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a b s t r a c t

Innate immune cells respond to microbial invaders using pattern recognition receptors that detect con-
served microbial patterns. Among the cellular processes stimulated downstream of pattern recognition
machinery is the initiation of autophagy, which plays protective roles against intracellular microbes.
We have shown recently that Dictyostelium discoideum, which takes up bacteria for nutritive purposes,
may employ pattern recognition machinery to respond to bacterial prey, as D. discoideum cells upregulate
bactericidal activity upon stimulation by lipopolysaccharide (LPS). Here we extend these findings, show-
ing that LPS treatment leads to induction of autophagosomal maturation in cells responding to the bac-
teria Staphylococcus aureus. Cells treated with the autophagy-inducing drug rapamycin clear internalized
bacteria at an accelerated rate, while LPS-enhanced clearance of bacteria is reduced in cells deficient for
the autophagy-related genes atg1 and atg9. These findings link microbial pattern recognition with
autophagy in the social amoeba D. discoideum.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction pattern LPS more efficiently clear certain bacteria, such as Staphy-
Innate immune cells use evolutionarily-conserved pattern rec-
ognition molecules to recognize similarly conserved patterns on
microbial invaders [1,2]. The social amoeba Dictyostelium discoide-
um takes up bacteria for nutritional purposes [3], and recent evi-
dence suggests that the amoebae detect and respond to bacterial
prey using conserved pattern recognition machinery [4,5]. Analysis
of the D. discoideum genome reveals the existence of putative gene
products bearing leucine-rich repeat regions (LRRs) and toll/inter-
leukin-1 receptor (TIR) domains, which are conserved in pattern
recognition receptors [4,6–8]. Such gene products, including the
TIR domain-containing protein TirA and the S-cell enriched with
leucine-rich repeat-containing protein SlrA, are expressed at ele-
vated levels in D. discoideum sentinel cells, which are highly phag-
ocytic cells that differentiate during multicellular development and
provide immune defense for the newly forming spores [4]. TirA,
specifically, has been found to be critical for interactions between
D. discoideum and bacteria, as cells deficient for TirA are unable to
grow efficiently in the presence of Gram-negative bacteria [4].

If D. discoideum cells use pattern recognition machinery to de-
tect bacteria, then it would be anticipated that amoeboid cells
would respond to known microbial patterns. We have reported
previously that D. discoideum cells pre-treated with the microbial
ll rights reserved.

der).
lococcus aureus, following phagocytosis [5].
Among the cellular processes mediated in response to signaling

downstream of conserved pattern recognition receptors is the
induction of autophagy [9]. Macroautophagy (hereafter referred to
as autophagy) is a conserved process by which cytoplasmic contents
are engulfed in newly formed double-membraned vesicles that are
subsequently delivered to lysosomes [10]. Autophagy can be used
by cells for recycling of nutrients during starvation and for degrada-
tion of damaged organelles and misfolded protein aggregates
[10,11] Evidence is accumulating that autophagy also plays a role
during innate immunity via the capture and elimination of intracel-
lular bacteria and viruses [12,13]. Various microbial stimuli, includ-
ing LPS, induce autophagy in mammalian cells, thus linking
autophagic processes with pattern recognition pathways [14–18].

D. discoideum cells use conserved proteins to induce autophagy
[19,20] as a means to carry out various cellular processes [20–24],
and recent results indicate that D. discoideum uses autophagy as a
tool in its innate immune response to pathogens [25,26]. The bac-
teria Salmonella typhimurium replicates more efficiently and causes
increased cell death in D. discoideum cells deficient for the
autophagy-related proteins Atg1, Atg6 and Atg7 [25]. In addition,
D. discoideum infection with Legionella pneumophilia results in en-
hanced expression of the autophagy-related genes atg8, atg9 and
atg16 [26]. Legionella multiplies more rapidly in D. discoideum cells
deficient for Atg9, indicating a protective role for autophagy
against Legionella infection [26].

Here we report that, like in mammalian cells, the microbial pat-
tern LPS induces autophagy in D. discoideum cells. We further show
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that rapamycin-mediated induction of autophagy promotes en-
hanced bactericidal activity by D. discoideum cells, and that expres-
sion of autophagy-related proteins is required for LPS-enhanced
bacterial clearance. Taken together, these results link microbial pat-
tern recognition with the induction of autophagy in D. discoideum.

