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Abstract

Defence against invading DNA occurs in both mammals and
bacteria. Recognition of stray DNA can initiate responses to
infection, but may also protect against potentially mutagen-
ic integration of transposons or retrotransposons into the
genome. Double-stranded DNA detected in the cytosol of
mammalian macrophages can elicit inflammatory cytokines
and cell death following assembly of the AIM2 inflamma-
some. Amongst eukaryotes, responses to cytosolic DNA
have so far only been detected in mammals, and AIM2 is
mammalian restricted. In protecting genome integrity, we
reasoned that pathways recognising invading DNA should
be fundamental to cellular life, and that cell death would be
an appropriate response to an overwhelming foreign DNA
burden. We found that Drosophila S2 cells were killed by
transfection of DNA from a range of natural sources. Unlike
with mammalian cells, responses were not prevented by
DNA denaturation. There was an element of sequence spec-
ificity, as synthetic single-stranded homopolymers were not
toxic, whilst mixed-base synthetic DNA caused significant
cell death. Death occurred with rapid loss of membrane in-
tegrity, and without the characteristic features of apoptosis.
We have defined a novel defence against invading DNA in
Drosophila. An active necrotic pathway has not previously

been described in insects. ©2014S. Karger AG, Basel

Introduction

Defence against invading DNA occurs in both mam-
mals and bacteria. Bacteria utilise both restriction-modi-
fication systems and CRISPRs (clustered regularly inter-
spaced short palindromic repeats) to identify and defend
against foreign DNA [1]. In eukaryotes, recognition of
stray DNA can initiate responses to infection, but may
also protect against potentially mutagenic integration of
transposons or retrotransposons into the genome. Eu-
karyotic responses to cytosolic DNA have so far only been
characterised in human and mouse cells. In mammalian
cells, double-stranded DNA (dsDNA) abnormally locat-
ed in the cytosol is detected by several receptor systems,
leading to type I interferon (IFN), inflammatory cyto-
kines and cell death [2-4]. The receptor for cytosolic
DNA eliciting type I IFN production was recently identi-
tied as cyclic GMP-AMP synthase (cGAS), which, in re-
sponse to DNA binding, catalyses formation of a cyclic
dinucleotide from GTP and ATP. This acts as a second
messenger and is sensed by STING, which then initiates
signalling leading to type I IFN transcription.

A second mammalian response to cytosolic DNA is
the assembly of the AIM2 inflammasome, a multipro-
tein complex that promotes activation of caspase-1 and
caspase-8. Caspase-1 cleaves the precursors of IL-1p and
IL-18 prior to their release from the cell, and also in-
duces a rapid lytic programmed cell death, termed py-
roptosis in mammalian macrophages [3-7]. AIM2-acti-
vated caspase-8 induces a parallel program of apoptosis
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[8]. AIM2 is restricted to mammals and, interestingly,
not even all mammals seem to have AIM2; no gene can
be found in bats, and the presence of AIM2 pseudogenes
in elephant, cow, llama and dog, amongst other species,
suggest it has been lost from genomes several times in
evolution [9].

Detection of foreign nucleic acid on the basis of un-
usual structure, sequence or location provides a versatile
means of identifying diverse infections, and we would ex-
pect this to have been exploited as a strategy by the im-
mune systems of many different species. Cytosolic DNA
could be a result not only of infection, but also of high
activity of transposons or retrotransposons, defects in
DNA repair, genome instability or an impaired DNA
degradation pathway. In protecting genome integrity, we
reasoned that pathways recognising invading DNA
should be fundamental to cellular life. Cell death is an ap-
propriate response to an overwhelming foreign DNA
burden, whether it is perceived as an indication of infec-
tion or as mutagenic danger. Given that AIM2 is a mam-
malian protein, we hypothesised that responses to foreign
DNA have evolved independently in different lineages.
We therefore examined insect cells for cytosolic DNA-
induced cell death. Drosophila S2 cells were killed by
transfection of DNA from a range of natural sources, but
the structures and sequences of DNA that induced death
were quite distinct from mammalian AIM2 responses.
The mode of death was rapid and lytic, and clearly distinct
from apoptosis. We have defined a novel defence against
invading DNA in Drosophila. A mode of death resem-
bling programmed necrosis has not previously been de-
scribed in insects.

Materials and Methods

Cell Culture

S2 cells [10] were obtained from ATCC and propagated at 25°C
in Schneider’s medium supplemented with 10% fetal calf serum,
50 U/ml penicillin and 50 pg/ml streptomycin (medium compo-
nents from Life Technologies). Bone marrow-derived macro-
phages (BMMs) from C57BL/6 mice were obtained by flushing
cells from femurs and tibias, and culturing with macrophage
growth factor CSF-1 for 7 days, as previously described [11]. Mice
were used under approval from the University of Queensland An-
imal Ethics Committee.

