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Chapter 24

Phagocytosis of Candida albicans by RNAi-Treated
Drosophila S2 Cells

Shannon L. Stroschein-Stevenson, Edan Foley, Patrick H. O’Farrell,
and Alexander D. Johnson

Abstract

Phagocytosis is a highly conserved aspect of innate immunity. Drosophila melanogaster has an innate
immune system with many similarities to that of mammals and has been used to successfully model many
aspects of innate immunity. The recent availability of Ribo Nucleic Acid interference (RNAi) libraries for
Drosophila has made it possible to efficiently screen for genes important in aspects of innate immunity. We
have screened an RNAi library representing 7216 fly genes conserved among metazoans to identify pro-
teins required for the phagocytosis of the human fungal pathogen Candida albicans.

Key words: Candida albicans, Drosophila, S2 cells, cell culture, RNAi, double-stranded RNA,
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Host phagocytic cells in the innate immune system play a critical
role in defense against pathogens by engulfing them and subse-
quently activating other host defenses through cytokine produc-
tion and antigen presentation (1–3). The fruitfly Drosophila
melanogaster has been well established as a model system for
studying the interaction of conserved components of the innate
immune system with human pathogens including Listeria mono-
cytogenes, Plasmodia, Mycobacterium marinum, and Candida
albicans (4–8).

The main macrophage-like cells of Drosophila are the plasmato-
cytes, which phagocytose cell debris and invading microbes. The
Drosophila S2 cell line is believed to be derived from plasmatocytes
and, like plasmatocytes, phagocytoses pathogens (9). Recently, Ribo

1. Introduction



Nucleic Acid interference (RNAi) in S2 cells has been used to system-
atically study phagocytosis of E. coli, Listeria monocytogenes,
Mycobacterium fortuitum, and Candida albicans (10–13). In this
paper, we describe the details of the methods of the latter study. 

C. albicans is a common commensal fungal organism that
in extremes of age, injury, antibiotic use, or a compromised
immune response can predispose individuals to the development
of mucosal or life-threatening systemic infections. C. albicans is
now the fourth most common organism detected in systemic
infections (14), and mortality approaches 35% (15). The avail-
ability of RNAi in Drosophila S2 cell phagocytes has identified
proteins required for the recognition and phagocytosis of
C. albicans.
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1. C. albicans CAF2-1 strain (URA3/�ura3::�imm434).
2. GFP-C. albicans (CAI-4 �ura3::�imm434/�ura3::�imm434

expressing GFP under the control of the ADH1 promoter).
3. YEPD medium: 1% (w/v) yeast extract, 2% (w/v) peptone,

1% (w/v) dextrose.
4. Fetal bovine serum (FBS, Invitrogen, Carlsbad, CA).

2. Materials

2.1. Candida albicans
Strains and Culture

2.2. S2 Cell Culture 1. S2 cells (Invitrogen).
2. Schneider’s Drosophila Medium (Invitrogen) supplemented

with 10% FBS and 100 units/mL penicillin and 100 �g/mL
streptomycin (pen/strep, UCSF Cell Culture Facility).

3. Conditioned Schneider’s Medium is prepared by cultur-
ing S2 cells for 3 to 4 days. Medium containing S2 cells is
centrifuged to remove cells and medium is collected and
stored at 4°C.

2.3. Preparation 
of dsRNA

1. RNAi library templates (Available from Open Biosystems,
Huntsville, AL).

2. 10X PCR buffer: 100 mM Tris-HCl, pH 8.3, 500 mM KCl,
15 mM MgCl2, 0.01% (w/v) gelatin. Store at �20°C.
dNTPs: Prepare stock of 25 mM each dNTP by mixing an
equal volume of 100 mM dATP, dTTP, dCTP, and dGTP
(Invitrogen), Taq polymerase (Roche Diagnostics, Basel,
Switzerland). Primer: TAATACGACTCACTATAGGGA-
GACCACGGGCGGGT (underlined part is anchor, non-
underlined is T7 promoter).



