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Abstract

Anion exchanger 2 (Ae2; gene symbol, Sic4a2) is a plasma membrane CI/HCO3’
exchanger expressed in the gastrointestinal tract, kidney and bone. We have previously
shown that Ae2 is required for the function of osteoclasts, bone resorbing cells of the macro-
phage lineage, to maintain homeostatic cytoplasmic pH and electroneutrality during acid
secretion. Macrophages require endosomal acidification for pathogen killing during the pro-
cess known as phagocytosis. Chloride is thought to be the principal ion responsible for
maintaining electroneutrality during organelle acidification, but whether CI'/HCO3;" exchang-
ers such as Ae2 contribute to macrophage function is not known. In this study we investi-
gated the role of Ae2 in primary macrophages during phagocytosis. We find that Ae2 is
expressed in macrophages where it regulates intracellular pH and the binding of Zymosan,
a fungal cell wall derivative. Surprisingly, the transcription and surface expression of Dec-
tin-1, the major phagocytic receptor for Candida albicans (C. albicans) and Zymosan, is
reduced in the absence of Ae2. As a consequence, Zymosan-induced Thfa expression is
also impaired in Ae2-deficient macrophages. Similar to Ae2 deficiency, pharmacological
alkalinization of lysosomal pH with bafilomycin A decreases both Dectin-17 mRNA and cell
surface expression. Finally, Ae2-deficient macrophages demonstrate defective phagocyto-
sis and killing of the human pathogenic fungus C. albicans. Our results strongly suggest that
Ae2 is a critical factor in the innate response to C. albicans. This study represents an impor-
tant contribution to a better understanding of how Dectin-1 expression and fungal clearance
is regulated.
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Introduction

Ae2 is a CI'/HCO3  anion exchanger that belongs to the Slc4 (Solute Carrier Family 4) protein
family together with Ael and Ae3. Ae2 is the most widely expressed Slc4a member and has
been found in the gastrointestinal tract, kidney and bone [1]. Ae2”~ mice have gastric achlor-
hydria, osteopetrosis and die soon after birth [2]. We have previously reported that Ae2 is
expressed on the plasma membrane of osteoclasts and is required for their activity by prevent-
ing cytoplasmic alkalinization during bone resorption [2, 3].

Similar to osteoclasts, macrophages derive from myeloid hematopoietic progenitors and
depend on pH regulation for certain functions. Macrophages are specialized in pathogen recog-
nition and destruction. Bacterial and fungal pathogens are detected by pattern recognition recep-
tors (PRRs) that recognize conserved structures of microorganisms, called pathogen-associated
molecular patterns (PAMPs). After recognition and engagement they are engulfed into mem-
brane-derived vesicles by a process known as phagocytosis. In the cytosol, phagocytic vesicles
fuse with endosomes and finally with lysosomes to form phagolysosomes. During this process,
the content of the vesicles becomes gradually more acidic (minimum pH = 4.5) through the
activity of vacuolar proton pump H'-ATPase. Finally pH-dependent proteolytic enzymes are
activated to kill and degrade the pathogen. This change in pH is critical for phagosome matura-
tion, for killing of the pathogen and therefore for completion of the phagocytic process [4-7].
Anion movement is required to maintain electroneutrality during acidification, and defects in
chloride transport disrupt endosomal acidification in a number of cell types [8, 9] but a role for
CI/HCOj; exchangers such as Ae2 in macrophage function has not been described previously.

The innate immune system is critical in the defense against fungal pathogens such as C albi-
cans. Engulfment and killing by macrophages contributes to the innate host defense against
fungal pathogens [10]. C. albicans is the predominant human pathogen among the Candida
species [11] and is recognized by macrophages via cell wall B-glucans and mannosylated pro-
teins. Mannosylated proteins are recognized by C-type lectins including Dectin-2, mannose
receptor (MR), Galectin-3, and CD209 (SIGNR-1) [12-14]. B-glucans are recognized by the
PRR C-type lectin receptor Dectin-1. Dectin-1 ligation by B-glucans induces both pathogen
internalization and, together with Toll-like receptor 2 (TLR-2), cytokine production [15, 16].
Dectin-1 also amplifies TLR2 response through activation of the nuclear factor of activated T-
cells (NFAT) pathway to augment pro-inflammatory cytokine production [17-19]. The fungal
cell wall derivative Zymosan is similarly engaged by macrophages through the PRRs Dectin-1
and TLR2, inducing phagocytosis and a pro-inflammatory cytokine expression program [12,
20]. Candida infections (candidiasis) are a growing problem among hospitalized and immuno-
compromised patients. Despite the availability of antifungal treatments, these infections have
high (40%) mortality rates and resistance to anti-fungals is an increasing issue [11]. Thus, a bet-
ter understanding of anti-fungal host defense is imperative.