Nucleic Acids

Calf thymus (CT) DNA, salmon sperm DNA and Escherichia
coli DNA were purchased from Sigma Aldrich and purified as pre-
viously described [12]. Polyinosinic:polycytidylic acid [poly(I:C)]
was obtained from InvivoGen. S2 DNA was extracted using Pro-
teinase K (ThermoFisher Scientific) according to the manufactur-
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er’s protocol, and purified using phenol-chloroform extraction
followed by diethyl ether extraction. Poly(dA), poly(dT) and
poly(dC) single-stranded DNA (ssDNA) were synthesized using
terminal deoxynucleotidyl transferase (TdT; New England Biola-
bs). Oligo(dA), oligo(dT) and oligo(dC) primers (20 mers at
0.3 uM) were incubated with TdT at 1 unit/ul and corresponding
triphosphodeoxynucleotides (1 mM for dATP and 4 mM for dTTP
and dCTP) at 37°C overnight. Purification was done using phenol-
chloroform extraction followed by ethanol precipitation. The
length of the synthesized ssDNA was assessed by annealing the
synthetic homopolymers to complementary 20-mer primers and
visualising by standard agarose gel electrophoresis. Poly(dA:dT)
heteroduplex was obtained by annealing purified poly(dA) and
poly(dT) in a 1:1 ratio at 37°C overnight. Double-stranded status
was confirmed with S1 nuclease. Synthetic random ssDNA was
obtained using TdT elongation of oligo(dA),, in the presence of
dATP, dCTP, dGTP and with or without dTTP (2:3:3:6 molar ra-
tio, due to the preference of TdT for incorporation of individual
bases). All synthesised DNA were purified with phenol-chloro-
form extraction. Randomly synthesized DNAs were further puri-
tied using Amicon Ultra-4 Centrifugal Filter Unit with Ultracel-30
membrane (Merck Millipore). Determination of concentration of
random polymers assumed equal representation of all bases.
pBlueScript (pBS) DNA was purified using an EndoFree Plasmid
Maxi Kit (QIAGEN) from overnight E. coli culture. Methylation
of pBS was done using CpG-methyltransferase M. SssI (New Eng-
land Biolabs), followed by enzyme inactivation for 20 min at 65°C.
DNA concentrations were either estimated by A260 or PicoGreen
assay (Life Technologies), which specifically measures dsDNA.
Cyclic dinucleotides were prepared by Zhao-Xun Liang, Nanyang
Technological University, Singapore [13].

Electroporation

Drosophila melanogaster S2 cells, haemocytes and mouse
BMM were electroporated with various nucleic acids or cyclic
dinucleotides in 400 pl of growth medium at 400 V, 500 pF (S2
cells and haemocytes) or 240 V, 1000 uF (BMM) using a BioRad
GenePulser MX. Cells were incubated at room temperature with
nucleic acid for 10 min prior to electroporation. 200,000 S2 cells
or 100,000 BMMs were then plated in 96-well tissue culture
plates.

Chemical Transfection

For chemical transfection, 250,000 S2 cells were plated per
well in 100 pl of Schneider’s media without FCS or antibiotics,
and transfected with nucleic acids or cyclic dinucleotides com-
plexed with Lipofectamine 2000 (Life Technologies). Ratios of
Lipofectamine to nucleic acid of 2:1 (v/w) for nucleic acids and
1:1 (v/w) for cyclic dinucleotides were used. Plates containing
cells and Lipofectamine complexes were centrifuged at 500 g for
10 min to enhance transfection, and incubated at 25°C for 18 h.

MTT Assay for Viability

Cleavage of tetrazolium dye MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] was used as an indicator
of cell viability [14]. MTT is cleaved by a mitochondrial enzyme
succinate dehydrogenase and produces an insoluble blue prod-
uct. MTT was added to a final concentration 1 mg/ml, and cells
were incubated for 1 h, or 40 min in the case of BMMs. After
incubation, cells were solubilised overnight by using an equal
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volume of MTT solubilisation solution (10% Triton X-100 and
0.1 N HCI in isopropanol), and absorbance was measured at
570 nm.

