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Herein we developed a method based on the quenching effect of propidium iodide over Sytox-Green fluores-
cence to assess yeast phagocytosis byflowcytometry. It allows accurate quantification of living fromdead phago-
cytes; internalized from non-internalized cells, maintaining yeast fluorescence within phagocytes; and the
different associations between phagocytes and fungal cells.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Candida species are known as common colonizers of the human gas-
trointestinal, respiratory, and reproductive tracts. However, in immuno-
suppressed patients they are by far the most common cause of fungal
invasive infections. Host defense against candidiasis relies mainly on
the ingestion and elimination of the yeasts by the phagocytic cells
(Romani, 2011). Phagocytosis of fungal pathogens is a complex process
that may be divided into several distinct stages: (i) migration of phago-
cytes towards fungal cells; (ii) recognition of fungal pathogen-
associated molecular patterns (PAMPs) through phagocyte pattern
recognition receptors (PRRs); (iii) engulfment of fungal cells; and
(iv) processing of engulfed cells within phagolysosomes (Lewis et al.,
2012). Yeast cell wall consists of a matrix of β-glucan, chitin and
mannoproteins, surrounding the plasmamembrane, in which the com-
position and structure of cell wall mannoproteins and glucans, consti-
tute the major yeast PAMPs (Chaffin et al., 1998). However, the cell
wall is a dynamic structure and changes during cell growth and transi-
tion of yeast to hypha, changing the composition and structure of their
PAMPs (Chaffin et al., 1998). Although this dynamic change is an advan-
tage for the pathogen it hampers studies addressing the contribution of
specific PAMPs to the different stages of the phagocytic process. Tradi-
tionally, studies focusing on phagocytes–yeast interaction use live
yeast cells however, it was establish that the phagocytes recognize
and respond to cell wall PAMPS present in both live or dead cells, with
differences in the efficiency of phagocytosis only relevant after yeast
niversidade doMinho, Campus
46; fax: +351 253678980.
).
multiplication takes place, around 45 min after co-incubation of the
two types of cells (Dementhon et al., 2012).

Numerous methods have been developed to study yeast phagocyto-
sis, being fluorescence microscopy and flow cytometry (FCM) the most
reliable (Hampton andWinterbourn, 1999; Lehmann et al., 2000; Lewis
et al., 2012; Linden et al., 2013). FCM combines the advantage of being
fast, able to count hundreds of cells, and easily discriminatemorpholog-
ical heterogeneitywithin cell populations (Lehmann et al., 2000). In this
work we evaluated the feasibility of the main phagocytosis assessing
methods previously described to be adapted to FCM analysis and, to
overcome somemethodological limitations, we propose a new efficient
method based on a combination of only two fluorochromes (Sytox
Green andpropidium iodide (PI)) for FCManalysis ofmacrophage inter-
action with Candida sp. cells and show that this new methodology can
be used to study the contribution of different PAMPs to the phagocytic
process.

2. Materials and methods

2.1. Materials

All fluorescent reagents were prepared as stock solutions and then
diluted in the cell incubation medium at the desired concentrations.
Fluorescein isothiocyanate (FITC) (SigmaAldrich),was freshly prepared
at 750 μg/ml in 0.1 M sodium carbonate buffer (pH 9), from a 5 mg/ml
dimethyl sulfoxide (DMSO) solution; Trypan Blue (TB) (Sigma Aldrich)
solution (0.4%) was used directly as stock solution; 50 μM Sytox Green
(Invitrogen) was prepared in PBS from a 5 mM solution in DMSO;
propidium iodide (PI) (Sigma Aldrich) was dissolved in sterile water
at 1 mg/ml, Calcofluor White (CFW) (Sigma Aldrich) was dissolved in
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sterile water at 10 mg/ml stock solution. Stock solutions were stored in
the dark at −20 °C.

Dulbecco's Modified Eagle's medium (DMEM) was supplemented
with 10% heat-inactivated fetal calf serum (FCS) (Valbiotech), 2 mM
L-glutamine, 1 mM sodium pyruvate, and 10 mM HEPES.

