, 2008) were also tested to evaluate whether opsonisation

would impact infection. The percentage of associated Mφs was

obtained for each experimental condition. All experiments were per-

formed three times with consistent results.
4.14 | Lipid microdomains isolation and dot‐blot
experiments

To analyse the content of CD18 and CD14 in lipid microdomains, we

used BMDMs from WT and B4galnt1−/− mice. The protocol published

by Takeushi and colleagues was used to prepare the Mφs (Takeuchi

et al., 1999). Briefly, femur and tibia were removed; the tissue was

removed by scalping and briefly washed in 70% ethanol. After cutting

both sides, the bone marrow was flushed with PBS and cells gently

homogenised. Precursors cells were seeded at 2 × 106 per 100‐mm

dish in 10‐ml complete medium (DMEM, supplemented with 10%

FCS, l‐glutamine, HEPES, β2‐mercaptoethanol, and

penicillin/streptomycin) with 20% conditioned medium (containing

M‐CSF) harvested from L929 fibroblast cultured cells. After 7 days,

Mφs were harvested and used to prepare lipid microdomains accord-

ing to DeBruin et al. (2005) with minor modifications. Cells were

washed in TNE buffer (25‐mM Tris/HCl [pH 7.4], 150‐mM NaCl) and

the pellets lysed in 250 μl of the same buffer containing 1% triton‐
nse
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X‐100 and a protease inhibitor cocktail (Sigma) for 30 min at 4°C.

Lysates were mixed with equal volume of 80% sucrose (w/v) in TNE

buffer and then transferred to a SW41 centrifuge tube. The samples

was homogenised an then overlaid sequentially with 40% (3.5 ml),

35% (5 ml), and 5% (3.5 ml) of sucrose in TNE and centrifuged at

100,000 g for 18 hr at 4°C. Eleven fractions of 1 ml each were sequen-

tially collected from the top and analysed for the presence of GM1

(lipid raft marker), CD14, and CD18. Aliquots of each fraction were

spotted on nitrocellulose membrane (Millipore, Bedford, MA) by using

a dot‐blot equipment (Pharmacia, USA). Fraction 12, overloaded with

nonrafts proteins, was not spotted. After blocking, the membrane

was overlaid with peroxidase‐linked CtxB or monoclonal antibodies

to CD14 and CD18 (BD Biosciences), followed by a secondary conju-

gated to peroxidase. Membranes were washed and developed by

enhanced chemiluminescence (Pierce, Rockford, IL) or DAB peroxidase

solution. The spots were quantified using the ImageJ software (NIH).
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4.15 | Surface distribution of GM1, CD18, and
CD11b during interaction of Hc and Mφs

To determine whether GM1 was recruited to fungal binding sites at

the BMDM surface, labelling with FITC‐conjugated CtxB was used.

Mφs were plated in eight‐chamber polystyrene tissue‐culture glass

slides as described previously (Nosanchuk et al., 2003). Hc previously

incubated with Uvitex 2B (Chaka et al., 1995) were added to the wells

in a Hc:Mφ ratio of 5:1 and incubated for 15 or 45 min at 37°C. After

washing to remove nonadherent cells, the slides were incubated with

FITC‐conjugated CtxB (1 μg/ml in PBS‐BSA 1%) for 45 min at 4°C.

The monolayers were washed again with PBS and fixed with PF 4%

for 30 min at room temperature. After blocking non‐specific sites

using 1% BSA, anti‐mouse CD18 (1 μg/ml; BD Bioscience) or and

anti‐mouse CD11b (1 μg/ml; BD Bioscience) were separately incu-

bated in different slides for 1 hr at room temperature. After extensive

washing, a goat anti‐IgG Alexa 546 (Invitrogen) was incubated for 1 hr.

Slides were mounted with n‐propylgallacte, sealed under a coverslip,

and then visualised by epifluorescence under an Observer Z1 micro-

scope (Zeiss). After Z‐stack acquisition, images were treated by

deconvolution (Zen software—Zeiss).
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4.16 | CD18 levels in macrophages from WT and
B4galnt1−/− mice

Mφs from WT and B4galnt1−/− mice (1 × 106 cells) were incubated

with PE‐conjugated anti‐mouse CD18 as described above, and

10,000 events were recorded for flow cytometer analysis. All experi-

ments were performed three times with consistent results.
e applicable C
reative C

om
m

ons L
ice
4.17 | Statistical analysis

All statistical analyses were performed using GraphPad Prism 6,

version 5.02, for Windows (GraphPad Software).
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