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Abstract

Responses to cytosolic DNA can protect against imdéttious organisms and the
mutagenic effect of DNA integration. Recognitionimfading DNA is likely to be
fundamental to eukaryotic cellular life, but hagibelescribed only in mammals.
Introduction of DNA into chicken macrophages indiitgpe | interferon mRNA via
a pathway conserved with mammals, requiring theptr cGAS and the signalling
protein STING. A second pathway of cytosolic DNA@gnition in mammalian
macrophages, initiated by absent in melanoma 2 @j)iesults in rapid
inflammasome-mediated pyroptotic cell death. AlMd2astricted to mammals.
Nevertheless, chicken macrophages underwent lgticdeath within 15 min of DNA
transfection. The mouse AIM2-mediated responseiresjdouble stranded DNA, but
chicken cell death was maintained with denaturedDRhis appears to be a novel
form of rapid necrotic cell death, which we propasan ancient response rendered
redundant in mammalian macrophages by the appeaddrice AIM2
inflammasome. The retention of these cytosolic Didgponses through evolution,
with both conserved and non-conserved mechanigrggests a fundamental
importance in cellular defence.
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Abbreviations

AIM2 absent in melanoma 2

BMM bone marrow-derived macrophage

cGAS cyclic GMP-AMP synthase

CSF-1 macrophage colony stimulating factor-1

CT DNA calf thymus DNA

DMSO dimethyl sulfoxide

dsDNA double stranded DNA

dsRNA double stranded RNA

GAPDH glyceraldehyde 3-phosphate dehydrogenase
HI-FCS heat inactivated fetal calf serum

IF116 interferon inducible protein 16

IFN interferon

MDAS5 melanoma differentiation-associated gene 5
MLKL mixed-lineage kinase-like

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetralum bromide
PAMP pathogen-associated molecular pattern
PBS phosphate-buffered saline

P1 propidium iodide

PYHIN pyrin and HIN domain-containing

RIG-I retinoic-acid induced gene 1

RIPK3 receptor interacting protein kinase 3

siRNA small interfering RNA

STING stimulator of interferon genes

ZBP1 Z DNA binding protein 1



1. Introduction

Cells of the vertebrate innate immune system resegrathogen-associated
molecular patterns (PAMPS) to distinguish non-gelin self. PAMPs alert immune
cells to the presence of infection and initiata-arfective responses including
induction of type | interferons (IFNs) and inflamtoiy cytokines, and in some cases,
cell death. Nucleic acids are important PAMPghay permit surveillance for
viruses that can evolve rapidly to evade detedtioough other routes. Endosomal
DNA and RNA can be recognised by toll-like receptan the basis of differential
self and foreign base modifications (Stacey e28l03; Tluk et al., 2009). DNA and
double stranded (ds) RNA are also recognised irytesol of cells (Ishii et al., 2006;
Roberts et al., 2009; Yoneyama et al., 2004). @yio®NA is detected in a
sequence-independent manner on the basis of itsaabcation, and consequently
both self and foreign DNAs elicit responses. CylicdONA may be pathogen-
derived, but could also result from gross nucleaniochondrial damage, or
deregulated activity of endogenous retrotransposons

In mouse and human cells cytosolic DNA recognitias at least two outcomes.
Firstly, AIM2, a member of the PYHIN/HIN-200 famijlyecognises DNA in the
cytosol and induces formation of an inflammasonraex, activating caspase-1
(Hornung et al., 2009; Roberts et al., 2009). Cssgdathen cleaves precursors of
inflammatory cytokines, as well as initiating ai¢ytell death termed pyroptosis
(Miao et al., 2011). The rapid osmotic lysis inqptosis distinguishes it from
apoptosis, where membrane integrity is maintaired the dying cells are
phagocytosedh vivo. A second pathway initiated by cytosolic DNA dlcihe
induction of type | IFNs (Ishii et al., 2006; Sttsand Medzhitov, 2006). Many
different proteins have been suggested as receptoNA in this pathway,
including Z DNA binding protein-1 (ZBP1/DAl), theeshcase DDX41, and another
member of the PYHIN/HIN-200 family, IFI16 (Cavlara., 2012; Unterholzner et
al., 2010). It is now clear that STING, identifiad a receptor for cyclic dinucleotide
second messengers of bacteria (Burdette et all)231a signalling component in the
response to DNA (Ishikawa et al., 2009) and cyGlMP-AMP synthase (cGAS) is
the essential cytoplasmic receptor (Sun et al.3202pon recognition of dsDNA,
cGAS catalyses synthesis of cyclic GMP-AMP thas &< a second messenger
recognised by STING.