2. Materials and methods

2.1. Cell culture

Dictyostelium discoideum DH1, Atg1� [24], and Atg9� cells [26],
and HR87 cells expressing GFP-Atg8 [23] were received from the
Dicty Stock Center and grown axenically at 22 �C in HL-5 media
supplemented with vitamins (400 lg/L biotin, 100 lg/L cyanoco-
balamin, 4 mg/L folic acid, 8 mg/L lipoic acid, 10 mg/L riboflavin
and 1 mg/L thiamine) and 20 lg/mL uracil. Media used for HR87
cells was also supplemented with 5 lg/mL G418.

Klebsiella pneumoniae and S. aureus were obtained from Carolina
Biological Supply Co. (Burlington, NC). Salmonella enterica serovar
Typhimurium (ATCC 29631) was obtained from the American Type
Culture Collection (Manassas, VA).

2.2. Immunoblotting

HR87 cells expressing GFP-Atg8 were incubated at 22 �C in shak-
ing culture at 3 � 106 cells/mL with or without 1 lg/mL Escherichia
coli O55:B5 LPS (Sigma, St. Louis, MO) or Kdo-2 lipid A from E. coli
(Enzo Life Sciences, Plymouth Meeting, MA) for 1 h and mixed with
bacteria harvested at log phase. In experiments observing inhibition,
cells were pre-treated with 5 mM 3-methyladenine (Acros Organics,
Geel, Belgium) for 1 h. Cells were harvested 3 h after addition of bac-
teria and lysed with 1% NP-40 in TBS containing protease inhibitors
(2.5 lg/mL each of chymostatin, leupeptin, antipain, and pepstatin
A). Lysates were subjected to SDS–PAGE and immunoblotting using
rabbit anti-GFP (Life Technologies, Grand Island, NY), followed by
HRP-conjugated goat anti-rabbit Ig (Jackson ImmunoResearch, West
Grove, PA) detected by chemiluminescence.

2.3. Confocal immunofluorescence microscopy

HR87 cells were pre-treated or not with 1 lg/mL LPS (E. coli
O55:B5 LPS, Sigma) in shaking culture at 22 �C and mixed with S.
aureus at a ratio of 7.5:1 D. discoideum cell. After 1.5 h, non-internal-
ized bacteria were washed from cells with 5 mM sodium azide in
PBS [27] and cells were incubated on poly-lysine coated coverslips
at 22 �C. After 1 h, cells were fixed with 4% PFA in PBS, permeabilized
with 0.1% Triton X-100 in PBS, and blocked with 0.2% BSA in PBS. To
label bacteria, samples were incubated with biotin-labeled poly-
clonal rabbit antibodies specific for S. aureus (Thermo Scientific,
Waltham, MA), followed by incubation with Alexa Fluor (AF) 594-
conjugated streptavidin (Invitrogen). To amplify signals from GFP-
Atg8, samples were incubated with mouse F(ab)2

0 anti-GFP (MBL,
Woburn, MA, F(ab)2

0 fragments generated with Pierce F(ab)2
0 micro

preparation kit, Thermo Scientific) followed by incubation with
AF488-conjugated F(ab)2

0 anti-mouse IgG (Jackson ImmunoRe-
search). Samples were visualized using a Zeiss 510 Meta confocal la-
ser scanning microscope (Jena, Germany) fitted with a 1.4 oil Plan-
Apochromat. A 63� objective was used, and confocal sections ac-
quired during channel mode, multi-track acquisition with Ex488/
Em 505-530BP for AF488 and Ex543/Em 585LP for AF594. LSM soft-
ware was used to calculate overlap coefficients (after Manders).

2.4. Bacterial intracellular survival assay

HR87 cells were incubated in 24-well plates at 3� 105 cells/mL
with or without 100 nM rapamycin (LC Laboratories, Woburn, MA)
for 1 h at 22 �C. Staphylococcus aureus, harvested from an overnight
culture, was added at ratio of 10:1 D. discoideum cell. After 15 min each
at 22 and 4 �C, cells were washed of non-internalized bacteria and trea-
ted with 30 lg/mL streptomycin to kill remaining external bacteria.