3. T7 RNA polymerase kit: Contains T7 RNA polymerase, 5X
reaction buffer, 100 mM DTT (Promega, Madison, WI).
rNTPs: Prepare 25 mM stock by mixing an equal volume of
100 mM rATP, rUTP, rCTP, and rGTP (Roche
Diagnostics). RNAse-free H2O: Working in fume hood, add
3 mL diethyl pyrocarbonate (DEPC) to 2 L H2O, mix well
and let sit in fume hood overnight (Sigma-Aldrich,
St. Louis, MO). Autoclave 15 minutes per liter.
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2.4. RNAi Assay 
and Phagocytosis

1. Fluoroisothiocyanate (FITC isomer I, VWR, West Chester,
PA) or tetramethyl rhodamine isothiocyanate (TRITC,
Sigma-Aldrich). Stock solution is 5 mg/mL in DMSO.
Make fresh immediately prior to use by dissolving FITC or
TRITC powder in DMSO. Keep in dark.

2. Phosphate-buffered saline (PBS): Prepare 10X PBS stock:
1.37 M NaCl, 27 mM KCl, 43 mM Na2HPO4, 14 mM
KH2PO4, adjust to pH 7.4, and autoclave. Dilute one
part 10X PBS with nine parts water for PBS working
stock.

3. 96-well Costar polystyrene cell culture plates (Fisher,
Hampton, NH).

4. 96-well glass bottom plates (Greiner Bio-One, Kremsmuenster,
Austria).

5. Concanavalin A (ConA) 0.5 mg/mL in H2O (MB
Biomedicals, Irvine, CA).

2.5.
Immunofluorescence

1. Fix solution: 1% formaldehyde (Fisher) in PBS. Prepare
fresh solution right before use.

2. Wash solution: PBS.
3. Block solution: 5% FBS in PBS.
4. Primary antibody: anti-Candida antibody (cat. no.

B65411R, Biodesign International, Saco, ME).
5. Secondary antibody: goat anti-rabbit IgG conjugated with Cy3

(Jackson Immunoresearch Laboratories, West Grove, PA).
6. DAPI or Hoechst 33258 stain for DNA (DAPI will stain S2

and Candida nuclei under these conditions, Hoechst will
only stain S2 cell DNA, both from Molecular Probes,
(Eugene, OR).

7. Mounting media: Fluoromount-G (Southern Biotech,
Birmingham, AL).

8. Microscope: Zeiss 200M immunofluorescence microscope
capable of detecting and distinguishing FITC, Rhodamine,
and DAPI stains (Carl Zeiss, Oberkochen, Germany).
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The availability of large libraries of dsRNAs for Drosophila cells
has enabled researchers to perform large-scale screens of many
aspects of molecular, cellular, and developmental biology, includ-
ing innate immunity. The libraries are in 96-well format to facil-
itate ease of amplification of both PCR products and dsRNAs.
These are then easily added to Drosophila S2 cells also arrayed in
a 96-well format. After 4 days of RNAi treatment, the cells can
be assayed for phenotypes of interest. We describe here the assay
for phagocytosis of the human fungal pathogen C. albicans.

To quickly and efficiently screen many wells of dsRNA-
treated cells, it is important to be able to rapidly distinguish
internalized versus external C. albicans. This can be accom-
plished by using FITC-labeled or GFP-expressing C. albicans
(green) in the phagocytosis assay. After combining S2 cells and
C. albicans and allowing time for phagocytosis, gentle fixation
conditions are employed that do not permeabilize the S2 cells.
Immunofluorescence then labels the C. albicans remaining exter-
nal (red) from the S2 cells with a Cy3 conjugated secondary anti-
body that recognizes a primary antibody against the cell surface
of C. albicans (Fig. 24.1). To obtain more quantitative results,
the numbers of S2 cells phagocytosing C. albicans are counted
after various times of phagocytosis (Fig. 24.2).