Genes with some homology to cGAS and STING carobed even in a
choanoflagellate (Wu et al., 2014). However, ordytebrate cGAS homologues have
the zinc thumb domain that is involved in bindiny® (Civril et al., 2013; Wu et al.,
2014). In addition, IFN genes that are induced ®A8 recognition of DNA are only
found in vertebrates (Pestka et al., 2004; Sclail&d., 2004). The inflammasome
response to DNA mediated by AIM2 is operationalyomithin certain mammals;
non-mammals as well as bats have no PYHIN famibggins, and AIM2 has been
independently lost in several mammalian lineagesgeating pseudogenes in cow,
llama, dolphin, dog, sheep, pig and elephant (@ndlet al., 2012). Thus if cytosolic
DNA-induced cell death is an important defencenuist occur through different
means in different species. Recently we demonstihte cells oDrosophila
melanogaster died in response to cytosolic DNA (Vitak et aD18), despite the
absence of AIM2 and inflammasome machinery. Death rapid and lytic and
therefore non-apoptotic. Here we investigated #sponses of chicken macrophages
to cytosolic DNA. Birds lack all DNA-responsive P proteins including AIM2,



which is the only characterised DNA receptor ititig cell death (Cridland et al.,
2012; Roberts et al., 2009). Hence any capacitpfdA-induced cell death in
chickens would indicate the existence of an undtarsed pathway. In addition,
although chicken has a discernable cGAS ortholoigiegle in induction of type |
IFN has not been confirmed. We thus aimed to ingatd both DNA-dependent lytic
cell death and induction of IFR-MRNA in chicken macrophages.

2. Materials and methods

2.1 Cell culture

Chicken macrophage-like cell line HD-11 (Beug et #79) was cultivated at 37°C,
5% CQ in complete RPMI-1640 (RPMI-1640 supplemented Widkbo heat-
inactivated fetal calf serum (HI-FCS), 1x GlutaMA3Q U/ml penicillin, 50ug/ml
streptomycin (all reagents from Life Technologie§r maintenance and long
incubation during knock-down experiments heat inated chicken serum (Life
Technologies) was added to 1% final concentraBmme marrow was obtained from
the femurs of new-born male chicks, under appréreah the University of
Queensland animal ethics committee. Chicken borreomaderived macrophages
(BMMs) were obtained by cultivation of marrow fan@week in complete RPMI-
1640 supplemented with 15% conditioned medium f@HO cells transiently
expressing chicken CSF1 (Garceau et al., 2010grgéad as follows. CHO
suspension cells were grown in CD CHO medium (Glilscpplemented with 8 mM
glutamine (Gibco). The chicken CSF1 expressionmpidpEF-cCSF1 was
transfected into CHO cells by pre-mixing 60 pg plakand 240 pg of linear
polyethylenimine (PEI) in 5 ml of Opti-mem (Gibdogfore adding to 30 ml of CHO
cells grown to a density of 1 x 46ells per ml. After 4 h of incubation with the
transfection reagent, cells were pelleted by cemfation for 10 min at 16pand
resuspended in 30 ml of CD-CHO containing 8 mM @&todix, 100 U/ml penicillin,
100 pg/ml streptomycin, 7.5% CHO CD Efficient Fee{Gibco), and 7.5% CHO
CD Efficient Feed B (all reagents from Life Techogikes). Cells were then incubated
for 7 days at 37°C, 5% CO2, with shaking at ~12@.rAfter 7 days cells were
removed by centrifugation for 10 min at 6,0Chd the supernatant was filtered.
Mouse BMMs were cultivated in complete RPMI-164@hnid* U/ml CSF-1 as
previously described (Sester et al., 2005), undpraval from the University of
Queensland animal ethics committee.

2.2 Nucleic acids

Calf thymus (CT) DNA, salmon sperm DNA akdcoli DNA were purchased from
Sigma Aldrich and purified as described (Staceal.e2003). High molecular weight
polyinosinic:polycytidylic acid (poly(l:C)) was oéined from Invivogen. DNA
concentrations were either estimated by A260, co®reen assay (Life
Technologies) that specifically measures dsDNA.

2.3 Electroporation

Chicken BMMs and HD-11 cells were electroporatethwarious nucleic acids in
400 pl of growth medium at 260 V, 500 uF using afad GenePulser MX. Mouse
BMMs were electroporated at 240 V, 1000 pF. Celsenncubated at room
temperature with nucleic acid for 10 min prior teatroporation, unless otherwise



stated.