Survival of phagocytized S. aureus was assessed between 0–
90 min by lysing cells with 0.1% Triton X-100 in PBS and plating
on nutritive agar. Colonies were counted after 24 h at 37 �C and
percent remaining bacteria at each time point was determined rel-
ative to bacteria present at 0 min.

2.5. Bacterial clearance assay

DH1, Atg1� and Atg9� cells were incubated 1 h at 22 �C in shak-
ing culture at 2 � 106 cells/mL with or without E. coli 055:B5 LPS
(1 lg/mL). Staphylococcus aureus, taken from overnight cultures,
were labeled with STYO-9� (Invitrogen, Carlsbad, CA), and added
at a ratio of 15:1 D. discoideum cell. Cells were incubated 1 h at
22 �C in the dark to allow for phagocytosis. Non-internalized bac-
teria were removed by centrifugation at 150 g, and D. discoideum
cells were resuspended at 2 � 106 cells/mL. Samples were har-
vested after an additional 0–45 min in shaking culture, washed
and resuspended in PBS containing 1% paraformaldehyde. Samples
were analyzed for bacterial clearance, using flow cytometry to
measure the loss of fluorescence from cells at 45 min compared
with the levels at 0 min.
3. Results

3.1. Autophagosomal maturation is induced by S. typhimurium and K.
pneumoniae in D. discoideum

The autophagy-related protein Atg8 (as well as its mammalian
homolog LC3) conjugated with GFP is a widely-used marker for
autophagosomes [28]. Release of free GFP from GFP-Atg8 conju-
gates allows for monitoring of autophagosomal delivery to lyso-
somes, as Atg8 is rapidly degraded by lysosomal enzymes, while
free GFP remains relatively stable [28,29]. We tested whether the
GFP-Atg8 cleavage assay could be used to monitor autophagoso-
mal-lysosomal fusion in D. discoideum cells expressing GFP-Atg8.
Free GFP was not detected in cells grown in nutritive media, while
free GFP was seen after 2 h and further increased after 6 h of
growth in amino acid-free starvation media (Fig. 1A).

Using the GFP-Atg8 cleavage assay, we tested whether phagocy-
tosis of bacteria by D. discoideum could induce autophagosomal
maturation. Consistent with previous reports tying autophagy to
D. discoideum responses against bacteria [25,26], we found that
autophagosomal maturation was induced by incubation with S.
typhimurium and K. pneumoniae in a dose-dependent manner
(Fig. 1B). The GFP-Atg8 cleavage assay was specific for autophagos-
omal processes since no free GFP was detected in cells incubated
with S. typhimurium but pre-treated with 3-methyladenine
(3MA), a type III phosphatidylinositol 3-kinase inhibitor that has
been shown to block autophagosome formation [30].

3.2. Staphylococcus aureus induces autophagosomal maturation only
upon addition of LPS

Although incubation of D. discoideum with S. typhimurium and K.
pneumoniae induced autophagosomal maturation, as measured by
detection of free GFP in the GFP-Atg8 cleavage assay, incubation
with S. aureus resulted in autophagosomal maturation only in cells
pre-treated with LPS (Fig. 2A). To address the question of impuri-
ties often found in commercial preparations of LPS, we also tested
the effects of the active lipid moiety of LPS, lipid A, on induction of
autophagosomal maturation. Like LPS, treatment with lipid A re-



Fig. 1. Autophagosomal maturation is induced in D. discoideum exposed to
S. typhimurium and K. pneumoniae. (A) HR87 cells were incubated in complete or
amino-acid free media, harvested and lysed. Autophagosomal maturation was
assayed using the GFP-Atg8 cleavage assay, immunoblotting with anti-GFP to
detect GFP-Atg8 and free GFP, which is cleaved from GFP-Atg8 upon delivery of
autophagosomes to lysosomes. (B) The effects of incubation with S. typhimurium
and K. pneumoniae on autophagosomal maturation in HR87 cells were assessed
using the GFP-Atg8 cleavage assay. (C) Cells incubated with or without
S. typhimurium were treated with or without the autophagy inhibitor 3MA, and
inhibition of autophagosomal maturation was assessed using the GFP-Atg8
cleavage assay. Shown are representative blots from at least three independent
experiments.
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sulted in induction of autophagosomal maturation in cells incu-
bated with S. aureus (Fig. 2B). LPS treatment did not result in
release of free GFP in cells treated with the autophagosomal inhib-
itor 3MA, indicating that free GFP seen in the GFP-Atg8 cleavage
assay was specific for autophagosomal maturation (Fig. 2C).

