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Abstract

African swine fever (ASF) is a lethllbhemorrhagic disease of domestic pigsised by infection

with African swine fever virus (ASFV)An outbreak in Russia in 2007 hasnce advancetto
Europeand the Far East. With the spread of ASF expected to continue, the requirement for
effective vaccines has become critical. The prospects for vaccine development are promising a:
infection with attenuatedtrains of ASFV ca offer protection againstlosely related virulent
strains.

Autophagy is aressential cell process the¢questers cytoplasmic cargo into douhkmbrane
vesicles called autophagosomes for degradation via lysosomes. Autoptadstes mltiple
pathways that argital to mounting an effective immune response and viruses specifically target
this pathway for modulationExperiments have shown that inhibiting the ability of viruses to
regulate autophagy camdd to enhanced immune respon3dw work in this thesis shows that
autophagy is actively inhibited by ASFV and is not required for virus replication. Further
investigation revealed that ASFV activates Akt and mTORC1 which causes a block in
autophagosome assembly. Pharmacological ststi@s that autophagy can be induced during the
very early stages of viral replication but at later times, additional measures of modulation are
implemented, most likely via virally encoded genes.

ASFV encodes A179L which binds to the key autophagy pr@eatin 1 leading to the inhibition

of autophagosome formation. However, this work has demonstrated that additional protein
modulators are also encoded. A gene library screen was conducted to identify these anc
unexpectedly, the results showed that som&\Agenes are able to stimulate elements of the

autophagy pathway which was investigated further.

This research will expand our understanding of the interaction between ASFV and the autophagy
pathway with the potential that a low virulent ASFV strain wath altered ability to modulate

autophagy will provide enhanced immunity against virulent isolates.



Nothing in the worldccan takeheplace of persistence.
Talent will not; nothing is more common thansuccessful men with talent.
Genius vill not; unrewared genius is almost a proverb.
Education will not; the worlds full of educated derelicts.
Persistence and determination alone are omnipotent.

- Calvin Coolidge



Table of @ntents

AADSTIACT. ...ttt Rt emne e 2
TaDIE OF CONIENTS ...t r e e e e e e e e e e e e r e e e e e e e e e aann 4.
LIST Of FIQUIES. ... eeeeeeeiee ettt ettt e e e e e e e et s emmr e e e e e e e e e e e e s n e e e e e s emans 9
[ A0 1= ][ PP PP PP PPPPPPPR 12
LiSt Of APPENAICES ..ottt e e e e e e e e s rmmme e s e e e eeas 13
Declaration of AUTNOISNID.......uuiiiiiiii e eeere e 14
ACKNOWIEAGEMENIS ......iiiiieeeiieeeeee e eeer et e e e e e e e e e eeeee bbb e bbbt mnneeeeeaeeaaeeeeeaees 15
ADDIEVIALIONS ...ttt amm e e ean 16
R i oo (Ui i o] o H PO PP OPPPPP PP 20
1.1 AFFICAN SWINE FEVEL ....eiiiiiiiiii ettt rme e 20
111 HISTOrICaAl PEISPECTIVES ... .eiiiiiieeiiiiiititieeei ittt eeer e e e e e 20
1.1.2 Distribution and IMPACL...........ooooiiiiiiii e 21
1.1.3  CliNICAl fEAIUMNES. ....ceiiie ittt eeemee s 23
1.1.4  Transmission and pPatNOgENESIS.........cccuuviviiiiiieeeiiee e 23
1.1.5  CoNtrol Of ASE.... ettt 24

1.2 AFriCAN SWINE FEVETN VIIS.........eiiiiiiiiiiii e iiieeet ettt rmmee e 25
1.2.1  ClasSIfICALION........eiiiiiiiiii et 25
1.2.2 1Yo 0] aTo] (0T | 25
1.2.3  GEnOmMEe OrganiSAtIQN........uuuuuuiuuiiiiiimmmee e e e ee e e eeeee e e e eee e s e a e e e e e e e e e e e e eeas 26
1.2.4  Replication and iNfECION CYCIB..........oiiiiiiiiiiiii e 27

IRRC U (o] o] =T |V APPSO PPPPPPPPPP 30
131 Y E=Te o T= U1 o] o] g = o Y/ PRSP PPPPR 31
1.3.2  The PISK/AKI/MTOR AXIS......uuuuiiiiiiiiiiiiiiiieeeiiiieieee e e e e e seessisee e e e e e e e 33

1.4 ViruS/NOSE INTEIACONS. .....cciiiiiiiieiie e e e e e amneas 36
1.4.1  Autophay and imMMUNITY.....ccoooeieeoe e erree e e e e e e e 36
1.4.2 Modulation of autophagy by VIruSes..........coooviiiiiii e 37