We sought to investigate the contribution of Ae2 to the process of fungal phagocytosis in
macrophages. We found that absence of Ae2 expression increases cytosolic pH in primary
macrophages. Additionally, Ae2-deficient macrophages are unable to phagocytose Zymosan
particles. We demonstrate that this is likely a result of a specific requirement for Ae2 for opti-
mal expression of the major receptor responsible of C. albicans binding, Dectin-1 [5]. We find
that, Ae2 expression is necessary for Dectin-1-dependent cytokine production, pathogen inter-
nalization and killing of C. albicans. This study contributes to a better understanding of path-
ways that regulate Dectin-1 expression and therefore the antifungal host defense by
macrophages. Anion exchanger activity and intracellular pH maintenance become critical fac-
tors to take into account when designing new antifungal drugs to prevent fungal infections in
hospitalized and immunocompromised patients.
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Methods

Mice

Ae2-deficient mice (Ae2”") were originally described in [21]. Ae2™¥M°% Mix]1-Cre mice on the
C57/BL6 background were previously described in [3]. To induce expression of the Cre recom-
binase, mice were treated intraperitoneally (i.p) with poly I:C (250 mg) every other day for a
total of 3 doses (hereafter referred to as Ae2*’4). Littermates without the Mx1-Cre transgene
were identically treated with poly I:C (hereafter referred to as Ae2"”™). Two weeks after the
last poly I:C dose, mice received a single i.p. injection (1.5ml) of 3% thioglycollate solution
(Difco) and were sacrificed 4 days later to collect peritoneal macrophages (Fig 1A). Wild-type
C57/BL6 (WT) mice purchased from Jackson were used for pharmacological treatment experi-
ments. All mice were housed in a specific pathogen-free animal facility at the Harvard School
of Public Health. All the animals were sacrificed by asphyxiation with CO2 followed by cervical
dislocation.

Ethical approval

The study was approved by the Harvard Medical School Committee on Animals, IACUC pro-
tocol 04911. Mice were monitored for pain or distress and euthanized as specified by the
humane endpoint criteria of the HMS IACUC.
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Fig 1. Ae2 is expressed in macrophages. (A) Intracellular pH (pHi) was measured in peritoneal
macrophages isolated from 3 weeks old WT or Ae2-deficient mice (Ae27). n = 3—4; *p<0.05, Mann-Whitney
test. (B) Schematic representation of poly I:C (250 ug x 3) and thioglycollate treatment of Ae2™/°% \x1-Cre-
and Ae2™/X v1x1-Cre* mice. (C, D) Expression of Ae2 in thioglycollate-elicited peritoneal macrophages
isolated from Ae2""** and Ae2”/4 mice. Quantitative PCR showing Ae2 RNA expression (n=10and 11;
**%* p<0.0001, Mann-Whitney test) (C) and western blot showing Ae2 protein levels (D).

doi:10.1371/journal.pone.0158893.g001
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Cell isolation, culture and stimulation

Macrophages were isolated by washing the peritoneal cavity with ice-cold HBSS (Hank’s Bal-
anced Salt Solution, Corning), washed and resuspended in complete media (RPMI 1640 (Corn-
ing CellGro), 10% Fetal Bovine Serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 pg/
ml streptomycin, 10 mM Hepes, 50 uM B-Mercaptoethanol). 3.3x10° cells were plated on ster-
ile glass coverslips in 24-well tissue culture plates for phagocytosis experiments [22]. 2x10°
cells were seeded in 6 well tissue culture plates for all the other experiments. Cells were incu-
bated with Bafilomycin A1 (25 nM, Sigma) for 6 and 16h.