2.4 Assessment of IFN induction by real time PCR

Cells were electroporated at 3.75 X télls/ml, transferred into 15 ml of medium and
split into four plates. Plates were incubated fo2,14 and 6 h followed by RNA
extraction and cDNA synthesis with oligo(dT) primias described (Roberts et al.,
2009). Control reactions omitting reverse trangasp were always performed to
ensure lack of DNA contamination, since bird typENIs are single exon genes.
Expression of IFNx, 8, STING, cGAS and GAPDH mRNAs in samples were
determined by real time PCR usin@t analysis as describéRoberts et al., 2009).
Primer sequences designed to the indicated tratsoevere:

gglFN-o (ENSGALT00000021627) CAACGACACCATCCTGGACA;
GGGCTGCTGAGGATTTTGAA,

gglFN{$3 (ENSGALT00000039477) TCCTGCAACCATCTTCGTCA,;
CACGTCTTGTTGTGGGCAAG;

ggSTING (XM_001232170) CACCTGGCGACTCTCTTTCTC,;
GAAGTTTGAGACAATCTTTCCTGC;

ggcGAS (XM_419881) CTACTGGTCCTTGCCCTTGG;
GCCGTGAGCGACATTCTTCT;

ggGAPDH (NM_204305.1) CCTAGGATACACAGAGGACCAGGTT;
ATTCAGTGCAATGCCAGCAC

2.5 siRNA-mediated gene knock-down

Cells were harvested and resuspended at 2.5 &ellé/ml. siRNA against target or
control genes (15 pl of 1M siRNA) were mixed witbo4ul of cells, incubated at

room temperature for 5 min and then electroporaseper section 2.3. Cells were
then washed with RPMI medium and incubated at 3@@4 h. To test induction of
type | IFNs cells were harvested and resuspendédtiml of RPMI, and 400l was
electroporated with gg of DNA or the same volume of phosphate-buffeiaohe
(PBS) or left untreated. Cells were then plated ml of medium and incubated for
3.5 hat 37°C, followed by RNA extraction and cDNynthesis. Sequences of Stealth
RNAI siRNA (Life Technologies) were:

chicken STING#1 GGUCCUACUACAUCGGCUACCUGAA;

chicken STING#2 UGUAUGUGAUCAGAGAUAAGGACAA;

chicken cGAS#1 GGAGAGAGUUCAGAUAUAAACCAAU;

chicken cGAS#2 GAUUCCCAGUAUUUCACCAGGUGUA,;

mouse Casp@GGGACCAAUGGGACUCACAGCAAA

An siRNA targeting mouse Caspase 9 with no sigafichicken homology was used
as a control.

2.6 MTT assay for viability

Cells were electroporated at 2.5 ¥ t@lls/ml and 100,000 cells were then plated in
quadruplicate in 96-well tissue culture platesviability measurement. Reduction of
the tetrazolium dye MTT (3-(4,5-dimethylthiazol-D-2,5-diphenyltetrazolium
bromide) to an insoluble blue product was usedasdicator of cell viability
(Berridge and Tan, 1993). MTT was added to a fooaicentration 1 mg/ml, and cells
were incubated for 1 h at 37°C. After incubatiogl]swere solubilised overnight by
adding an equal volume of 10% Triton X-100 and OH®I in isopropanol.
Absorbance was measured at 570 nm. To compensatayfaell number differences
between experiments, MTT assay data is presentadatised to the control sample.



2.7 Flow cytometric analysis of cell death

Cells were electroporated at 1 x°1€ells in 375ul of complete RPMI-1640 with 25
mM HEPES and 2pl of PBS containing nucleic acid. Cells (3@ excluding
floating cell debris generated by the electricdspwvere rapidly transferred to 1.5 ml
microfuge tubes containing 9%0 of complete RPMI-1640 with 25 mM HEPES. For
DNA dose response, cells were incubated for 30ahBv°C then a final
concentration of ug/ml propidium iodide (Pl) was added prior to asédyby flow
cytometry on a BD Accuri C6. For real-time flow ogtetry (Stacey et al., 2016), the
950l of complete RPMI-1640 with 25 mM HEPES af’G7or 4°C as indicated, was
supplemented with 1.§g PI prior to addition of cells. Cells were maimid at 37C

on a heating block or in an ice/water bath, asciaugid, during analysis on a BD
Accuri C6 flow cytometer.