2.2. Preparation of yeast cells

Wild type strains of Candida albicans (SC5314), Candida glabrata
(PYCC 2418), Candida bracarensis (153M), Candida parapsilosis (ATCC
22019), Candida orthopsilosis (HSM CAN 138), and Candida krusei
(PYCC 3341) were used in this study. Yeast cells grown overnight at
26 °C in YEPD medium (2% glucose, 1% bacto peptone, and 2% yeast
extract) were recovered by centrifugation, washed twice in sterile 1×
PBS buffer and sonicated (2 cycles, 5 s) to eliminate aggregates.

To fix cell wall PAMPs, yeast cells were incubated for 10 min in
formol/ethanol (1:9) and washed five times with PBS for complete
removal of formol/ethanol. Yeast cells were incubated for 10 min with
1 μM Sytox Green at room temperature (RT) in the dark, washed with
PBS to remove unbound dye, and brought to the desired cell density
in complete DMEM.

Live-cells were labeled with FITC or CFW. FITC, previously prepared
at a concentration of 50 μg/ml, was added directly to the yeast cells pel-
let and incubated for 10min at room temperature in the dark. CFWwas
added to yeast cells at a final concentration of 5 μg/ml and incubated for
5 min at room temperature in the dark. Labeled cells were then washed
with PBS to remove unbound dye, and brought to the desired cell den-
sity in complete DMEM.

2.3. Analyses of labeled yeast cells and quenching effect

Sytox Green, CFW or FITC labeled yeasts were incubatedwith TB at a
final concentration of 120 μg/ml or with PI at a final concentration of
6 μg/ml, in order to validate the quenching efficiency of TB or PI over
Sytox Green, CFW and FITC. As neither TB nor PI enters viable cells,
the internalized yeast cells will retain the original unquenched fluores-
cence. The pH fluorescence stability of the labeling dyes was evaluated
by incubating labeled yeasts in a solution with 1 mM of acetic acid pH
of 3.9. The yeast cells were then analyzed by fluorescence microscopy
or/and by flow cytometry.

2.4. Preparation of J774.1 macrophage cell line

The murine macrophage-like cell line J774.1 was cultured in com-
plete DMEM at 37 °C in a 5% CO2 atmosphere. After confluent growth,
macrophage cells were recovered, washed, and resuspended in com-
plete DMEM to a final concentration of 5 × 105 cells/ml. For fluores-
cence microscopy assays, 1 ml of the resulting cell suspension was
transferred to 24-well tissue culture plates containing clean sterile
glass coverslips (Ø13 mm), for flow cytometry (FMC) 3 ml of the cell
suspension were transferred to a 6-well tissue culture plate, and for
confocal microscopy, 0.2 ml of the cells were plated in a microscopy
chamber plate (Ibidi). Cells were then incubated overnight, at 37 °C in
a 5% CO2 atmosphere, to allowmacrophage adherence. In the following
day, phagocytic cells were washed twice with 1× PBS buffer to remove
non-adherent cells, and cells were promptly used for phagocytic assays.
Triplicates were done in each plate.

2.5. Phagocytosis of Candida cells

Macrophages were incubatedwith labeled yeast suspensions atMOI
of 1M:5Y for 30 min, at 37 °C and 5% CO2. After incubation plates were
kept on ice to stop phagocytosis, and wells rinsed twice with PBS to
remove unbound yeasts. Macrophages and associated yeasts were
then incubated with TB at a final concentration of 120 μg/ml or with
PI at a final concentration of 6 μg/ml, for 5 min at RT. Cells were
analyzed by fluorescence microscopy (Leica DM5000B), confocal mi-
croscopy (Leica SP2 AOBS SE) and by flow cytometry (EPICS XL-MCL,
Beckman-Coulter Corporation). Fluorescence microscopy images were
analyzed using ImageJ cell counter software. Confocal microscopy im-
ages were analyzed using Fiji software. FCM data was analyzed by
using Flowing software (version 2.5; Turku Centre for Biotechnology,
University of Turku), as indicated in the following section.