Synchronized C. albicans phagocytosis and killing assay

C. albicans (American Type Culture Collection 10231) was cultured as previously described
[23]. Briefly, C. albicans was streaked on Sabouraud agar plates (BD, cat # 221849) and incu-
bated at 37°C for 48 h, then kept at 4°C. The day before the experiment one colony was streaked
on a fresh plate and incubated at 37°C. C. albicans were scraped from the plate, washed in endo-
toxin-free H,O (E-Toxate water, Sigma), and counted. Only colonies in the yeast form were
used for experiments. After removing non-adherent cells, macrophages were incubated for
another hour at 37°C. C. albicans (multiplicity of infection, MOI, of 5) were then pelleted (30 x
£) onto peritoneal macrophages and incubated for the indicated time points at 37°C in 5% CO,.
After washing to remove non-phagocytosed microorganisms, samples were either stained with a
modified Wright Giemsa staining commercially available (Diff-Quick, Protocol HEMA 3 stain,
Fisher Scientific Company LLC) to visualize macrophages [22, 23], for the phagocytosis assay,
(15 min, 30 min, 1 h). Diff-Quick stained macrophages have a blue nucleus and a pink to purple
cytoplasm [22, 23]. Alternatively macrophages were incubated with C. albicans for 15 min,
washed and after 1 h and 3 h incubation to allow killing, cells were lysed in endotoxin-free H,O
for the killing assay. Lysate dilutions were plated on Sabouraud agar plates and incubated for 24
h. The number of yeast colonies grown after 24 h (CFU, colony forming units) were counted
manually [23]. Killing capacity of the cells was obtained by normalizing the CFU by the number
of yeast cells internalized at the early time point, as counted in the corresponding sample stained
with Diff-Quick after 15 min incubation [23]. The percentage of yeast killed by the macrophages
was then determined as follows: for each mouse sample, the CFU number was divided by the
phagocytic index at 15 min to account for the internalized C. albicans [23].

Synchronized Zymosan phagocytosis and binding assay

After removing non-adherent cells, macrophages were incubated for another hour at 37°C.
The cells were then washed once with cold complete media and cooled on ice for 5 min before
the addition of Zymosan A (Sigma, 10 particles/cell, ppc) for 15 min on ice. The cells were then
warmed by adding warm complete media and incubated at 37°C for the indicated period of
time [22]. Zymosan particles surrounded by cell membrane were considered internalized. For
binding assays, macrophages were preincubated for 30 min with 4 uM cytochalasin D (Sigma)
and then stimulated with Zymosan at 10 ppc in complete media containing 4 (M cytochalasin
D for 15 min and 30 min. Cells were washed extensively to remove unbound Zymosan, stained
with Diff-Quik. In all of the experiments, non-opsonized Zymosan was used [22].

Measurement of phagocytosis and binding

Diff-Quick staining and light microscopy was used to follow time-dependent C. albicans and
Zymosan phagocytosis (Leica DM 2000, DFC3000 camera, Fluotar 40X objective). The phago-
cytic index was calculated by dividing the number of phagosomes by the total number of cells
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Table 1. List of primers.

in a field, which was multiplied by the percentage of cells phagocytosing at least three particles
or fungal cells [9, 22-24]. Similarly, the binding index was obtained by dividing the number of
bound particles by the total number of cells in the field, multiplied by the percentage of cells
binding at least three particles [23]. Pictures were acquired with Leica software applying the
same contrast conditions among experiments.

Measurement of cytosolic pH (intracellular pH, pHi)

Cytosolic pH was measured in peritoneal macrophages isolated from 3 week-old littermate
WT and Ae2” mice. Cells were immediately stained with pHrodo Red AM intracellular pH
indicator (Molecular Probes). A pH standard curve, obtained by using the intracellular pH
indicator buffer kit (Molecular Probes), was used to calculate the macrophage pHi according to
the manufacturer’s instructions. Stained cells were analyzed with the FACS Canto II (BD) and
Flowjo software version 10.6.

RNA preparation and g-PCR

Macrophage RNA was extracted with Trizol reagent (Qiagen) following the manufacturers
instructions. RNA was reverse transcribed into cDNA with the Affinity Script qPCR cDNA
Synthesis Kit (Agilent Technology). Real-time quantitative PCR (q-PCR) was performed using
Sybr green reagent (Life Technologies). Primers are listed in Table 1. Data were normalized to
Hprt (Hypoxanthine-guanine phosporibosyltransferase) and presented as relative quantification
calculated by the conventional 22 method as described in [6, 25, 26].

Western Blot

Cells were washed with ice-cold HBSS and lysed with Laemmli buffer and boiled for 5 min. Total
cell extracts were separated by SDS-PAGE and transferred to nitrocellulose membranes, which
were then incubated over-night at 4°C with the primary antibodies as follows anti-Ae2 [27]

(0.4 ug/ml), anti-B-Actin (33 ng/ml, Cell Signaling). Membrane-bound antibody was detected
with enhanced chemiluminescence (ECL) detection reagent (GE Healthcare Lifesciences).