3. Results
3.1 Cytosolic DNA induces IF8-mRNA in chicken macrophages.

To determine whether introduction of cytosolic DN@uces chicken type | IFN
expression, chicken HD-11 macrophage-like cellsevedectroporated with calf
thymus (CT) DNA and also the synthetic dsSRNA, pb), a known inducer of
chicken IFN$ via cytosolic recognition (Karpala et al., 201Ej)g; 1A). An initial
experiment used 20 pg of DNA or poly(l:C), but afiading that the DNA
compromised viability, subsequent experiments &spd. IFNf mMRNA was clearly
induced by both DNA and poly(I:C), with the DNA pesise peaking at 4 h post
electroporation. Poly(l:C) gave a low inductionlBN-a, whereas the DNA response
was minimal or absent (Fig. 1A). The primers faNik were designed to the
currently annotated IFNA3 transcript (NM_205427d)t will recognise other
predicted IFNA transcripts. However, the IFNA latichicken are poorly annotated,
and it is possible that some genes are not amgphifiell with these primers. Similar
experiments were performed using primary chickenvBMrom 4 individual birds
(Fig. 1B). Results were largely comparable to thiélme, although poly(l:C)
dramatically induced the level of IFdn the primary cells. There was some inter-
individual variability, consistent with the knowination in induction of these genes,
which are located on the Z chromosome, and exbdrite sex-specific regulation
(Garcia-Morales et al., 2015; Nanda et al., 19@8rall the induction of type | IFN
in chicken macrophages by transfected dsRNA and D#é&mbles that seen in
mammals, although the level of induction achievéttht WNA was relatively low.

3.2 cGAS and STING are required for chicken respao€DNA

Given the importance of cGAS and STING in mammat&gognition of cytoplasmic
DNA (Ishikawa et al., 2009; Sun et al., 2013) antivaral responses (Schoggins et
al., 2014) we investigated the roles of the chickghologues. STING and cGAS
were knocked down in HD-11 cells and the subsegwsmonse to electroporated
DNA analysed. The level of induced IHNexpression, as well as STING and cGAS
knock down efficiencies were measured by real H#G®R (Fig. 2). A consistent
knock down of 50-60% of cGAS mRNA (Fig. 2C) wasf&ignt to reduce induction
of IFN-B after electroporation with DNA by 80-90% (Fig. RAnhibition of IFN{f
induction was also observed with STING knockdowrd eorrelated with the
efficiency of the two siRNAs (Figs 2A and B). A dool siRNA had no effect on
IFN-B induction. These data support the hypothesisthiggitdentified homologues of
CcGAS and STING play the same role in birds and matem

3.3 Rapid chicken cell death induced by cytosoidAD

The second characterised mammalian response teotigt®NA is activation of the
AIM2 inflammasome, leading to cell death and IR{iroduction. However, our
previous study showed that electroporated DNA sidaced rapid cell death in
Drosophila cells, where AIM2 is lacking (Vitak et al., 2019)0 determine whether
birds also have an alternative pathway of DNA-deleen cell death, we initially
electroporated HD-11 cells with 10 pg of CT DNA assessed viability by MTT
assay for mitochondrial activity. Even 1 h aftexattoporation, there was more than
50% reduction in MTT cleavage (Fig. 3A). To exclymessible contaminants as a



source of the toxicity, we treated CT DNA with DNdswhich abolished the cell
death observed with CT DNA (Fig. 3B). The reductiowiability measured by MTT
cleavage was dose-dependent, with toxicity incregsp to 20 ug of transfected
DNA (Fig. 3C).

3.4 DNA and not dsRNA induces rapid cell death

To determine whether rapid cell death was spetmficansfected DNA, or was also
seen with other polyanions we examined the effeetextroporated poly(l:C)
(dsRNA). In mammalian cells, transfected synthd§BNA is a potent inducer of
apoptotic cell death (lordanov et al., 2005). Themotic response of mouse
macrophages to transfected dsRNA occurs more slihaly the rapid pyroptosis
induced by DNA, a reduction in MTT cleavage wassae3 h but not 1 h post
dsRNA transfection (Vitak et al., 2015). HD-11 sedhowed toxicity of DNA and not
dsRNA at both 1 h and 3 h post transfection, comfig the specific nature of the
response to DNA (Fig. 3D). The lack of effect oR#$A after 3 h contrasts with
results obtained with mouse BMMs (Vitak et al., 2DIThe effects of DNA were not
dependent upon its origin; DNAs from a mammal (tdayimus), fish (salmon sperm)
and a prokaryote, coli) were similarly toxic (Fig. 3E).