3. Methods

Fig. 24.1. Immunofluorescence of phagocytosis of pathogens. (A) GFP-expressing
C. albicans (green) were co-incubated with S2 cells to allow phagocytosis. Cells were
lightly fixed, and nonphagocytosed C. albicans were secondarily labeled with a rabbit
anti–C. albicans antibody and Cy3-labeled anti-rabbit antibody (red). S2 cell DNA (blue)
was labeled with Hoechst 33258. Left panels: wild-type S2 cells. Right panels: S2 cells
treated with RNAi against SCAR (an actin regulator required for phagocytosis).
(B) GFP-expressing E. coli (green) were co-incubated with S2 cells as in the C. albicans
assay. A similar procedure was used to fix and stain nonphagocytosed E. coli using a
goat anti–E. coli antibody and a Cy3-labed anti-goat antibody (red). S2 cells DNA (blue)
was labeled with Hoechst 33258. Left panels: wild-type S2 cells. Right panels: S2 cells
treated with RNAi against SCAR.
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Fig. 24.2. Quantification of phagocytosis of C. albicans and E. coli by S2 cells.
C. albicans or E. coli were co-incubated with wild-type or SCAR RNAi-treated S2 cells
for various times, and the percentage of S2 cells that had phagocytosed one or more
C. albicans or E. coli was quantified by counting 50 to 100 S2 cells. The maximum time
shown is 3.5 h, as the levels of phagocytosis did not significantly increase after this
time point. Results are the average of four experiments, and the error bars indicate the
standard deviation. The results were evaluated for statistical significance using the
t-test, assuming unequal variance. As indicated by the asterisks, the values for S2 cells
treated with SCAR RNAi were statistically different from that of wild-type S2 cells with
a confidence level p � 0.01.

3.1. Candida albicans
Strains and Culture

1. Stocks of the C. albicans strains are stored at �80°C. To
freeze cells, a toothpick is used to scrape a generous portion
of C. albicans from a fresh plate. The cells are swirled in
750 �L YEPD in a cryotube to resuspend the yeast. Then,
750 �L of sterile 50% glycerol is added and mixed well.
The cells are snap frozen in liquid nitrogen and transferred
to the �80°C freezer. To start a fresh plate, a toothpick is
used to scrape a small amount of cells from the frozen tube,
streaked onto a YEPD agar plate, and grown at 30°C for
1 day. This plate can be stored at room temperature for up
to 2 weeks (see Note 1).

2. To start an overnight liquid culture, a toothpick is used to
pick a small amount of C. albicans from a patch on the
plate that is then swirled in YEPD media. This is grown
with shaking overnight at 30°C. Before phagocytosis
assays, the C. albicans is diluted 1:40 with fresh YEPD
and grown an additional 3 h before counting with a hemo-
cytometer. As a guideline, we have found the OD600 to
be approximately 0.2 to 0.5 after dilution and OD600
~1.0 after growth for 3 h.

3. To induce hyphal growth, FBS is added to a final concentra-
tion of 10% to the newly diluted C. albicans. The cells are
grown for 3 h at 37°C with shaking.
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3.2. S2 Cell Culture 1. The general methods for freezing, thawing, and culturing of
S2 cells are followed from the Invitrogen product materials
available for downloading from the Invitrogen website. In
brief, cells are passaged every 3 to 4 days by pipetting to
resuspend the cells and diluted 1:5 to 1:10 in a new flask
with new Schneider’s medium containing 10% FBS and
pen/strep. In general, cells are maintained at a concentration
of 1 � 106 to 1 � 107 per mL. New cells are thawed from a
frozen stock no later than every 4 weeks (see Note 2).

2. To count S2 cells, cells were resuspended by gently pipet-
ting up and down. Then, 10 �L of cells were placed on a
hemocytometer and counted.