Flow cytometry

Macrophages were gently detached from the plate by 5 min incubation at 37°C with 5 mM
EDTA HBSS. Single cell suspensions were stained for 30 minutes at 4°C with the following

Gene Forward

Ae2 exon 82 CCCATGAGGTGTTTGTGG

Cd36° AGATGACGTGGCAAAGAACAG
Dectin-1° ATGGTTCTGGGAGGATGGAT

Hprt? GTTAAGCAGTACAGCCCCAAA
Dectin-2 GACCAGCCCAGTAGAAGACTA
Marco® CCTCCAGGGACTTACGGGT

Sri-I° TTCACTGGATGCAATCTCCAAG
Tnfa® CATCTTCTCAAAATTCGAGTGACAA

2 Primers were described in [3].
b primers were designed with Primer Blast website tool.

doi:10.1371/journal.pone.0158893.1001

Reverse
TCCACATCCTCCTCGAATTT
CCTTGGCTAGATAACGAACTCTG
GCTTTCCTGGGGAGCTGTAT
AGGGCATATCCAACAACAAACTT
GGCAGCATCCCCACATTTTT
CCAGTGAGACCTATGTCACCT
CTGGACTTCTGCTGATACTTTGT
TGGGAGTAGACAAGGTACAACCC

PLOS ONE | DOI:10.1371/journal.pone.0158893 July 8,2016
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fluorochrome-associated antibodies in the presence of Fc-block (Biolegend): aDectin-1 (4 ug/
ml, Serotec), aCD64 (4 pg/ml, Biolegend). Live/dead staining was performed using the 7-AAD
staining solution (Biolegend). Stained cells were analyzed with the FACS Canto II (BD) and
Flowjo software version 10.6.

Statistical Analysis

Statistical analysis and normalization methods were selected with the help of the Harvard Cata-
lyst Biostatistical Consulting Service. Experiments with 2 groups were analyzed with non-
parametric Mann-Whitney test. Two-Way ANOVA followed by Bonferroni post-test correc-
tion for multiple hypothesis testing was used for experiments with multiple groups. A signifi-
cance level o = 0.05 was considered significant. All statistical analyses were performed with
GraphPad Prism version 6. Since we detected considerable variability among independent
experiments, individual data points of each experiment have been divided by the internal
experimental mean to normalize inter-assay variation. Error bars represent standard deviation
(SD). All the experiments were performed at least three times unless otherwise specified. Har-
vard Catalyst Biostatistical Consulting Service is supported from Harvard Catalyst/The Har-
vard Clinical and Translational Science Center (National Center for Research Resources and
the National Center for Advancing Translational Sciences, National Institutes of Health Award
UL1 TR001102) and financial contributions from Harvard University and its affiliated aca-
demic healthcare centers. The scientific content is solely the responsibility of the authors and
does not necessarily represent the official views of Harvard Catalyst, Harvard University and
its affiliated academic healthcare centers, or the National Institutes of Health.

Results
Expression of Ae2 in macrophages is required for pHi regulation

We have previously shown that Ae2 is highly expressed in mature osteoclasts after differentia-
tion from myeloid precursors [3]. The purpose of this study was to evaluate the expression and
function of this anion transporter in macrophages, that, similar to osteoclasts, belong to the
myeloid lineage. Because Ae2 has a role in the maintenance of pHi in several cell types, includ-
ing osteoclasts [3, 27, 28], we sought to determine if Ae2 was also required for maintenance of
pHi in macrophages. We isolated peritoneal macrophages from Ae2-defient mice (Ae2”") and
found that, compared to macrophages isolated from wild-type (WT) littermates, Ae2”” macro-
phages had a significantly higher pHi (Fig 1 A). Since germ line deletion of Ae2 results in early
lethality (20-21 days), to further investigate the role of Ae2 in macrophages we used the induc-
ible Ae2™ Mx1-Cre mouse strain (Ae2*?) [3] (Fig 1B), in which Ae2 is broadly deleted post-
natally, including in hematopoietic cells. First, we analyzed the expression of Ae2 in thioglycol-
late-elicited peritoneal macrophages at the mRNA and protein levels. Ae2 transcript was pres-
ent in macrophages as assessed by qPCR (Fig 1C), while protein analysis by western blot
showed the expression of multiple isoforms of Ae2 (Fig 1D), as reported for other cell types
[27, 29, 30]. However, Ae2 expression was undetectable in macrophages isolated from Ae2**
mice (Fig 1C and 1D), demonstrating efficient induced deletion of the gene in poly I:C treated
Ae2™" Mx1-Cre macrophages, as previously reported in osteoclasts [3].