3.5 Denatured DNA retains toxicity for chicken sell

The mammalian AIM2 response depends on doubled#thDNA; either synthetic
single stranded DNA, or genomic DNA denatured biifgpwas unable to initiate
cell death in mouse macrophages (Roberts et &9;Zktacey et al., 1993). To
examine the effect of DNA structure on HD-11 calath, we boiled DNA for 10 min,
transferred it onto ice and performed transfectutthin 2 min. Under these
conditions mouse macrophages were killed by irDé¢A, but not denatured DNA,
as expected (Fig. 3F). By contrast, the same paipas of denatured DNA were
able to kill HD-11 cells as effectively as intadNB (Fig. 3F). In this respect, the
response of chicken cells resembles th&raisophila (Vitak et al., 2015).

3.6 DNA, but not dsRNA is acutely toxic for chickBMMs

Transfection of chicken BMMs was performed to confthat primary cells respond
similarly to the immortalised HD-11 cell line. Imteor DNase I-digested CT DNA, or
poly(I:C) were electroporated into chicken BMMs amadl viability was assessed at 1
h and 3 h following transfection, based upon théab@ic activity detected by
cleavage of MTT (Fig. 3G). Primary macrophages vkdled by cytosolic DNA by 1
h post transfection. Similar to the HD-11 celkljrchicken BMMs did not die in
response to transfected poly(l:C) 1 h post eleciraion, however unlike HD-11 a
low level of toxicity was observed 3 h post trasien (Fig. 3D).

3.6 Transfected DNA induces non-apoptotic lytid dekth

The pyroptotic response elicited by AIM2 in mousacnophages can be detected
within 1 h after DNA electroporation, by stainingthvpropidium iodide (PI), a
membrane-impermeable DNA stain (Sagulenko et @lL32Yin et al., 2013). In the
absence of caspase-1 which elicits pyroptosis, Ali@ers apoptosis, but
membrane integrity is still maintained in the amiatcells at 1 h post electroporation



(Sagulenko et al., 2013). The loss of membrangiittewas evident in both mouse
macrophages and HD-11 within 30 min of DNA electnation (Fig. 4A) but
occurred at lower DNA concentration in the chickefls. We further investigated
the kinetics of membrane permeability to Pl follagrielectroporation of DNA by
real-time flow cytometry (Stacey et al., 2016).dEteporation alone or addition of
DNA to cells without electroporation did not incsegpermeability to Pl. The addition
of DNA slightly increased the staining of all vialdells, presumably due to cell-
surface DNA binding, and decreased the intensisigial from dead cells due to
sequestration of P1 by free CT DNA in the culturecium (Fig. 4B). Electroporation
with DNA caused a profound increase in Pl positigs, with loss of membrane
integrity detected between 3 and 15 min after edparation of HD-11 cells, chicken
BMMs or mouse BMMs. The rapid cell death did notwcin murine BMMs derived
from Casp1l” mice (Fig. 4B). When cells were cooled and mairediat 4°C
immediately following electroporation with DNA, mémane integrity of both murine
BMMs and HD-11 cells was maintained for up to 2@ 1fig. 4B). However if these
cells were subsequently warmed to 37°C, they becapidly permeable to PI.
Together these data suggest the rapid cell dea#redd in chicken macrophages is
an active process, similar to AIM2-dependent pyosi, and not an artifact resulting
from direct physical damage to cells by transfedved DNA.

4. Discussion.

We have demonstrated two pathways of responsedsalic DNA in chicken cells —
induction of type | IFN, and cell death. DNA-dependIFN induction appears to
have been present in the common ancestor of birdsremmals. cGAS and STING,
key proteins of the mammalian IFN induction pathwagre identified throughout
vertebrates (Wu et al., 2014). Knockdown of STIN@GAS in chicken HD-11 cells
confirmed the requirement for this pathway in inttut of type | IFN mRNA in
response to cytosolic DNA. Bird cGAS molecules lackunstructured N-terminal
domain, and STING has a shorter N-terminal transbmane domain than its
mammalian counterparts (Wu et al., 2014), but tharamolecules are clearly still
functional in IFN induction. Mammalian cGAS is réxd for induction of IFN in
response to viruses such as modified vaccinia Vinlara (Dai et al., 2014),
adenovirus (Lam and Falck-Pedersen, 2014), HSV-gt(&l., 2013), and HIV
(Lahaye et al., 2013). The cGAS DNA recognitionhpaty may therefore be
important in the response to a range of chicken DMNAses such as fowlpox and
Marek’s disease virus as well as retroviruses whemerate cDNA within the
cytoplasm.