Flow Cytometric Analysis of Cell Death

For measurement of annexin V/propidiumiodide (PI) staining by
flow cytometry, 200,000-300,000 S2 cells were centrifuged at 500 g
for 5 min, washed with 1 ml of PBS, and resuspended in 100 pl of 1x
binding buffer (10 mM HEPES, 140 mM NaCl and 2.5 mM CaCl,, pH
7.4) with 1 pl of annexin V-Alexa Fluor 488 (Life Technologies) per
sample. Samples were incubated on ice for 20 min in the dark. Next,
400 pl of 1x binding buffer with PI (final concentration 1 pg/ml) was
added and the samples were analysed by flow cytometry (Accuri C6;
BD Bioscience). The threshold levels for annexin V positivity were set
based on the annexin V staining of the membrane-permeable PI-
positive cells, which have full exposure of phosphatidylserine to an-
nexin V. PI single staining was used to assess the time course of cell
death. After electroporation (as described above), 200 pl of cell sus-
pension was diluted with 200 ul of full Schneider’s media with PI (final
concentration 1 pg/ml). Cell suspension was analysed by flow cytom-
etry every 5 min after electroporation, and during analysis the sam-
ples were at room temperature. Pan-caspase inhibitor Z-VAD-FMK
(Calbiochem) was used to test the involvement of caspases in DNA-
induced cell death after electroporation. Actinomycin D (Boehring-
er-Mannheim) was used for inducing apoptosis in S2 cells.

SubGy/G; DNA Analysis

106 cells were centrifuged at 500 g for 5 min, washed with PBS,
resuspended in 50 pl of PBS, and fixed with 1 ml of 100% ice-cold
ethanol. The samples were stored at 4°C overnight. Cells were cen-
trifuged at 800 g for 5 min, washed with PBS with 10% FCS, cen-
trifuged again, and resuspended in citrate buffer (38 mM trisodium
citrate) with 70 uM of PI and RNase A (10 pg/ml). Samples were
analysed by flow cytometry (FACS Canto II, BD Biosciences) [15].

Haemocyte Extraction

For haemocyte collection, the fly line CG-GAL4 that expresses
GFP in cells of the immune system (haemocyte, lymph gland and
fat body) was used. The method was based on the work of Lanot et
al. [16]. Each larva was washed to remove food particles in water
followed by 1x PBS, and then sterilized in 70% ethanol for 2-3 min.
Traces of ethanol were removed by washing in water and 1x PBS.
Then the larvae were placed onto a clean surface in a drop of ster-
ile 1x PBS. Thin forceps were used to pull apart the cuticle and the
larvae were left in the drop for 3—-5 min to collect the haemolymph,
which was stored on ice. The average number of larvae used in each
experiment was 30-50.

Real Time PCR

Expression of IFN-B and HPRT mRNAs were determined by
real time PCR as previously described [3], using mouse IFN-f
primers: CCACAGCCCTCTCCATCAAC, TGAAGTCCGCCC
TGTAGGTG.

Statistics

To compensate for any cell number differences between ex-
periments, MTT assay data is presented normalised to the control
sample. Statistical significance was determined prior to normalisa-
tion by paired t test, one-tailed in figure 1, and two-tailed in figure
2. Analysis was done using R statistical software.
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Results

S$2 Cells Die Rapidly following DNA Transfection

We electroporated S2 cells [10], a macrophage-like cell
line derived from the late embryonic stage of D. melano-
gaster, with CT DNA. S2 cells can be transfected with plas-
mids for expression of recombinant proteins, thus we ex-
pected only limited DNA-dependent death in this immor-
tal cell line. Assessment of cell viability at 1 h after
electroporation revealed that cytosolic DNA induced rap-
id dose-dependent cell death (fig. 1a, b). DNase I-treated
CT DNA did not induce cell death, confirming that the
effect is due to DNA, and not a contaminant in the CT
DNA preparation (fig. 1c). Poly(I:C), a synthetic dsRNA,
served as a control for the presence of a negatively charged
polymer as a death-inducing factor. S2 cells were not sensi-
tive to poly(I:C), even at 3 h after electroporation (fig. 1d).
For comparison, similar experiments were performed with
mouse BMMs. Both dsDNA and dsRNA were toxic to
mouse cells, but with differing time courses for cell death
(fig. Le). Electroporated dsDNA kills BMM via AIM2-de-
pendent pyroptosis within 1 h [8], but with poly(I:C) cell
viability was reduced only at 3 h after electroporation.
Analysis of nuclear morphology confirmed that the dSRNA
induced apoptosis of BMM (data not shown), explaining
the slower response. Thus, mouse BMM and Drosophila S2
cells both showed rapid death in response to DNA, but had
contrasting responses to dsRNA.

As another method of nucleic acid delivery, S2 cells
were transfected with a cationic liposome reagent. At
18 h after transfection with CT DNA, cell viability was
reduced compared to the mock-transfected controls
(fig. 1f). Poly(I:C) was used in this experiment as a
control polyanion capable of forming a similar complex
with transfection reagent. As for electroporation, the ob-
served toxicity was DNA specific, and not observed with
dsRNA. Differences between the time of cell death in
electroporated and chemically transfected S2 cells were
presumably due to the mechanisms of DNA introduc-
tion into the cells. Electroporation permeabilises the
plasma membrane, which allows direct and synchro-
nous DNA delivery into the cytosol. Using a transfection
reagent requires uptake of the DNA-reagent complex
and escape from the endosomal pathway, which would
take longer to reach a toxic threshold of DNA.