The statistical significance values were tested by means of repeated
ANOVA measures. Multiple comparisons were performed according to
the Bonferroni test using GraphPad Prism 5 software (GraphPad
Software, Inc., La Jolla, CA).

2.6. Flow cytometry (FCM) analysis

FCManalysis was performed on an EPICS XL-MCL (Beckman-Coulter
Corporation, Hialeah, FL, USA) flow cytometer. At least twenty thousand
cells were analyzed per sample at low flow rate. An acquisition protocol
was defined to measure forward scatter (FSC), side scatter (SSC), green
fluorescence and red fluorescence on a logarithmic scale. Each sample
was collected for 30 s at the slowest flow rate to minimize the coinci-
dental appearance of free yeasts and macrophages in the laser beam.
A FSC threshold was set to gate out debris. Macrophages and free
yeast cells were discriminated by combined measurements of FSC and
SSC. Macrophages were gated in R1 area and free yeast cells in R2
area. The control with macrophages alone was used to define the R1
gates.

The percentage of yeast particles interacting with macrophages was
calculated from dot plot analysis of Sytox Green fluorescence intensity
vs. PI fluorescence intensity of R1-gated events by using Flowing soft-
ware. The percentage of macrophages with attached yeast particles
(MYA) was calculated using the next formula, following the red fluores-
cence signal:

MYA ¼ MR � 100=MAFð Þ;

where MR is the mean red fluorescence (calculated by number of
events in quadrant Q4), gated in R1, MAF is the total no. of events
gated in R1. The percentage of macrophageswith ingested and attached
yeast particles (MYAI) was assessed as follows:

MYAI ¼ MRG � 100=MAF;

whereMRG is themean green and red fluorescence (calculated by num-
ber of events in quadrant Q3), gated in R1. The percentage of macro-
phageswith only ingested yeast particles (MYI) was assessed as follows:

MYI ¼ MG � 100=MAF;

where MG is the mean green fluorescence (calculated by number of
events in quadrant Q2) gated in R1. The percentage of phagocytosis,
macrophages with ingested yeast particles (MYI), was assessed as
follows:

MYF ¼ MYI þMYA:
3. Results and discussion

3.1. Analyses of labeled yeast cells and quenching effect

The challenge in developing an in vitromethod to assess phagocyto-
sis of yeast cells based on flow cytometry (FCM) relies on the difficulty
to distinguish between internalized and non-internalized yeasts, and on
the stability of the fluorochrome within the hostile environment of the
phagolysosome both reducing the accuracy of phagocytosis measure-
ments (Lehmann et al., 2000). In this view, these two characteristics
were analyzed with several fluorochrome combinations in order to
assess their utility for phagocytosis measurements by FCM.

wb-strain:SC5314
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One way to distinguish between internalized and non-internalized
yeasts is by taking advantage of the quenching effect of some dyes
over the emittedfluorescence of another dye. So,firstwe tested the abil-
ity of TB or PI in quenching FITC fluorescence on labeled yeast cells. We
observed that TB, although not completely, was able to quench FITC
fluorescence, as described in previous studies (Busetto et al., 2004;
Warolin et al., 2005) but FITC fluorescence is no longer detected upon
incubation at a lower pH, as previously reported (Hoch et al., 2005). PI
was not able to quench FITC fluorescence (data not shown). Thus,
both combinations FITC/PI and FITC/TB were discarded for phagocytosis
measurements by FCM. The quenching effect of TB over CFW-stained
yeast cells was also tested and results confirmed previous data that TB
quenches CFW fluorescence (Dementhon et al., 2012) but, CFW fluores-
cence is significantly reduced at lower pH (data not shown). Once again,
PI failed as a quenching dye, being unable to quench CFW fluorescence
(data not shown).