Ae2 is required for the binding and internalization of Zymosan

We have previously demonstrated that Ae2 is required for pHi regulation in osteoclasts and, as
a consequence, for bone resorption [3]. Macrophage phagocytosis is also a pH-dependent pro-
cess [4]. Because macrophages lacking Ae2 have a significantly higher pHi compared to WT
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macrophages (Fig 1A), we postulated that Ae2 would be required for phagocytosis by macro-
phages. To test this hypothesis, we performed a phagocytosis assay using Zymosan, a fungal
wall derivative. Time-dependent internalization of Zymosan particles by Ae2"”*" and Ae2"
macrophages showed that Ae2”* macrophages were significantly less efficient than control
cells in internalizing Zymosan particles at any time point analyzed (Fig 2A and 2B). Since the
defect was observed at the earliest time point (15 min), we reasoned that this phenotype could
reflect a defect in any of the initial steps of phagocytosis, including binding and uptake. To
ascertain the binding ability of Ae2** macrophages, cells were stimulated with Zymosan in the
presence of cytochalasin D, a drug that prevents actin polymerization and hence internaliza-
tion. Our results showed that Ae2** macrophages bound significantly fewer Zymosan particles
when compared to Ae2"”™* controls (Fig 2C and 2D). The reduced number of particles bound
on the macrophages surface in Ae2** macrophages indicated a defect in binding of fungal wall
components.

Tnfa induction by Zymosan is impaired in Ae2*2 macrophages

The data in Fig 2 suggested that Ae2 is required for Zymosan binding. Zymosan is recognized
and engaged through two receptors, Dectin-1 and TLR2 [15-19]. Zymosan binding to either
receptor induces expression of inflammatory cytokines, including Tnfa. In order to determine
if Tnfa mRNA expression was compromised in Ae2"* macrophages, we stimulated the cells
with either Zymosan, which activates both receptors, or PAM;CKy, a molecule that specifically
activates TLR2 [31] but not Dectin-1. As expected, Zymosan stimulation upregulated the tran-
scription of Tnfor in Ae2"”"" macrophages. In contrast, Tnfa mRNA expression was signifi-
cantly impaired in Ae2** macrophages compared to equally treated Ae2"”"" controls (Fig 3A).
However Tnfa was similarly induced by PAM;CK} in macrophages of both genotypes indicat-
ing that Ae2"* macrophages did not have a global defect in Tnfa transcription but rather that
the Dectin-1 specific pathway was compromised (Fig 3B). Interestingly, we also found that
Zymosan and, to a lesser extent PAM;CK,, induced the transcription of Ae2 (Fig 3C) suggest-
ing a positive feedback mechanism following macrophage activation. These data indicated that
Dectin-1, and not TLR2, was the Zymosan receptor affected by Ae2-deficiency.

Ae2 is required for Dectin-1 expression

Since Dectin-1-dependent binding and Tnfo expression were impaired in Ae2** macrophages,
we postulated that the expression of Dectin-1 on the surface of macrophages would be reduced
in the absence of Ae2. Indeed, flow cytometric analysis showed that cell surface Dectin-1 on
resting Ae2"* macrophages was significantly reduced compared to control cells (Fig 3D). To
ascertain whether other major macrophage receptors were affected by the absence of Ae2, we
stained macrophages for CD64, the FcyR1 receptor [32]. The expression of CD64 was similar
in macrophages of both genotypes (Fig 3E). These data suggested that Ae2 might have a selec-
tive effect on Dectin-1 expression in resting macrophages.