Effects of DNA Source, Sequence and Strandedness on

S2 Cell Viability

dsDNA from other sources was used to show that the
observed cell death is not specific to bovine DNA. CT

Vitak/Johnson/Sester/Stacey
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Fig. 1. Transfected DNA rapidly kills Drosophila S2 cells. The vi-
ability of S2 cells was measured by MTT cleavage at 1 h after elec-
troporation, unless otherwise stated. a DNA-dependent cell death
of S2 cells after electroporation with 10 pug of CT DNA. The bars
represent data from 40 experiments (mean + SEM) normalised to
the no-DNA sample for each experiment. **** p < 107!%. b Dose-
dependent response of S2 cells after transfection with the indicated
amounts of CT DNA. A representative of 2 experiments is shown,
with error bars showing the range of results for duplicate electro-
porations. ¢ DNA-specific response of S2 cells. Cells were electro-
porated with 10 ug of CT DNA that was untreated or treated with
DNase I. The bars represent data from 3 experiments (mean +
SEM), normalised to the no-DNA sample for each experiment.

DNA, salmon sperm DNA, DNA isolated from S2 cells,
E. coli genomic DNA or plasmid DNA (pBS) all induced
cell death (fig. 2a). E. coli DNA, plasmid DNA and Dro-
sophila DNA all lack the methylation of cytosine in CpG
motifs seen in vertebrates, although some other insects
and invertebrates exhibit CpG methylation [17]. Since
E. coli and plasmid DNAs were the least toxic, we exam-
ined the role of CpG methylation. Plasmid DNA was
treated with CpG-methyltransferase M.SssI, and the reac-
tion was shown to be complete by lack of digestion by
methylation-sensitive restriction enzyme Hpall (data not

Cell Death as a Defence against Invading
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d S2 cells are not killed by synthetic dsRNA poly(I:C). S2 cells were
electroporated with 10 ug of CT DNA or poly(I:C), and cleavage
of MTT was measured after 1 and 3 h. The bars represent data from
3 experiments (mean + SEM), normalised to the no-DNA samples.
e Mouse BMM responses to DNA and dsRNA transfection. BMMs
were electroporated as per panel d. Data are from a representative
experiment and error bars show the range of duplicate electro-
porations. f DNA-dependent cytotoxic effect in S2 cells after trans-
fection with Lipofectamine 2000. Cells in 100 pl were transfected
with 2 ug of CT DNA or poly(I:C), with 4 ul of transfection reagent
or 4 pl of transfection reagent alone (mock). Cleavage of MTT was
measured at 18 h after transfection. Data are from 5 experiments
(mean + SEM), normalised to the mock sample (** p = 0.013).

shown). Electroporation of S2 cells with equal amounts of
plasmid DNA or CpG-methylated plasmid DNA revealed
that CpG methylation status had no effect on the toxicity
of plasmid DNA (fig. 2b).

In mammalian macrophages, cell death follows recog-
nition of cytosolic DNA by AIM2, which mediates re-
sponses only to dsDNA, and not ssDNA [3, 18]. To inves-
tigate the dependence of S2 cell death on DNA stranded-
ness, we denatured CT by boiling and transferring the
DNA toice for less than 2 min prior to electroporation into
cells to minimise reannealing. Boiled DNA had little toxic
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Fig. 2. Response of S2 cells and BMMs to different types of DNA.
a Cytotoxic effect of DNA from different sources on S2 cells; 10 pg
of CT DNA or DNA from salmon sperm, S2 cells, E. coli and pBS
plasmid were used in electroporations. Data are from 2 experi-
ments (mean * range). b Cytotoxic effect of DNA on S2 cells is not
dependent on methylation. Cells were electroporated with 10 pg of
CT DNA or pBS DNA, either methylated or unmethylated on CpG
sequences. Each dot represents a separate electroporated sample,
with different symbols denoting 2 different experiments. Response
of BMM (c) and S2 cells (d) to boiled DNA; 10 pg of CT DNA was
left intact or boiled for 10 min, transferred to ice and immediately
used for electroporation. The bars represent data from 3 (c) and 5
(d) experiments (mean + SEM), normalised to the no-DNA sam-
ple (* p=0.029). e Cytotoxic effect of synthetic ssDNA and dsDNA