Whilst it was possible to confirm the function @&AS in the DNA response in
chicken, the level of IFNB MRNA induced was low. We note that STING mRNA
was barely detectable, and it is possible thabfis¢her cell types, or priming stimuli
for prior induction of STING may be necessary te@tve a strong response to
cytosolic DNA. Additionally, chicken cGAS may reauge specific sequences or
structures enriched in pathogenic DNA and scarcgTirbNA. Although human
cGAS can bind to any long dsDNA sequence, it appbralso binds specifically to a
short stretch of HIV DNA with the presence of unpditerminal guanidines (Herzner
et al., 2015). If such specific requirements efasichicken cGAS, they remain to be
identified.



Previous studies on IFN induction in chicken, hiogused on RNA viruses,
including influenza A and Newcastle disease vitm¢heli et al., 2001). The
mammalian receptors for dsRNA are retinoic-acidioed! gene 1 (RIG-I) and
melanoma differentiation-associated gene 5 (MDAB)ch recognise short and long
dsRNA, respectively (Kohlway et al., 2013). Althduigoth genes are present in duck,
chicken has only MDAS5, which led to speculationttiagk of RIG-I results in
differential susceptibility to influenza virus beten chickens and ducks (Barber et
al., 2010; Karpala et al., 2011). However, chickDA5 appears to recognise both
short and long dsRNA (Hayashi et al., 2014; Kargdalal., 2011) and may at least
partially substitute for the function of RIG-I. Weund that the induction of type |
IFN in both HD-11 cells and chicken macrophages mvash higher with dsRNA
than DNA. Mammalian cells also show a greater s$eftgito electroporated dsRNA
than DNA for induction of IFN3. Long regions of dsRNA are intrinsically foreign,
and a sensitive detection system may operate witislu However, DNA may
escape from phagosomes or other sites in normaligtioning cells, and a higher
threshold for detection of DNA may be needed taduowarranted responses.
Indeed, the impact of the loss of the cytosolic B&ld rex1, revealed that basal
degradation of cytosolic DNA is required to prevBiti-dependent inflammation and
autoimmunity (Stetson et al., 2008).

Type I IFNs are found throughout vertebrates, amdqgenetic analysis suggests that
the last common ancestor of birds, mammals anédislad a single gene ancestral to
all the type | IFNs (Pestka et al., 2004; Schultale 2004). These gene families thus
appear to have amplified and diverged independevithin these lineages.
Consequently the chicken genes for I&Nnd f are not thought to be directly
orthologous to the mammalian genes of the same syaand in some publications are
called IFN1 and 2 to distinguish them from the matam genes. However, like
mammals, there is a single chicken IBNjene and a family of IFN-genes

(Goossens et al., 2013; Sick et al., 1996) ancethes thought to differ in their
regulation (Schultz et al., 2004). Indeed here awe discordant regulation, since IFN-
o mMRNA was poorly induced in HD-11 and well indugegrimary macrophages by
poly(l:C), although IFNB mRNA was comparably induced in both cell typese Th
difference between primary cells and the cell himgy stem from the immortalisation
of HD-11 with avian myelocytomatosis virus MC29 (Beet al., 1979), but could

also result from genetic variation in promoter sawes; the presence of these genes
on the Z chromosome, and their haploid state irfigh®le may allow rapid
evolutionary selection (Garcia-Morales et al., 2048nda et al., 1998).

Cell death is a fundamental defence against irdeatiith intracellular pathogens - it
can prevent replication, and release organisms &@motective niche. In mouse
macrophages, detection of pathogen DNA by AIM2 eigait lytic pyroptotic death.
Despite lack of AIM2 in chicken cells (Cridlandadt, 2012), transfection of DNA
resulted in lytic death on a similar time coursentouse macrophages. This was not a
non-specific response to a polyanion, as dsRNAdidnduce death at 1 h after
electroporation. A key difference between the maars® chicken macrophage
responses is the retention of chicken cell death denatured DNA. Whether this
reflects sensitivity to single stranded DNA, oraayhigh sensitivity to rapidly
reannealing repeat sequences remains to be de&elniihis feature was also seen in
DNA-induced death dDrosophila cells (Vitak et al., 2015), and suggests a very



distinct mode of DNA recognition to that mediatgdAIM2, which is strictly
dependent on dsDNA. The similarity of the chicked Brosophila responses
suggests the existence of an evolutionarily ancrethanism of defence against
stray DNA, that has been superseded by AIM2 in pptages from some
mammalian species. Indeefim2” mouse macrophages show no cell death under
conditions used here (see supplementary data mdtval., 2013)), and thus have lost
this alternative pathway.