Traditionally, studies focusing on phagocytes–yeast interaction use
live yeast cells, however, it was already establish that the innate
immune cells recognize and respond to cell wall PAMPs in both, live
or dead cells. The major difference described is in the efficiency of
phagocytosis but this difference is only relevant after yeast multiplica-
tion takes place (Dementhon et al., 2012). However, inactivating treat-
ments based on heat killing by boiling result in the release of matricial
cell wall surface components (Sarazin et al., 2010), which are extremely
important for phagocyte recognition. On the contrary, inactivating
treatments based on fixation of the cell wall components conserve the
PAMPs in such a way that enables antibody recognition (Murciano
et al., 2007). In this sense, in the present study yeast cells were
inactivated by a fixation method that does not alter the fungal cell
wall structure.
Fig. 1.Analysis of yeast cells labeling, quenching effect, and fluorochrome stability at low pH. Eff
bar represents 7.5 μm.
The use of dead yeast cells allowed the exploitation of viability fluo-
rescent dyes such as Sytox Green for yeast labeling, avoiding the surface
exposure of the dyes. Sytox Green is a high affinity nuclear stain that
penetrates cells and intercalates with nucleic acids, staining the cell.
The ability of TB or PI to quench the Sytox Green-stained yeast cells
was also assessed (Fig. 1). As can be observed in the figure, TB incom-
pletely quenches Sytox Green fluorescence however, the quenching
effect over Sytox Green labeled yeasts is remarkably evident when PI
is used. Additionally, no significant reduction of fluorescence was
observed when Sytox Green labeled yeast cells were incubated at
pH 3.9 (Fig. 1).

Since Sytox Green/PI combination is more adequate for flow cytom-
etry analyses than Sytox Green/TB, the quenching effect and pH stability
of the Sytox Green/PI protocol were confirmed by FCM. Non-stained
yeast cells were gated (Fig. 2A) and used to calibrate yeast auto-
fluorescence in the cytometer (Fig. 2B). After incubation with Sytox
Green, 99.97% of the yeast cells are labeled, validating Sytox Green
label efficiency (Fig. 2C). The incubation of Sytox Green labeled cells
with PI shifted the fluorescence of 99.25% of the cells to PI positive,
while only 0.75% remained Sytox Green positive (Fig. 2D), confirming
our previous results of an almost complete quenching of the Sytox
Green fluorescence. The mean fluorescence (MFI) of Sytox Green yeast
cells incubated at pH 3.9 showed a slight decrease in intensity but
yeast cells remained Sytox Green stained, supporting our previous
observations (Fig. 3).

In order to evaluate the efficiency of Sytox Green/PI protocol in a
phagocytosis assay, fixed C. albicans cells stained with Sytox Green
were incubated with macrophages for 30 min and then stained with
PI. The murine macrophage-like cell line J774.1 was selected for this
study, since it is widely used in phagocytic studies and no significant
ect of TB, PI, or medium pH in the fluorescence of Sytox Green labeled yeast cells. The scale



Fig. 2. FCM analysis of PI quenching effect over Sytox Green labeled yeast cells. (A) Gated non-stained yeast cells used for (B) auto-fluorescence calibration. (C) Sytox Green labeled yeasts
showing green fluorescence (Q1) and (D) Sytox Green/PI double-stained yeast cells showing red florescence (Q4).
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differences regarding the ability to engulf yeast cells are described, in
comparison with primary phagocytic culture, at least within the time
point used in our study (Lewis et al., 2012). The confocal microscopy
analysis after phagocytosis revealed, as expected, that without fluores-
cence distinction of internalized from non-internalized yeast cells is im-
precise (Fig. 4Ai). The PI quenching effect of the non-internalized yeast
cells (Fig. 4Aiii), and the integrity of the Sytox Green fluorescence of
C. albicans cells inside live macrophages (Fig. 4Aii) are clearly visible
Fig. 3. FCM analysis of fluorescence stability at low pH in Sytox Green labeled yeast cells.
Histogram overlay of Sytox Green Medium Fluorescence Intensity (MFI) of non-labeled
yeast cells (1), labeled yeast cells at pH of 7.5 (2), and labeled yeast cells at pH of 3.9 (3).
and critical for the accurate distinction. In order to confirm that Sytox
Green labeled yeast cells were indeed inside macrophages, an ortho
stack 3D visualization of the cells is represented in Fig. 4B (Movie S1).
In view of these results, the presented protocol will enable differentia-
tion of: (i) non labeled phagocytes, representing phagocytes with no
interaction with yeast cells; (ii) Sytox Green labeled phagocytes,
representing phagocytes that have only internalized yeast cells; (iii) PI
labeled phagocytes, representing phagocytes that have only attached
yeast cells; and (iv) Sytox Green and PI labeled phagocytes, representing
phagocytes that have both internalized and attached yeast cells.