effect on BMMs, which is consistent with the known spec-
ificity of AIM2 responses for dsDNA [3, 18] (fig. 2c). How-
ever, S2 cells were sensitive to both boiled and intact CT
DNA (fig. 2d), suggesting that ssDNA was still toxic. We
used synthetic DNA to investigate the effect of stranded-
ness further. In our previous work on mouse macrophage
cytosolic DNA responses, synthetic ssDNA, poly(dA), was
inactive, whilst a duplex of annealed homopolymers,
poly(dA):(dT), was the most toxic DNA identified [3]. Be-
cause long poly(dA) and poly(dT) homopolymers are no
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in BMM; 5 pg of CT DNA or synthetic DNA [poly(dA), poly(dT)
or poly(dA:dT)] or 1 pg of poly(dA:dT) was electroporated. f Cy-
totoxic effect of synthetic DN As in S2 cells, as per panel e. Each dot
represents a separate electroporated sample, with the different
symbols denoting the 3 different experiments (n = 3, ¥ p = 0.054).
g Absence of cytotoxic effect of poly(dC) on S2 cells; 5 ug of CT
DNA or synthetic DNA was used for electroporation. Each dot
represents a separate electroporated sample, with the different
symbols denoting the different experiments. h Toxic effect of syn-
thetic mixed-base DNA with or without thymidine [poly(dN) and
poly(dGCA)] on S2 cells; 10 pg of DNA was used for electropora-
tion. Data are from 5 experiments [CT DNA and poly(dN), mean +
SEM; ** p = 0.0085], or 2 experiments [poly(dGCA), mean +
range].

longer commercially available, they were generated using
TdT. The lengths of synthesized homopolymers were ap-
proximately 2.5 kb (data not shown). Transfection of
BMM with these single- and double-stranded homopoly-
mers confirmed previous results of high poly(dA):(dT)
toxicity [3], indicating a successful synthesis (fig. 2e). In
contrast, poly(dA:dT) had low but measurable toxicity in
S2 cells (fig. 2f). There was no death of S2 cells with
poly(dA) or poly(dC), and a minor effect of poly(dT),
which did not reach significance (fig. 2f, g).

Vitak/Johnson/Sester/Stacey
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Fig. 3. DNA induces cell death in S2 cells through a non-apoptot-
ic mechanism. a Rapid loss of membrane integrity in response to
DNA transfection. S2 cells were either untreated (Ctrl), electropor-
ated with no DNA (ZAP) or electroporated with 10 pg of CT DNA
(DNA) and stained after 30 min. As a positive control for apopto-
sis, S2 cells were incubated in 1 uM of actinomycin D for 6 h (Act
D). Annexin V-/PI-stained cells were analysed by flow cytometry.
Apoptotic cells are defined as annexin V positive/PI negative, ne-
crotic (dead) cells as PI positive, and live cells as double negative.
Data are representative of at least 3 experiments. b, ¢ Time course
of S2 cell permeability to PI, in response to electroporation of 10
pug of CT DNA (b) or poly(I:C) (c). Cells were incubated at room
temperature, and compared to those electroporated with no addi-

To investigate the effect of base composition, we gen-
erated two different mixed-base DNAs with TdT, one
contained all nucleotides (pN) while the other lacked
thymidine nucleotides (pGCA). The role of thymine
was tested because amongst the homopolymers only
poly(dT) gave any suggestion of toxicity (fig. 2f). Whilst
we thought that the procedure would generate random-
base ssDNA, digestion with S1 nuclease suggested the
presence of significant double-stranded regions (data
not shown). Nevertheless, this showed that DNA of ran-
dom sequence and mixed single-/double-stranded char-
acteristics could achieve some toxicity, but the presence
of thymine bases was required for DNA toxicity (fig. 2h).
Overall, the results suggest that Drosophila cells respond
to both ssDNA and dsDNA, but in a sequence-depen-
dent manner such that homopolymers are not toxic.

Cell Death as a Defence against Invading
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tion (ZAP alone). After electroporation, cells were stained with PI
and analysed by flow cytometry. Data from 3 experiments are
shown (mean + SEM), with results for PI-positive cells in an un-
treated sample subtracted. Data represent the increase in PI-posi-
tive cells relative to untreated cells. d Analysis of DNA content is
consistent with non-apoptotic death. S2 cells were electroporated
with 10 ug of CT DNA or poly(I:C), and then incubated for 18 h at
25°C. As a control for apoptosis, S2 cells were treated with 1 pm of
actinomycin D for 18 h. Plots show the DNA content of cells based
on PI staining intensity measured by flow cytometry, with the per-
centage of particles with a sub-Goy/G; level of DNA indicated. Data
represent 1 of 3 independent experiments.