3.3. Autophagosomal localization of S. aureus in D. discoideum cells
treated with LPS

To further characterize the effects of LPS on induction of
autophagy, we used confocal fluorescence microscopy to observe
the localization of internalized S. aureus in relation with auto-
phagosomes in cells treated with or without LPS. GFP-Atg8 was re-
cruited near S. aureus-containing vesicles in cells treated with LPS
(Fig. 3A), while internalized S. aureus and GFP-Atg8 localized in dif-
ferent areas in untreated cells. The differences in colocalization
were quantified by calculating the overlap coefficients (after
Manders) between S. aureus and GFP-Atg8 in cells treated or not
with LPS. Pre-treatment with LPS resulted in a statistically signifi-
cant increase in average overlap coefficients from 0.56 without LPS
to 0.65 with LPS (Fig. 3B). Furthermore, by quantification of the
number of cells in which S. aureus and GFP-Atg8 were colocalized,
it was determined that cells pre-treated with LPS were more likely
than untreated cells to exhibit moderate or nearly complete juxta-
position or colocalization between S. aureus and GFP-Atg8 (Fig. 3C).

3.4. Induction of autophagy by rapamycin results in increased killing of
phagocytized S. aureus

To determine if induction of autophagosomal maturation by LPS
plays a role in the enhanced bactericidal activity observed in LPS-
treated cells, we tested whether chemical induction of autophagy
by treatment with the drug rapamycin affects bactericidal activity
in D. discoideum. First we tested whether rapamycin, a drug that
has been found to stimulate autophagy in a variety of cell types
[31], had an effect on autophagosomal maturation in D. discoideum.
Using the GFP-Atg8 cleavage assay, we found that treatment of D.
discoideum cells with rapamycin leads to autophagosomal matura-
tion (Fig. 4A).

To determine if rapamycin-induced autophagy leads to increased
killing of phagocytized bacteria, we monitored the intracellular sur-
vival of phagocytized S. aureus in D. discoideum cells treated or not
with rapamycin. We found a significant decrease in survival of bac-
teria in cells treated with rapamycin at 20–40 min following phago-
cytosis (Fig. 4B). While 66% and 33% of the bacteria were viable in
untreated cells after 20 and 40 min, respectively, only 22% and 6% re-
mained in rapamycin-treated cells at these same times.
3.5. The autophagy-related proteins Atg1 and Atg9 are required for
LPS-enhanced bacterial clearance

The role of autophagosomal induction on LPS-enhanced bacte-
rial clearance was analyzed by monitoring the clearance of fluores-
cently-labeled S. aureus after LPS stimulation in cells deficient for
the autophagy-related proteins Atg1 and Atg9. As had been shown
previously for WT AX2 cells (5), pre-treatment with LPS resulted in
enhanced clearance of phagocytized S. aureus from WT DH1 cells,
with an average 11.5% increase in bacterial clearance after
45 min in cells treated with LPS (Fig. 4C). However, LPS pre-treat-
ment did not enhance clearance of phagocytized S. aureus in cells
deficient for either atg1 or atg9 (Fig. 4C).
4. Discussion

Our previous results showed that D. discoideum cells respond to
the microbial pattern LPS by increasing bactericidal activity against
various bacterial species, including S. aureus [5]. Here we extend
these findings, demonstrating that LPS induces autophagosomal
maturation in D. discoideum cells that have taken up S. aureus.
Induction of autophagy promotes enhanced bactericidal activity
in D. discoideum, as cells treated with the autophagy-inducing drug
rapamycin cleared phagocytized S. aureus more efficiently than
control cells. Furthermore, induction of autophagy appears
necessary for LPS-enhanced bactericidal activity, as LPS treatment
failed to affect clearance of S. aureus in cells deficient for atg1 or
atg9.