The observed death of chicken cells in respon&aNA is rapid and lytic. These
characteristics are observed in mammalian pyroptasid programmed necrosis
(necroptosis). DNA-induced pyroptosis involves adsly of an AIM2 inflammasome
with recruitment of the adapter molecule ASC aratpspase-1. Whilst it is
conceivable that a DNA receptor other than AIM2Idalicit an inflammasome
response and caspase-1-mediated cell death inechicKlammasomes are yet to be
characterised in birds (Chen et al., 2013). Therabdeath domain-containing
inflammasome adapter molecule, ASC, which receatpase-1, has no discernible
orthologue in bird genomes, whereas ASC homologaade found in reptiles,
amphibians and fishes. A caspase-1 orthologuesisept in chicken (Johnson et al.,
1998), and is expressed in immune tissues, subbraa of Fabricius, spleen and
bone marrow. It is not known to participate in diepathways, and pathways of
activation remain to be established. In mammalearaptotic pathways,
phosphorylation of mixed-lineage kinase-like (MLKIhy receptor interacting protein
kinase 3 (RIPK3), leads to exposure of the MLKLé¥rtinal domain and its
membrane association, triggering rapid lytic d€atitdebrand et al., 2014). A
homologue oMLKL is present in the chicken genome (Hildebrand.efall 4).
However, inDrosophila melanogaster, we cannot identify aMLKL homologue
encoding the N-terminal 5 helix bundle that mediatell death. SincBrosophila

and chicken DNA-dependent cell death are morphotdkyi similar and are both
initiated by denatured DNA (Vitak et al., 2015)eyhare likely to be initiated through
a common ancient mechanism. The lack of MLKL oedircaspase-1 orthologue in
Drosophila suggests this is a novel pathway, not describedammals.

In summary, the normal localisation of DNA in thécteus and mitochondria allows
detection of cytosolic DNA as an alarm system thidate infection or cell damage.
Chicken macrophages respond to cytosolic DNA wittuction of type | IFN via the
cGAS pathway conserved with mammals, and with lggit death by a novel
pathway. Such responses have obvious relevanoéetdions, not only with DNA
viruses, but also with retroviruses and cytosotictbria (Gao et al., 2013; Rathinam
et al., 2010; Storek et al., 2015). At a low leekinfection, induction of IFN is likely
to block viral replication and alert neighboringdlseAt higher levels of cytosolic
DNA, a more extreme response such as rapid lyticeath will curtail viral
replication and promote inflammation. Apart fronfieiction, cytosolic DNA may
indicate gross cellular damage, or mutagenic (yetmesposon DNA. In both these
cases, cell death may provide an appropriate defdrie fact that certain phagocytic
immune cells of mammalian, chicken ddcbsophila origin undergo DNA-dependent
death by several different mechanisms, emphadigsdgely importance of this
process in maintaining organism integrity.
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Figure Legends

Figure 1. Induction of typel IFNsin HD-11 and chicken BMMs after
electroporation with nucleic acids. mRNA levels were measured by real time PCR
and are expressed relative to GAPDH mRMNMAInduction of IFNe and IFN$

MRNA in HD-11 cell line after electroporation eitheithout (control), or with the
indicated amounts of poly(l:C) or CT DNA. Symbolow three separate
experimentsB. Induction of IFNe and IFN mRNA in chicken BMMs after
transfection without (control) or with &g of poly(l:C) or CT DNA. Symbols show
four separate experiments using cells from diffeegrimals.