DNA-Induced S2 Cell Death Is Necrotic-Like and Not

Apoptotic

In order to characterise the mechanism of cell death,
we stained cells with annexin V and the membrane im-
permeable DNA stain, PI. Annexin V binds to phos-
phatidylserine, and early apoptotic cells are identified
as annexin V positive/PI negative [8]. In contrast, cells
dying via necrosis or pyroptosis rapidly lose membrane
integrity and stain with PI and annexin V simultane-
ously. S2 cells were stained with annexin V and PI
30 min after electroporation. DNA-treated cells rapidly
lost their membrane integrity, and no significant popu-
lation of cells displayed an apoptotic annexin V-posi-
tive/PI-negative profile (fig. 3a). In apoptosis, loss of
membrane integrity is not seen within 30 min of the
stimulus [8]. As a control, staining was conducted on

] Innate Immun 2015;7:212-222
DOI: 10.1159/000368276

217


http://dx.doi.org/10.1159%2F000368276

DMSO Untreated Actinomycin D

DMSO
200
400 9.09% 00 36.77%
200 200 100
0+ . 0 — 0
14 29 44 59 14 29 44 59 30
ZVAD ZVAD
200
400 8529 00 8.67%
£ =
=) >
S 200 200 8 100
° 3
) O
0 4 . .. 0
I 14 29 44 59 14 29 44 59 I 30
a PI b

Untreated ZAP alone ZAP + DNA
200
7.7% 37.9%
100
0
40 50 60 30 40 50
200
12.4%
100
0
40 50 60 30 40
Pl

Fig. 4. DNA-induced rapid cell death is not prevented by caspase
inhibition. a Actinomycin D-induced apoptosis is prevented by Z-
VAD-FMK. S2 cells were treated with or without actinomycin D
with either 50 pM of Z-VAD-FMK or DMSO vehicle control for
6 h, and analysed for loss of membrane integrity by PI staining and

S2 cells that were treated with actinomycin D for 6 h,
revealing the expected population of annexin V-posi-
tive/PI-negative apoptotic cells (fig. 3a). In summary,
DNA-induced cell death proceeds via a mechanism in-
volving rapid loss of membrane integrity, lacking an an-
nexin V-positive/PI-negative population and, hence, is
distinct from apoptosis.

We examined the kinetics of loss of membrane integ-
rity. S2 cells were electroporated with and without CT
DNA, then incubated at room temperature with PI and
analysed by flow cytometry every 5 min to differentiate
live and dead cells (fig. 3b). After 5 min there was a
modest increase in the percentage of dead cells in elec-
troporated samples compared to untreated (unelectro-
porated) cells, and this was relatively constant over the
following 30 min of incubation. Electroporation with
DNA resulted in an increase in PI-positive cells that first
became apparent from 20 min after electroporation.
The incubation temperature of cells was 4°C lower than
in figure 3a, and this is likely to affect the rate of death.
Electroporation with the dsRNA analogue poly(I:C)
(fig. 3¢) did not result in a progressive increase in dead
cells, confirming that the response was specific to
dsDNA (fig. 3b).

To confirm the non-apoptotic nature of this cell death,
we analysed the DNA content of cells by flow cytometry.
Cells undergoing later stages of apoptosis can be detected
as nuclei with sub-Gy/G; DNA due to apoptotic internu-
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flow cytometry. b DNA-induced cell death in S2 cells is not affect-
ed by Z-VAD-FMK. S2 cells were pretreated with 50 um of Z-VAD-
FMK or DMSO vehicle control for 1 h prior to electroporation with
10 ug of CT DNA. After 30 min they were stained with PI and ana-
lysed by flow cytometry. Data are representative of 2 experiments.

cleosomal DNA cleavage, and loss of small fragments of
DNA during fixation [15]. S2 cells were electroporated
with CT DNA or poly(I:C), or treated with actinomycin D
as a positive control, and incubated for 18 h prior to pro-
cessing. Whilst nuclei with sub-Gy/G; DNA are clearly
present in actinomycin D-treated samples (fig. 3d), DNA-
induced cell death did not produce the sub-Gy/G; cell frac-
tion that is characteristic of apoptosis. Electroporation
alone induced a degree of apoptosis, as evident by the ap-
pearance of sub-Gy/G; DNA; however, the inclusion of
DNA in the electroporation apparently reduced such apop-
tosis, presumably as the cells had already rapidly died by
another route. These results confirmed that cytosolic DNA
induces a type of cell death that is phenotypically distinct
from apoptosis.