We reasoned that the reduced Dectin-1 cell surface expression in Ae2"* macrophages
could be due to reduced gene transcription. Therefore we analyzed Dectin-1 expression by
qPCR. Interestingly, macrophages lacking Ae2 displayed reduced Dectin-1 transcripts (Fig 4A).
These data suggested that Ae2 controls Dectin-1 gene transcription or mRNA stability either
directly or indirectly. In contrast, the mRNA expression of Dectin-2, a receptor involved in
phagocytosis of C. albicans hyphae through a-mannans [19, 25, 26, 33, 34] and Cd36, a scaven-
ger receptor that participates in C. albicans recognition via B-glucans [35], were significantly
upregulated in absence of Ae2 (Fig 4B and 4C). The transcription of other scavenger receptors,
Sral/Il and Marco, was unchanged (Fig 4D and 4E).
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Fig 2. Phagocytosis of Zymosan by macrophages requires Ae2. Ae2""*! and Ae2*’2 macrophages were incubated with
Zymosan (5 ppc) for the indicated time in the presence or absence of cytochalasin D, stained with Diff-Quick, and
phagocytosis and binding were quantitated as described in the methods. (A) Representative images obtained after 30 min
incubation with Zymosan, scale bar 50 ym. 2X digitally enlarged details are also shown. (B) Phagocytic index for Ae2""** and
Ae2*2 macrophages at the indicated time points after Zymosan addition. (n = 6; * p<0.05 ** p<0.01, Mann-Whitney test). (C)

Representative images and 2X digitally enlarged detail of Ae2"""t and Ae

2A/A

macrophages treated with cytochalasin D

4 uM) for 30 min prior to incubation with Zymosan particles (5 ppc). (D) Binding index of Zymosan to Ae2"”"* and Ae2%/2
(4p p y p pp g y

macrophages at the indicated time points (n = 6; ** p<0.01, Mann-Whitney test).

doi:10.1371/journal.pone.0158893.g002

Pharmacological alteration of pH inhibits Dectin-1 expression

Ae2”" osteoclasts have a more alkaline pH in both their cytosol and lysosomes, due to the
absence of the anion exchanger activity [3]. We hypothesized that, similarly to osteoclasts,
macrophages lacking Ae2 have also a defect in lysosomal pH and this alteration interferes with
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Fig 3. Dectin-1 response and expression is Ae2-dependent. (A and B) Tnfa mRNA expression relative to Hprt in Ae2*"** and Ae22
macrophages stimulated for 6h with Zymosan (5 ppc) (A) or PAM3;CK, (B) (n =8-10, ** p<0.01, Mann-Whitney test). (C) Ae2 mRNA
expression relative to Hprt by WT macrophages stimulated for 6h with Zymosan (Zym, 5 ppc) or PAM3;CK4 (100 ng/ml) (n = 8—12, * p<0.05,
**% p<0.001, Mann-Whitney test). (D) Representative flow cytometry histogram with quantification by mean fluorescence intensity (MFI) of
Dectin-1 expression on cell surface of Ae2""" and Ae2”/* macrophages (n = 8, *** p<0.001, Mann-Whitney test). (E) Representative flow
cytometry histogram and MFI of CD64 expression on cell surface of Ae2""** and Ae2 /2 macrophages (n = 5).

doi:10.1371/journal.pone.0158893.9003

Dectin-1 expression. To test this hypothesis WT macrophages were treated with bafilomycin A,
an inhibitor of the vacuolar-type H+-ATPase. Inhibition of this enzyme blocks acidification of
lysosomes but likely does not have a direct effect on anion exchange. Dectin-1 mRNA and pro-
tein levels were analyzed in WT macrophages treated with bafilomycin A for 6 and 16 h. Bafilo-
mycin A treatment strongly reduced Dectin-1 mRNA (Fig 5A). Dectin-1 cell surface expression
was also significantly reduced at both time points (Fig 5B and 5C), suggesting that lysosomal
pH is a critical modulator of Dectin-1 expression and subsequent activation of the phagocytosis
machinery.
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Fig 4. Dectin-1 gene expression in macrophages requires Ae2. Gene expression relative to Hprt for (A) Dectin-1, (B)
Dectin-2, (C) Cd36, (D) Marco, and (E) Sral-Il, for Ae2""*! compared to Ae2*4 macrophages as determined by gPCR
(n=7-10, * p<0.05, ** p<0.01, *** p<0.001, Mann-Whitney test).