Figure2. STING and cGAS areinvolved in DNA-dependent | FN-f induction in
chicken. A. Level of IFNfS mRNA at 3.5 h after electroporation with CT DNA, i
HD-11 cells that had been electroporated with aheuit the indicated siRNAs 24 h
earlier. Results were normalised to the no siRNANADsample for each experiment,
to account for variable IFI§-induction between experiments. Bars represent the
mean = SEM of relative expression. Significancatreé to the control SiRNA +DNA
sample was determined prior to normalisation byguhiatio one-tailed t test (N=3), *
p<0.03.B andC. Knockdown of STING and cGAS mRNAs (respectivelty?4 h
after electroporation with the indicated siRNAssRl&s were normalised to the no
siRNA samples, which had mean raw values of 0.00004STING/GAPDH and
0.0042 for cGAS/GAPDH. Bars represent the mean M SErelative expression.
Significance relative to the no siRNA sample watedrined prior to normalisation,
by paired ratio one-tailed t test (N=3), * p<0.02.

Figure 3. Viability of chicken cellsin responseto DNA and dsRNA. Viability of
cells was measured by MTT cleavage at 1 h postrefaration unless indicated
otherwise A. DNA-induced cell death in HD-11 cells after elegmration with 1Qug
CT DNA. Bars represent data of 14 experiments (ite8&M), normalised to the no
DNA sample in all experiments. Statistical sigrafice was determined prior to
normalisation by paired one tailed t-test. ****p<10B. DNA-specific response of
HD-11 cells. Cells were electroporated with 10 JIgENA that was untreated or
treated with DNase |. Bars represent data fromg@ements (mean £ SEM),
normalised to the no DNA sample for each experim@nbose-dependent response
of HD-11 to electroporation with indicated amouotONA. Bars represent data
from 3 experiments (mean + SEM), normalised tothé®NA sample for each
experimentD. HD-11 death in response to DNA, but not to syithdsRNA
poly(I:C). HD-11 cells were electroporated with 1§ CT DNA or poly(l:C), and
cleavage of MTT measured after 1 and 3 h. Baresgmt data from 3 experiments
(mean + SEM), normalised to the no DNA sampkesCytotoxic effect of DNA from
different sources. 1Qg of CT DNA, salmon sperm DNA d.coli genomic DNA
were used in electroporation. Bars represent esiiliwo electroporations (mean +
range).F. Denatured CT DNA induces cell death in HD-11 ¢dilg not mouse
macrophages. CT DNA was left intact or boiled fOrmiin, transferred to ice and 10
g used immediately for electroporation. Bars repné data from 3 (HD-11) or 2
(BMMs) experiments (mean = SEM, or mean + ranggpeetively), normalised to
the no DNA sampleG. Response of chicken BMMs to DNA and dsRNA. Intarct
DNasel-digested CT DNA or poly(l:C) (all 10 ug) weransfected via
electroporation and viability was measured at 1 Z&hdafter treatment using MTT
cleavage. Bars represent data from 2 experimerdgar{rh range).



Figure 4. Therapid lytic death of chicken macrophagesissimilar to mouse

BMM pyroptosis. A. DNA dose response for cell death of HD-11 cells @5dBL/6
BMMs following electroporation of CT DNA. HD-11 dsland mouse BMMs were
electroporated with varying amounts of CT DNA, ihated at 37°C for 30 min and
then analysed for cell viability by flow cytometnith PI. Data represent the mean *
SEM. For HD-11 N=5-6, and for BMMs N=4 independerperimentsB. Rapid

Iytic cell death induced by DNA in chicken and meuslls. HD-11 cells, mouse WT
BMMs, caspase-1-deficien€aspl’) BMMs and chicken BMMs were analysed by
real-time flow cytometry over the indicated timeipd following either: no treatment
(UT); electroporation alone (Zap); incubation WA for 10 min (DNA); or
incubation with DNA for 10 min followed by electromation (DNA + Zap). The two
last columns show the temperature-dependent bahafvibe DNA-induced cell
death in HD-11 and mouse BMMs. For the “DNA+Zap 4$&mple, cells were
incubated with DNA for 10 min followed by electraption and immediate transfer
to an ice/water bath during analysis. For the “DNAap 37°C after 4°C” sample, cells
were treated as per the “DNA+Zap 4°C” sample fonff, and then transfered to
37°C during analysis. Amounts of DNA were 10 pgdbicken cells and 20 pg for
mouse cells. Data is representative of 3 indepdrelgreriments for HD-11 and
mouse WT BMMs and 2 experiments foaspl” BMMs and chicken BMMs.
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Highlights

»  Cytosolic DNA induces cell death and interferon mRNA in chicken macrophages
* Induction of interferon-beta MRNA depends on cGAS and STING

* Cdl deathisrapid and lytic, not apoptotic

* Chickenslack AIM2, the mammalian initiator of DNA-dependent death

*  Several mechanisms of DNA-dependent cell death have evolved independently