3.3. Preparation 
of dsRNA

1. The template is diluted 1:200 and used in the following
50 �L PCR reaction to produce DNA template for making
dsRNA: Template 1 �L, primer (10 �M) 2 �L, PCR buffer
(10X) 5 �L, dNTPs (25 mM each) 0.4 �L, Taq 0.5 �L,
H2O 41.1 �L. Cycling conditions are as follows:
• Step 1: 94°C (2 min).
• Step 2: 94°C (30 s).
• Step 3: 42°C (45 s).
• Step 4: 72°C (60 s).
• Step 5: Loop to step 2 four times.
• Step 6: 94°C (30 s).
• Step 7: 60°C (45 s).
• Step 8: 72°C (60 s).
• Step 9: Loop to step 6 29 times.
• Step 10: 72°C (10 min).
• Step 11: 4°C (hold).

2. The Promega T7 RNA synthesis kit is used to prepare
dsRNA. In brief, for a 10 �L reaction, combine T7 buffer
(5X) 2 �L, DTT (100 mM) 1 �L, rNTP (25 mM each)
2 �L, DNA PCR template 4 �L, T7 RNA polymerase 1 �L.
Incubate reaction at 37°C for 4 h.

3. Heat reactions to 65°C to 70°C for 30 min and slowly cool
to room temperature to anneal dsRNA.

4. Quantify dsRNA and dilute reactions with H2O to a final
concentration of 1 mg/mL dsRNA. DNA and RNA are
kept at �80°C for long term storage.

3.4. Phagocytosis
Assays

3.4.1. RNAi Assay

1. Add 75 �L of fresh Schneider’s media to 96-well plates.
Add 2 �L dsRNA (1 mg/mL) to each well and shake well.
The plates can be stored at 25°C for 2 to 3 h if needed
before adding S2 cells.

2. Count S2 cells and add 50,000 cells per well in 75 �L of
conditioned media. Mix well and seal the plate edges



with Parafilm to minimize evaporation. Incubate 4
days at 25°C.

3. For the phagocytosis assay, GFP expressing C. albicans may
be used or alternatively, the C. albicans can be labeled with
FITC (or TRITC). An overnight culture grown in YEPD is
diluted 1:40 and grown an additional 3 h. Cells are cen-
trifuged and resuspended to a final concentration of 1 � 107

cells/mL. Add FITC or TRITC to a final concentration of
100 �g/mL. (20 �L per 1 mL cells). Incubate at room tem-
perature for 20 min. It is critical to keep FITC and TRITC
in the dark as light will bleach the fluors. Wash 3 times with
1 mL PBS. Resuspend in PBS and count the cells for use in
phagocytosis assays (see Note 3).
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3.4.2. High-Throughput
Phagocytosis Assays

1. After cells have been treated with dsRNA for 4 days, choose
10 wells and resuspend the S2 cells by pipetting up and down.
Take 10 �L from each well, pool and count with a hemocy-
tometer to determine an average cell density (see Note 4).

2. Add 1 � 105 S2 cells to a new 96-well polystyrene tissue
culture dish with a total of 150 �L Schneider’s media per
well (see Note 5).

3. Immediately add 2 � 105 FITC-labeled or GFP-expressing
C. albicans and shake to mix well. Incubate the plates for 2 h
at 25°C to allow phagocytosis to occur (see Note 6).

4. Transfer S2 and C. albicans cells to Concanavalin A (ConA)-
coated 96-well glass-bottom microplates and incubate for
1 h. Resuspend the S2 and C. albicans cells by pipetting up
and down vigorously 5 to 10 times while minimizing air
bubbles. The glass-bottom plates are ConA coated by
adding 50 �L of the ConA solution the day before and let-
ting sit at room temperature overnight. Remove the ConA
solution before adding the S2 and C. albicans cells.

5. After co-incubating the cells, fix and process as in Section
3.5 (see Notes 7 and 8).

3.4.3. Quantitative
Phagocytosis Assays

1. These instructions assume a time-course with three time
points including 1 h, 2 h, and 3.5 h. Any time points may
be chosen although at times longer than 3.5 h, overcrowd-
ing may occur and the amounts of C. albicans added should
be reduced accordingly.