doi:10.1371/journal.pone.0158893.9004

Ae2 expression is required to phagocytose and kill C. albicans

Our data indicate that Ae2 is required for Zymosan binding by promoting the expression of Dec-
tin-1 and that the transcription of this receptor is very sensitive to pH regulation. In addition,
the bafilomycin experiments indicate that alkalinization of lysosomes in resting macrophages
mimics the phenotype of Ae2** macrophages by inhibiting Dectin-1 expression. Pathogen kill-
ing is a process that is strongly dependent on lysosome acidification [4]. Thus, we reasoned that
if the lack of the anion exchanger activity in macrophages is also altering lysosomal pH, patho-
gen killing might be affected. To test this hypothesis we performed a phagocytosis and killing
assay using C. albicans. Similar to the Zymosan experiments shown in Fig 2, Ae2** macro-
phages internalized less C. albicans than controls at all time points analyzed (Fig 6A and 6B). In
addition, killing of engulfed C. albicans was impaired in Ae2** macrophages, as assessed by our
killing assay (Fig 6C) where the amount of live C. albicans recovered from Ae2”* macrophages
after 3h of incubation was significantly higher than CFU from wild type cells. In addition, the
increase in CFU recovered after 3h when compared to 1h of incubation (3 h Ae2* versus 1 h
Ae2*) also suggests that C. albicans was able to proliferate in Ae2*, but not in Ae2""”"’, mac-
rophages. Altogether, these data suggest that Ae2 in macrophages participates in two steps of
fungal clearance: binding, by regulating Dectin-1 expression, and final killing of the pathogen.

Discussion

The SLC4A CI'/HCO03" exchangers are well known regulators of intracellular pH and CI traf-
ficking [1]. In particular, a role for Ae2 in regulating pHi has been described in different cell
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relative to Hprt by wild-type macrophages treated with bafilomycin A (Baf A, 25 nM) or DMSO control for 6
and 16 h. (B) Representative flow cytometry histogram and (C) quantification by MFI showing decreased
Dectin-1 in wild-type macrophages treated with Baf A for 6 and 16 h compared to DMSO control (n =6, **
p<0.01, Mann-Whitney test).

doi:10.1371/journal.pone.0158893.g005

types including osteoclasts [2, 3], CD8-T cells [28] and colon epithelial cells [27], but its expres-
sion and role in macrophages was completely unexplored. Here we show for the first time that
Ae2”” macrophages have a more alkaline cytoplasm (Fig 1A), suggesting that Ae2 is required
for pHi regulation in macrophages. This result is in line with our previous data showing that
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Fig 6. Ae2 is required for C. albicans phagocytosis and killing. (A) Representative images and 2X digitally enlarged
detail of Diff-Quick stained Ae2*"** and Ae2*"2 macrophages incubated with live C. Albicans (MOI 2) for 30 min, scale
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index at 15 min (n = 5; * p<0.05, ** p<0.01, two-way ANOVA with Bonferroni post-test).

doi:10.1371/journal.pone.0158893.g006

Ae2”" osteoclasts have a more alkaline pHi and consequently impaired bone resorbing func-
tion. [3]. Since Ae2”” mice die shortly after birth, we utilized an inducible mouse model
(Mx1-Cre), which deletes Ae2 in hematopoietic cells, for the majority of our experiments, as
we have previously done for studies of Ae2 function in osteoclasts [3]. Using Ae2 ™/
Mx1-Cre mice, we show for the first time that Ae2 is present in WT macrophages (Fig 1C and
1D). Western blot analysis revealed that different isoforms of the protein are expressed in mac-
rophages (Fig 1D), likely corresponding to the transcript variants derived from alternative pro-
moters, as described in other tissues [27, 36, 37].

The use of the poly I:C induced MxI-Cre system has been previously described by our and
other groups [10, 38-42]. Poly L:C has an extremely short half-life in vivo [39, 43], thus systemic
effects of poly I:C would not be expected to be durable [16]. This issue has been already exam-
ined experimentally, and no systemic effect of poly I:C was found 2 days after treatment (with
the exception of modest effects on the thymus) [43]. In addition, 4 days after poly I:C or saline
treatment, thioglycolate-elicited macrophages isolated from Mx1-Cre” mice did not show differ-
ences in macrophage markers such as CD36 and PPARy [42]. Thus the interval of 18 days
between treatment and analysis followed in our protocol (Fig 1A) minimizes the likelihood that
poly L:C directly affected the assays performed. In addition both groups of mice (Cre* and Cre’)
received the treatment. Thus, any effect of poly I:C treatment on myeloid lineages would equally
affect both genotypes, therefore the differences observed are attributable to Ae2-deficiency.