Our results linking LPS recognition with induction of autophagy
in D. discoideum cells are consistent with findings that microbial
pattern recognition upregulates autophagy in mammalian cells.
Multiple groups have reported that LPS, as well as additional
microbial ligands, stimulate autophagy in mammalian macro-
phages [14–18]. Although most studies linking microbial pattern
recognition and autophagy have been carried out with mammalian
cells, a relationship between pattern recognition and autophagy
has been reported in the invertebrate Drosophila melongaster, as
signaling via the Drosophila peptidoglycan-recognition protein
(PGRP) induces the formation of autophagosomes in response to
the intracellular bacteria Listeria monocytogenes [32]. Our studies
here point to an even earlier emergence of a link between autoph-
agy and microbial pattern recognition, with regulation of autoph-
agy by microbial pattern recognition as a conserved process even
in single-celled D. discoideum.

The induction of autophagy by microbial ligands provides an
additional tool for innate immune defense. Genetic knockout or
knockdown of autophagy-related proteins in a wide variety of
organisms results in increased susceptibility to infections with var-
ious intracellular bacteria and viruses [13,33]. In D. discoideum
cells, deletion of the autophagy-related genes atg1, atg6 and atg7
results in increased survival of intracellular S. typhimurium [25],



Fig. 2. Autophagosomal maturation is induced in cells incubated with S. aureus only upon treatment with LPS. (A) HR87 cells were treated with or without 1 lg/mL LPS and
incubated with varying ratios of S. aureus or S. typhimurium. The GFP-Atg8 cleavage assay was used to detect autophagosomal maturation. (B) HR87 cells were untreated,
treated with LPS (1 lg/mL) or Lipid A (1 lg/mL), and incubated with S. aureus at a ratio of 3:1 HR87 cell. Autophagosomal induction was tested using the GFP-Atg8 cleavage
assay. (C) HR87 cells incubated with or without LPS (1 lg/mL) and S. aureus at a ratio of 3:1 HR87 cell were pre-treated with or without the autophagosomal inhibitor 3MA
(5 mM). The GFP-cleavage assay was used to detect autophagosomal maturation. Shown are representative blots from at least three independent experiments.

Fig. 3. Autophagosomes are recruited near S. aureus-containing vesicles upon treatment with LPS. (A) HR87 cells were pretreated with or without LPS (1 lg/mL) and
incubated with S. aureus. Cells were fixed on poly-lysine slides and permeabilized. S. aureus was detected using biotin-labeled antibodies specific for S. aureus detected with
AF594-conjugated streptavidin, while GFP-Atg8 was detected using mouse F(ab)2

0 fragments specific for GFP detected with AF488-conjugated F(ab)2
0 anti-mouse IgG. Images

were acquired using a Zeiss LSM 510 laser scanning microscope and shown are the merged images of the optimal single planes at a magnification of 63�. Shown are
representative images from five independent experiments. (B) The overlap coefficients (after Manders) of red and green pixels in cells treated with or without LPS were
calculated using LSM software. Shown are means and SEM calculated from five independent experiments, analyzing at least 15 cells per condition for each experiment. (C)
Depicted are the percentages of cells showing no colocalization (�), moderate juxtaposition (�/+), and almost complete juxtaposition or colocalization between S. aureus and
GFP-Atg8 (+), as determined by a blinded observer using images acquired in 3B. ⁄Denotes significance (p < 0.05) as measured by the paired t-test.
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while deletion of atg9 leads to increased survival of intracellular
Legionella [26]. A role for autophagy in the response of D. discoide-
um to intracellular bacteria is further supported by our
observations here that autophagosomal maturation is induced in
D. discoideum cells incubated along with S. typhimurium and
K. pneumoniae.
Although evidence is accumulating that autophagy plays impor-
tant protective roles against microbial invaders, perhaps not sur-
prisingly, it has been found that bacterial species have evolved
mechanisms to evade and even exploit autophagosomal processes
to enhance their replication within host cells [34–36]. While some
bacterial species escape from autophagosomes into the cytoplasm,