3.2. FCM analysis of the phagocytosis assay with different Candida species

In order to test this new FCM phagocytosis protocol, assays were
performed using different Candida species: C. albicans, C. glabrata,
C. bracarensis, C. parapsilosis, C. orthopsilosis, and C. krusei. The % of
phagocytes with internalized yeast cells, the % of phagocytes that have
both internalized and attached yeast cells, and the % of phagocytes
that have only attached yeast cells were calculated. Before incubation
with yeast cells macrophage auto-fluorescence was calibrated with a
suspension of non-stained macrophages. Then, PI stained macrophages
were evaluated and two populations clearly distinguishable, one
representing dead macrophages (PI positive), which was not analyzed,
and the other, the live macrophages, designated as R1 (P1 negative)
(Fig. 5A). The non stained R1 macrophages were indeed PI negative
and were further analyzed in a second dot plot, by plotting Sytox
Green fluorescence against PI fluorescence. The majority of the cells
(97.39%) gated in a quadrant (Q2) were used to define the limits of
Sytox Green and PI negative cells (Fig. 5B). The other quadrants will
gate the distinct phagocytes–yeast interactions: phagocytes that have
only internalized yeast cells (Q1), phagocytes representing phagocytes



Fig. 4. Confocal phagocytosis analysis. (A) Confocal microscopy image of J774 macrophage with internalized and adhered yeast cells showing the PI quenching effect on yeast cells after
phagocytosis. Intracellular yeast remains Sytox Green fluorescent after 30 min of incubation and extracellular yeast cells are PI stained. i) Nomarski image, ii) Sytox Green fluorescence,
iii) PI fluorescence and iv) merged image. (B) Z-stack images were analyzed to confirm internalization. The scale bar represents 5 μm.
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that have both internalized and attached yeast cells (Q3), and phago-
cytes that have only attached yeast cells (Q4).

In a first approach, C. albicans FCM assessed phagocytosis was
performed to test the protocol. Dot plot ofmacrophages after incubation
with the yeast cells showed an additional population, the free yeast cells
(R2), that were not analyzed (Fig. 5C). In order to quantify C. albicans
phagocytosis, the R1 cell population was selected and the fluorescence
intensity of Sytox Green vs. PI analyzed, by using the previously defined
gate limits (Fig. 5D). Four distinct phagocytes–yeast interactions could
be quantified: in Q1 the phagocytes that have only internalized yeast
cells (MYI, 57.6%); in Q2 the phagocytes with no interaction with yeast
cells (MYNO, 42.7%); in Q3 the phagocytes with both internalized and
attached yeast cells (MYAI, 8.7%); and in Q4 the phagocytes with only at-
tached yeast cells (MYA, 1.50%). These results confirmed that the new
fluorochrome combination is suitable for flow cytometry phagocytosis
assays of fixed yeast cells. Following this confirmation, the protocol
was extended to evaluate phagocytosis quantified by the new protocol
in different Candida species. As expected, different species presented
different ratios of macrophage ingestion and/or adhered yeast cells
(Fig. 6). C. orthopsilosis was the species with the higher percentage
of ingested/adhered cells followed by C. krusei, C. bracarensis and
C. parapsilosis, while C. glabrata and C. albicans were the species with
the lower percentage. These results are in accordance with several
studies that demonstrated that the immune cells respond differently