PLOS ONE | DOI:10.1371/journal.pone.0158893 July 8,2016

12/16



@’PLOS ‘ ONE

AE2 and Macrophages

As phagocytosis is a major function of macrophages, and the phagocytic process is known
to be dependent on pH [4-7], we sought to investigate the role of Ae2 in this process. We
found that Ae2 is required for binding and uptake of Zymosan by macrophages (Fig 2). Taking
advantage of the ability of Zymosan particles to trigger pro-inflammatory cytokine expression,
we also found that Tnfa was reduced in Ae2”* macrophages compared to controls (Fig 3A),
but this defect was not observed when the cells were stimulated with the TLR2-specific ligand
Pam3CK4 (Fig 3B). These data indicate that Ae2 may be specifically required for Dectin-
1-dependent responses and highlight that, since Ae2 participates in the very early events of
pathogen recognition, this transporter is also important for the downstream cytokine
production.

We found that Dectin-1 protein and mRNA were specifically and significantly reduced in
Ae2”* macrophages compared to controls (Figs 3D and 4A). Thus, the impaired response of
Ae2** macrophages to Zymosan is likely due to reduced Dectin-1 expression. Interestingly,
the mRNA levels of Dectin-2 and Cd36 were increased, indicating a potential compensatory
effect in the cells lacking Ae2 and Dectin-1 (Fig 4D and 4E).

Other studies have associated Ae2 with transcriptional regulation. In liver, cholangiocytes,
the bile duct epithelia cells have an altered expression profile of genes related to oxidative stress
and antigen presentation in the absence of Ae2 [10]. Ae2-deficiency in CD8" T cells disrupts
pHi and upregulates the transcription of both the cytokine IL-2 and its receptor IL2-R, result-
ing in uncontrolled proliferation after CD3 stimulation [28]. Similarly, our data show that Ae2-
deficiency decreases Dectin-1 mRNA in macrophages (Fig 4). Although the mechanism behind
the reduction in the gene expression needs further investigation, this study contributes to a bet-
ter understanding of Dectin-1 regulation by indicating that Ae2 and pHi are critical factors.

We speculate that the Ae2-deficiency impairs Dectin-1 expression and phagocytic function
of macrophages via pHi, including cytosolic and lysosomal alkalinization. Indeed, we found
that, similar to Ae2-deficiency (Fig 1A), treatment of resting macrophages with bafilomycin A,
which alkalinizes lysosomes, also impairs Dectin-1 transcription (Fig 5A) and Dectin-1 cell sur-
face expression (Fig 5B and 5C). This decrease in surface expression of Dectin-1 is in line with
previous studies where bafilomycin A treatment of RAW cells during phagocytosis of B-glucan
beads caused retention of Dectin-1 on the endophagosome membrane and, as a consequence,
impaired phagosome maturation and recruitment of TLRY, a receptor necessary to recognize
the pathogenic DNA and further activate the cells [38, 44]. Although short-term pretreatment
(30 min) with bafilomycin A reportedly did not inhibit phagocytosis [44], we found that longer
treatment (6 and 16 hours) impairs Dectin-1 mRNA and protein expression on the cell surface
(Fig 5B and 5C) and therefore could inhibit Zymosan or C. albicans binding. It is possible that
pHi alkalinization caused by the Ae2-deficiency results in Dectin-1 retention on the endopha-
gosome membrane, thus blocking phagosome maturation and potentially producing the defect
in killing C. albicans seen in Fig 6C. Finally, we also found that Zymosan induces Ae2 tran-
scription (Fig 3C). This suggests that Ae2 is part of a positive feedback loop in macrophages,
whereby exposure to fungal wall components increases the expression of Ae2, which further
readies the cell for phagocytosis by augmenting Dectin-1 cell surface expression.

Dectin-1 is one the most important components of host defense against fungal pathogens,
of which C. albicans is one of the most clinically important, resulting in 50,000 deaths per year
in USA [11]. Polymorphisms in Dectin-1 have been linked to susceptibility to fungal infections
in humans [45]. Previous studies evaluating the relevance of Dectin-1 in C. albicans clearance
in vivo indicated that mice of different strains are differentially susceptible to systemic fungal
infection [16]. However, other reports have shown that Dectin-1 is required for B-glucans and
Zymosan induced cell activation [15, 46, 47]. Thus, defining the pathways necessary to preserve
optimal expression of this receptor is an important step forward for the improvement of
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candidiasis prevention and treatment. Interestingly, the use of small molecules to facilitate Cl'/
HCO3 antiport is currently under development and constitutes a promising way to enhance
this pathway [48, 49]. Our data shed light on one pathway by which facilitation of CI'/HCO3"
exchange might be beneficial in the host response to fungal infection.
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