Fig. 4. LPS-enhanced bactericidal activity is linked with induction of autophagy. (A) HR87 cells incubated with S. aureus at a ratio of 3 bacteria: 1 cell were treated with
100 nM rapamycin and subjected to the GFP-Atg8 cleavage assay to test for induction of autophagosomal maturation. (B) HR87 cells were treated with or without rapamycin
(100 nM) and incubated with S. aureus. At various times following phagocytosis, cells were lysed and released bacteria were plated on nutrient agar to test for viability. Shown
are mean percent survival and SEMs from four independent experiments. The overall effects of rapamycin on clearance of bacteria were significant (p < 0.0001) as measured
by fixed-effects two-way ANOVA. ⁄Denotes significance (p < 0.05) at specific time points as measured by Tukey’s HSD multiple comparison. (C) DH1, Atg1� and Atg9� cells
were pre-treated with or without 1 lg/mL LPS and incubated with SYTO9�-labeled S. aureus. Cells were washed of non-phagocytized bacteria and clearance of internalized
bacteria was assessed by measuring the loss of fluorescently-labeled bacteria in cells after 45 min. The percent differences in bacterial clearance in cells treated with vs.
without LPS for each cell type were calculated. Shown are mean differences and SEMs from five independent experiments. ⁄,⁄⁄Denote significance (p < 0.05 and p < 0.01,
respectively) compared with percent differences seen in DH1 cells as measured by the paired t-test.

K. Pflaum et al. / Biochemical and Biophysical Research Communications 422 (2012) 417–422 421
others alter autophagosomal processes, inhibiting autophagosomal
fusion with degradative lysosomes, and thus creating a replicative
niche [37].

Recent studies in cultured mammalian cells reveal that S. aureus
may alter autophagosomal machinery. S. aureus-containing vesi-
cles in mammalian epithelial cells recruit autophagosomal mark-
ers; however, these vesicles never fuse with lysosomes [38,39].
In our studies with D. discoideum, we also observe that phagocyto-
sis of S. aureus does not result in autophagosomal/lysosomal fu-
sion. However, we do not find evidence that S. aureus recruits
autophagosomal proteins to create a protective niche in D. discoid-
eum cells. High levels of GFP-Atg8 do not colocalize with intracel-
lular S. aureus in D. discoideum unless the cells are pre-treated with
LPS. In addition, rapamycin-mediated induction of autophagy in
D. discoideum results in increased killing of S. aureus, pointing to
a protective function for autophagy against S. aureus. It is worth
noting that although Legionella has been found to exploit auto-
phagosomal processes for enhanced replication in mammalian
cells, results in D. discoideum cells deficient for the autophagoso-
mal protein Atg9 reveal a protective effect of autophagy against
Legionella [26]. Taken together these results may suggest differing
evolution of microbial interactions with amoeboid vs. mammalian
hosts. On the other hand, given that the mammalian studies with S.
aureus were completed in non-professional phagocytes [38,39],
further studies with mammalian macrophages might reveal addi-
tional similarities among autophagosomal responses by profes-
sional phagocytes in these divergent hosts.

Whatever differences might be seen regarding induction of
autophagosomal processes in mammalian and D. discoideum cells,
our findings that LPS promotes autophagosomal maturation in
D. discoideum cells and that the promotion of autophagosomal
maturation is associated with enhanced bactericidal activity might
prove interesting for therapeutic purposes. If stimulation with
microbial ligands can also induce autophagosomal fusion with
lysosomes in mammalian cells infected with S. aureus, one might
envision development of treatments for infections associated with
S. aureus, including methicillin resistant S. aureus (MRSA). It has
been proposed previously that microbial ligands that stimulate
autophagy might play therapeutic roles against intracellular
pathogens, as incubation of mammalian macrophages with the
microbial ligands ssRNA and imiquimod results in enhanced elim-
ination of the Mycobacterium tuberculosis var. bovis Bacille Cal-
mette-Guérin (BCG) in an autophagy-dependent manner [14].

In conclusion, our results here indicate that LPS-enhanced bac-
tericidal activity in D. discoideum cells is mediated, at least in part,
by induction of autophagosomal processes. These results extend
previous findings that autophagy plays a protective role against
intracellular bacteria in D. discoideum, and for the first time link
microbial pattern recognition with autophagosomal induction in
D. discoideum, as previous reports have linked these processes in
mammalian cells.
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