Activation of caspases initiates apoptosis in both flies
and mammals. Z-VAD-FMK, a pan-caspase inhibitor,
was employed to investigate the caspase dependence of
DNA-dependent cell death. S2 cells were pretreated
with Z-VAD-FMK or DMSO as a control for 1 h before
subsequent treatments and flow cytometric analysis
with PI to measure cell death. Z-VAD-FMK prevented
death induced by actinomycin D (fig. 4a), which pro-
ceeds by an apoptotic route (fig. 3b). In contrast, Z-
VAD-FMK did not prevent DNA-induced cell death
measured at 30 min after electroporation (fig. 4b), sug-
gesting a lack of requirement for typical apoptotic cas-
pases. Overall, DNA-induced death exhibits no charac-
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Fig. 5. Cyclic dinucleotides have no toxic effect on S2 cells, and are
not likely to be second messengers in the cell death response to
DNA. a Electroporation of S2 cells with CT DNA and cyclic di-
nucleotides. Cells were electroporated with 10 pg of CT DNA or
20 pg of cyclic di-GMP or cyclic di-AMP, and MTT cleavage was
measured 1 h after treatment. Results show the mean and range of
duplicate electroporations. b Transfection of S2 cells with CT
DNA and cyclic dinucleotides using Lipofectamine 2000; 2 ug of

teristics of apoptosis, and the rapid loss of membrane
integrity demonstrates a necrotic style of death previ-
ously undescribed in insects.

Known Pathways Do Not Explain S2 Cell Death

Since pathways can be reused for new purposes in evo-
lution, we considered whether a STING-dependent path-
way could contribute to Drosophila DNA-induced death.
Mammalian STING recognises bacterial second messen-
gers cyclic di-GMP and cyclic di-AMP in addition to the
ligand generated by cGAS following DNA recognition.
An uncharacterised STING homologue is present in the
fly genome. Cyclic di-GMP and cyclic di-AMP [13] were
introduced into S2 cells using electroporation and chem-
ical transfection, but had no toxic effect on S2 cells (fig. 5a,
b). Under similar conditions, cyclic di-GMP transfected
into BMM strongly induced IFN-f mRNA (fig. 5¢). We
conclude that DNA-induced cyclic dinucleotides and a
STING-dependent pathway are unlikely to play a role in
Drosophila DNA-induced cell death.

Drosophila Primary Haemocytes Display

DNA-Dependent Cell Death

Responses to foreign DNA have been predominantly
characterised in mammalian macrophages. The phago-
cytic innate immune cells in D. melanogaster are haemo-
cytes. We isolated haemocytes and tested their respons-
es to transfected DNA. Haemocytes were electroporated

Cell Death as a Defence against Invading
DNA

CT DNA and 4 pg of cyclic dinucleotides were transfected into S2
cells complexed with 4 ul of Lipofectamine 2000, and MTT cleav-
age was measured 18 h after transfection. The bars show data from
4 experiments (mean + SEM). ¢ Induction of IFN-f mRNA in
BMM either untreated (no ZAP) or 2 h after electroporation with
either no addition, CT DNA or various amounts of cyclic di-GMP.
The real time PCR results shown are mean and range of duplicate
assays of IFN-B mRNA relative to HPRT.

with either CT DNA, DNase I-treated or mock DNase
I-treated CT DNA. Flow cytometric analysis revealed
that the haemocytes died in response to transfected
DNA (fig. 6), and that DNase I treatment abolished this
sensitivity. Electroporation with DNA that had been
mock DNase I-treated retained toxicity, confirming that
components of the digest did not prevent DNA toxicity.
This establishes that the DNA-induced death observed
in S2 cells is relevant to primary Drosophila haemocytes.

Discussion

Recognition of cytosolic foreign DNA is of demon-
strated importance in a number of bacterial and viral
infections of mouse cells [19, 20], and even prokaryotes
have restriction-modification and CRISPR systems for
defence against foreign DNA. Thus, responses to invad-
ing DNA might be anticipated to be widespread in na-
ture. The insect cell death in response to electroporated
DNA observed here was of similar sensitivity and rapid-
ity to AIM2-mediated death of mouse macrophages [3].
AIM2 responses mediate protection against both virus-
es and cytosolic bacteria [20], and our work suggests
insect cells have a similar DNA-mediated defence. A
DNA virus naturally infecting Drosophila species has
been recently identified [21], but recent work showing
that positive-strand RNA viruses generate viral cDNA
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Fig. 6. Primary haemocytes are sensitive to cytosolic DNA-in-
duced death. Primary haemocytes were untreated or electropor-
ated with no additions (ZAP alone), with 10 ug of CT DNA, CT
DNA digested with DNase I, or CT DNA mixed with digestion

using endogenous reverse transcriptases [22] extends
the relevance of DNA recognition pathways.

The insect cell recognition of DNA was demonstrably
different from a mammalian AIM2 response. AIM2 rec-
ognises only dsDNA, and responses are lost with freshly
boiled DNA [18]. In contrast, denatured DNA retained
activity on Drosophila cells. In addition, the strongest li-
gand we have found for murine AIM2 is dsDNA obtained
by the annealing of two synthetic homopolymers to give
poly(dA):(dT) [3]. This double-stranded homopolymer
is known to have an altered helical pitch compared to nor-
mal B-form DNA [23]. This may be favourable for AIM2
recognition, but was only a weak ligand for Drosophila
cell death. No synthetic DNA approached the toxicity of
natural DNAs, suggesting that particular structures or se-
quences not frequent in a random sequence may be in-
volved. The omission of thymine from randomly synthe-
sised DNA suggested that this base was essential for the
Drosophila responses.