2. Count and plate 1 � 105 S2 cells in a 96-well polystyrene
tissue culture dish in a total of 150 �L Schneider’s media.

3. Add 5 � 105 GFP-expressing or FITC-labeled C. albicans
and mix well. Try to add the C. albicans as soon as possible
after counting and disturbing the S2 cells (see Note 6).

4. Incubate the plate at 25°C for various times (30 min, 1 h,
and 2.5 h).



5. Transfer S2 and C. albicans cells to ConA-coated 96-well
glass-bottom microplates as in Section 3.4.2 and incubate
for various times. (The samples that were incubated for
30 min in the step above should be incubated an additional
30 min for a total time of 1 h. The samples that were incu-
bated for 1 h or 2.5 h above should be incubated an addi-
tional 1 h for total incubation times of 2 h and 3.5 h).

6. After co-incubating the cells, fix and process as in Section
3.5 (see Notes 7 and 8).
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3.5. Immuno-
fluorescence Staining

1. Gently remove media from each well. It is critical to gently
tilt the plate to the side and pipette off the media without
disturbing the cells because S2 cells do not adhere strongly.
Let the wells air-dry for 2 min (see Note 9).

2. Fix cells for 5 min by gently adding 100 �L 1% formalde-
hyde in PBS. The formaldehyde should be freshly made.
The gentle fixing does not permeabilize the S2 cells allow-
ing the differentiation of phagocytosed versus nonphagocy-
tosed C. albicans. All solutions are gently added to the side
of the well and allowed to settle onto the samples in order
to not wash away the cells (see Note 10).

3. All incubations should be done in the dark to preserve the
FITC and Cy3 fluorescence.

4. Wash the samples one time with 100 �L PBS by removing
the formaldehyde (discard in hazardous waste container)
and adding PBS. Let sit at room temperature for 5 min.

5. The cells are blocked with 100 �L 5% FBS in PBS for 1 h at
room temperature or overnight at 4°C. While blocking the
samples, the primary antibody is also preblocked to decrease
background. The primary anti-Candida antibody is diluted
1:1000 in 5% FBS in PBS and stored at 4°C during the
block step.

6. The block solution is removed and 100 �L of the pre-
blocked primary antibody is added and incubated overnight
at 4°C. When leaving the plates at 4°C overnight, the plates
should be wrapped in Parafilm to prevent evaporation of the
antibody solution.

7. The samples are washed 2 times with 100 �L PBS for 5 min.
8. The goat anti-rabbit secondary antibody (1:1000 dilution in

5% FBS/PBS) is added and plates are incubated for 2 h at
room temperature.

9. The samples are again washed 2 times with 100 �L PBS for
5 min.

10. DAPI or Hoechst stain (1:2000 dilution) diluted in PBS is
added and cells are stained until desired levels (10 to 45 min).



11. Media is removed and 45 to 50 �L fluoromount mounting
media is added. The plates can be stored at 4°C for up to a
couple of months but the fluorescence does fade and best
results are obtained by finishing analysis of the plates within
2 weeks.

12. To rapidly screen through many plates of S2 cells phagocy-
tosing C. albicans, check each well for the presence of
phagocytosed (green only) C. albicans. These wells are
phagocytosing normally. An RNAi that disrupts phagocyto-
sis will lead to the Cy3 staining of most or all C. albicans
(external C. albicans). Examples of wild-type S2 cells and
cells RNAi-treated for SCAR (an actin regulator required
for phagocytosis) which disrupts phagocytosis are shown in
Fig. 24.1. Wells that are not phagocytosing need to be
checked for the presence of S2 cells as some dsRNAs are
lethal to the cells. Lethal dsRNAs are excluded from further
study. dsRNAs that disrupt phagocytosis in the first large
screen are followed up by more detailed time courses of
phagocytosis. An example of phagocytosis of E. coli by these
cells is also shown in Fig. 24.1.