Fig. 5.Macrophage Candida spp. phagocytosis assay by flow cytometry. (A) Dot plot of macrophage cells alone stainedwith PI that were used to gate live cells (R1) and (B) calibrate auto-
fluorescence. (C) Dot plot of macrophages after 30 min of incubation with yeast cells, showing a clear distinction between live macrophages (R1) and yeast cells (R2). (D) Analysis of R1
population after phagocytosis allows the identification of macrophages without yeast interaction (MYNO) in quadrant Q1; macrophages with ingested yeast cells (MYI) in quadrant Q2;
macrophages with ingested and adhered yeast cells (MYAI) in quadrant Q3, and macrophages with only adhered cells (MYA) in quadrant Q4.
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to individual Candida species in part, due to differences in cell
wall PAMP components and organization (de Groot et al., 2008;
Keppler-Ross et al., 2010; Kuhn and Vyas, 2012; McKenzie et al., 2010;
Mora-Montes et al., 2012; Sheth et al., 2011). It was also described
that phagocytosis was more efficient using C. parapsilosis as a target
than C. albicans yeasts (Destin et al., 2009), C. kruseiwasmore phagocy-
tized than C. albicans or C. glabrata (Wellington et al., 2003), and
C. orthopsilosis was less resistant to phagocytic host defenses than
C. parapsilosis (Sabino et al., 2011).

Formethodology comparison,fluorescencemicroscopy imageswere
taken and analyzed to assess the percentage ofmacrophageswith inter-
nalized C. albicans, C. parapsilosis and C. orthopsilosis yeast cells. At least
500macrophageswere counted in each slide and results confirmed that
C. orthopsilosis is easily internalized followed by C. parapsilosis and by
C. albicans (Fig. S1). The percentages of internalization were slightly
lower than those observed with FCM, probably due to the fact that the
number of macrophages counted was 10 times lower than those
assessed by flow cytometry.

4. Conclusion

In conclusion, we proposed a new, fast and simple method to study
the interaction between phagocytes and Candida yeast cells and to
quantify phagocytosis. The method is based on the quenching effect of
PI over Sytox Green fluorescence and allows a clear distinction between
internalized and non-internalized yeast cells with the advantage of
maintaining Sytox Green fluorescence upon internalization of the
yeast by phagocytic cells. Using only these two fluorochromes we
could accurately distinguish and quantify various parameters simulta-
neously, in a single infection experiment: i) phagocyte survival and
ii) the association of phagocytes to fungal cells: phagocytes that have
only internalized yeast cells, phagocytes that have only attached yeast
cells, and phagocytes that have both, internalized and attached yeast
cells. In addition, thismethod proved to be efficient for evaluation of dif-
ferences in the phagocytosis of distinct Candida species. Although the
comparative virulence among different Candida species is not entirely
dependent on its recognition and internalization by phagocytes, the
innate immune system plays an important role in controlling Candida
infections, and this technique may help to elucidate some PAMPs char-
acteristics thatmay be involved in the virulence process. Contrary tomi-
croscopy, which may be too cumbersome for analyzing a large number
of strains, this method allows the high-throughput screening of yeast
strains from different species, including mutants. Such studies would
significantly enhance our understanding of the molecular mechanisms
involved in the interaction between yeasts and host phagocytes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mimet.2014.03.013.
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Fig. 6. Phagocytosis assaywith cells from different Candida species. Analysis of the interac-
tions of J774 macrophages with formol/ethanol (1:9) killed Candida sp. cells after 30 min
of incubation. The light gray bars (MYNO) represent the % ofmacrophages with no interac-
tionwith yeast cells; The gray bars (MYI)macrophageswith internalized yeast cells; white
bars (MYAI) macrophages with internalized and adhered yeast cells and the black bars
(MYA) macrophages with only adhered cells. The gray bar together with the white bar
represents the % of phagocytosis. Each bar is the average of two independent
experiments. The significance of the results between the different species is indicated
in this figure (*P b 0.05, **P b 0.01).
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