For many years apoptosis was the only described
route of programmed cell death. Apoptosis is caspase-
dependent cell death characterised by cell shrinkage
and blebbing, nuclear condensation and fragmentation,
with nuclear DNA being cleaved in internucleosomal
regions [24]. An early marker of apoptosis is the
exposure of phosphatidylserine on the outer surface of
the cell membrane, which acts as an ‘eat-me’ signal for
phagocytes. If not phagocytosed, apoptotic cells even-
tually undergo secondary necrosis and lose membrane
integrity. It is now apparent that apoptosis is not the
only ‘purposeful” way for a cell to die, with the descrip-
tion of programmed necrosis (necroptosis) and caspase
1-dependent pyroptosis [25, 26]. Unlike apoptosis, ne-
crosis and pyroptosis both involve rapid loss of mem-
brane integrity, leading to an inflammatory response.
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buffer and no enzyme (mock digest). After 30 min they were
stained with PI and analysed by flow cytometry. Data are repre-
sentative of 2 (DNase-treated sample) or 5 (CT DNA) experi-
ments.

Here we found that apoptotic features were absent in
DNA-dependent Drosophila cell death, and the cells
rapidly lost membrane integrity. Apoptosis is well char-
acterized in both mammals and flies, whereas necrop-
tosis and pyroptosis are not described in insects. Direct
orthologues of genes encoding proteins involved in
necroptosis (RIPK1, RIPK3, MLKL) or pyroptosis
(caspase-1) are not found in the Drosophila genome
(Drosophila initiator caspases are more closely related
to mammalian caspases-8 and 9 [27]). Thus, the mech-
anism through which DNA induces rapid necrotic-type
death remains to be established. The use of a pan-
caspase inhibitor failed to prevent death, suggesting a
lack of caspase involvement. Experimental infection of
Drosophila with a lepidopteran baculovirus suggests
apoptosis is a host defence [28, 29], but viral studies
have not yet identified rapid lytic insect cell death. Cell
death is an important defence against intracellular
pathogens, and simultaneous induction of multiple cell
death pathways is likely as a host response to pathogen
evasion strategies.

The DNA-induced death pathway described here for
Drosophila may be more widely relevant; we have recent-
ly found that DNA-induced death in chicken macro-
phages is similarly sensitive to denatured DNA and inde-
pendent of AIM2 [Vitak et al., in preparation]. Elucida-
tion of the molecular details of this pathway cannot
readily exploit the use of Drosophila mutant libraries,
since a high-throughput screen for response to transfect-
ed DNA is not feasible. However, direct affinity purifica-
tion of cytosolic DNA-binding proteins can be pursued
[3], and candidate genes assessed with knockouts or
knockdown.

Despite a lack of characterised DNA receptor, there
is some evidence suggesting other responses to non-
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chromosomal DNA in Drosophila. DNase II is a lyso-
somal DNase involved in the degradation of phagocy-
tosed DNA [30]. DNA within apoptotic cells is cut into
nucleosomal units by caspase-activated DNase, and fur-
ther DNase II-dependent degradation occurs following
uptake into a macrophage phagolysosome [30, 31]. A
mutation in the Drosophila DNase II orthologue that
leads to diminished enzyme activity results in accumula-
tion of DNA in apoptotic cells in the ovary, increased
susceptibility to bacterial infections, a reduced number
of haemocytes, and elevated levels of the antimicrobial
peptides diptericin and attacin A [32, 33]. The induction
ofantimicrobial peptides was further increased in DNase
II mutant flies without functional Drosophila caspase-
activated DNase [32]. This presents an interesting paral-
lel to the DNase II knockout mouse, which has an ele-
vated expression of type I IFNs, causing embryonic le-
thality [34]. The mouse phenotype is independent of
Toll-like receptors that might respond to DNA, but is
dependent on STING, implicating the involvement of
the cGAS pathway of recognition of cytosolic DNA lead-
ing to IFN-P production [2, 35, 36]. Thus, it is likely that
accumulated DNA in the phagolysosome of DNase II-
deficient mouse or Drosophila cells escapes to the cyto-
sol for recognition. A role for STING has not been in-
vestigated in the DNase II mutant fly, but we showed
that it is unlikely to play a role in DNA-induced cell
death. However, given the likely escape of undigested
DNA into the cytosol of DNase II mutant cells, the cell
death pathway we have described is consistent with the
documented low level of haemocytes in the DNase II
mutant flies [33].

Apart from response to infection, DNA-induced death
could equally well have evolved to protect the genome
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