13. After completing the immunofluorescence, 100 S2 cells in each
well are counted and the number of S2 cells phagocytosing one
or more C. albicans are noted. This was the percentage of
phagocytosis (Fig. 24.2). The differences between conditions
can be statistically analyzed with a t-test (see Note 11).
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1. It is important that C. albicans be restreaked from a frozen
stock every 2 weeks as chromosome loss, gains, and
rearrangements can occur after extended growth on plates.
Additionally, only a very small amount of C. albicans cells
are needed to start an overnight culture in YEPD.

2. New aliquots of S2 cells are thawed and used every 4 weeks
at the maximum. We have found that as the S2 cells age in
culture, the efficiency of phagocytosis decreases to a point of
almost no phagocytosis of C. albicans. We usually begin a
new culture when the old culture is 3 weeks old to allow a
1-week overlap for the new culture to recover and start
growing normally. In general, the phagocytosis varies some-
what from day to day. If the levels of wild-type S2 cells
phagocytosing C. albicans were low, we did not trust the
experiment for that day and thawed new cells.

3. Other pathogens can be similarly stained for use in phago-
cytosis assays. We have found that the same methods can be

4. Notes



used to stain S. cerevisiae and S. aureus with FITC. E. coli is
not stained by FITC but can be similarly stained with
FM4–64 from Molecular Probes. Approximately 5 �L of a
saturated overnight culture of E. coli and 30 �L of a satu-
rated overnight culture of S. aureus were added per well of
96-well plates for phagocytosis using these pathogens.
Appropriate levels of pathogen to add can be empirically
determined by using a dilution series of pathogen.

4. RNAi-treated S2 cells can also be used in other techniques
such as Western blotting and QPCR. The appropriate number
of cells are treated with dsRNA for 4 days and the cells har-
vested and assayed. For examples of their use in Western blot-
ting, see Stroschein-Stevenson et al. and Foley et al. (13, 16).

5. Because both C. albicans and S2 cells will adhere fairly well
to the ConA-treated plates, incubation in these ConA-
treated plates for the entire phagocytosis will result in the
two cell types settling on the bottom and phagocytosis will
be very inefficient. The preincubation in polystyrene plates
allows movement and interaction between S2 and C. albi-
cans cells enabling phagocytosis to occur. Transfer to the
glass-bottom plates then allows completion of the phagocy-
tosis, fixation, immunofluoresence, and screening on an
immunofluoresence microscope.

6. We have found that it is important to add C. albicans to the
S2 cells as quickly as possible after resuspending and adding
the S2 cells to new media in 96-well plates. After settling
down in the plate, the S2 cells phagocytose less efficiently.

7. To complete the phagocytosis assays with E. coli or
S. aureus, we used primary antibodies against the cell surface
of these bacteria purchased from Biodesign International
(cat. no. B47711G and B65881R).

8. The phagocytosis protocol can be adapted to other cell
types such as the mouse macrophage–derived RAW264.7.
Treatment with RNAi would of course have to be specific
for these cells. Similar to S2 cells, the other cell types can be
plated in 96-well plates and C. albicans added to allow
phagocytosis to occur. The same immunofluorescence pro-
tocol can be used (unpublished observation).

9. S2 cells are not very adherent and can be resuspended by
simply pipetting up and down. If care is not taken during the
immunofluorescence washes, significant numbers of S2 cells
will be washed away. Solutions should be removed and added
by tilting the plates gently to the side and removing media
from the bottom corner and adding to the side of the plate.

10. The fixation of the S2 cells is very gently done with a rela-
tively low concentration of formaldehyde and no detergent.
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This is critical for the antibody staining to differentiate
between internalized and external C. albicans. Detergent
or harsher fixation conditions permeabilize the S2 cell
membrane resulting in the staining of all C. albicans.

11. After counting the numbers of S2 cells phagocytosing
C. albicans or other pathogen, the differences can be statis-
tically analyzed by a t-test assuming unequal variances.
Microsoft Excel has a user-friendly program for this t-test.
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