1.5  RESEAICH AIMS ..ottt err e e e e e e amme e e e e 40

2 Materials and MELNOUS............uuiiiiiiiii e e e e 41
2.1 Cell CURUIE ...t e e erens e e e e e e e e e 41

4



3

2.2  Growth, maintenance and titration Of VIruS StOCKS.........ccuvveeiieiieerie e eeeeeeeens 42

2.2. 1 VITUS ISOIALES.....ceiiiiiiiiiiii ettt e e eeer e e e e 42
2.2.2  Growth Of VIrUS STOCKS.......coiiiiiiiiiiiii e 42
2.2.3  Virus infection Of CellS...........ooiiiiiiiiii e 42
2.2.4  ENdpoint titration OF VIFUS ......cooviiiiiiiiiiiii e e 43
2.25  Virus purification............oooooiiiiii i B3
P T B\ A (=Tl o] T [0 = PP PP v
2.3.2 Restriction endonuclease digests and DNA purification and ligatian............ 44
2.3.3  Transformation of competent cells and isolation of DNA..........cccceeveiiiiiaee... 45
2.3.4  DNA SEQUENCING.......cciurrriiiiiiieeeesimee e e e esiiireere e e e e e s s s ssmens s snnnnnsreeeeeeeesennneens 4D
2.3.5  AL79L MUEBGENESIS. . ..ciiiieeiieeee e e e e e emee ettt e e e e e e s rmmee st r e e e e e e e e e anine 45
2.3.6  Generation Of adENOVIIUS VECIOIS........uuiiiiieiiiiiierer st e e see e 46
2.4 Protein Methods.........coeiiiiiiiiicee e T
241 SDSPAGE ... e e 47
2.4.2  WeSEEIN DIOMING ......viiiiiiiiiiiiiiiiiirere e e eeee s a7
2.5  ASFV geNE lIBrary.......coooiiiiii e 48
2.6  Transfection and transductionmBmmalian cell INes.............ccccoviiiiiiiecciiiieeens 48
2 A OTo 1) (o o= 1 I 0 ¢ 1o fo 1T ot0] o ) PO 48
2.8 IMAIIS @NAIYSIS.....uuiiiiiiiiiiii ittt et e e e a e e e 49
2.9 EIECIrON MICIOSCOPY. .. teeeiieieeiiiiiiitietieeet ettt e e e e e e s e bbb s enense e e e e e e e e e e e aabnb e e e eeenee e 49
2.10 MASS SPECIIOMELLY. ...ceiiiieeiiiei ittt teee et e e et ettt e ee e e e e e e eeesraneen e e e e s 50
2.10.1 Sample Preparation.............eeeeeeeeeeiiicce et e e rmmee e 50
2.10.2  SAMPIE PrOCESSIMG ..eeeererunennnnnnneinntimmmeeeeaeeaaaeaaaaeaaaeeeeeeeeaennsnnnennnnnnnn e ammnes 50
2.10.3 Mass spectrometry analySiS.........coooiiiiiiiiiii e 51
2 R S = 11 111 PP P PPPPPPRRR 51
2.12  ANDOAIES ... .. 52
2.13 Pharmacological iINhiDItOrS.............uuuiiiiiiee e 54
Characterisation of the modulation of autophagy by ASFV.........cccccviiiiiiieeeceeee 55
I A [ o1 (0T [0 o3 {0 o H PP PSPPSR PPP PP PP 55



R 7 LS 57
3.2.1  ASFV inhibits the induction of autophagosomes in resptmstarvation........... 57
3.2.2  ASFV inhibits accumulation of LG8 in response to starvation in Vero cells..59

3.2.3  ASFV inhibits accumulation of.C3-Il in response to drug treatment in porcine

MACTOPNAGES. ... .t e e e e nnann e 62
3.2.4  ASFV promotes formation of WIPI complexes...........cccovvvviiiiieamneeeeeninine 64
3.2.5  ASFV inhibits sarvationinduced degradation of p62...........ccccceviiiiieerniinnnee. 67
3.2.6  ASFV replication does not require the autophagy pathway.......................... 71

3.2.7 LC3 puncta and WIPI punctaeaobserved at the viral factory during late ASFV

g1 (=T o 110 o OO PO PP TR P PPPRPP PP 72

3.2.8  Accumulation of LC3ll is observed during late ASFV infectian....................73

3.3 DUSCUSSION. ...eieeiittite ettt emee ettt et e et eeet e e e e et e e ek et e e e s mnnsn et e e e e r e e e e nan 77

4 Investigation of the mechanisms of autophagy modulation by ASEV.......................... 82
R | 011 (0T U4 1o o PO PP PP PP P PP PPPPPPPPPPPPPR 82
4.2 RESUILS....ceiiiieiiiii et e e e e e e e 83

421 A mutant virus lacking A179L inhibits formation of starvatimmuced

o101 (0] o] g F=To [0 R o]0 o =T PP PP PPPPPP 83
422 MTORC1 remains active during ASFV infectiQn..............ccccvvviieeeiiiieeneeeeenn, 87
4.2.3  Starvationinduced inactivation of mTORCL1 is inhibited by ASEW.................. 20
4.2.4 Akt remairs active during ASFV infectiQn...........ccccviiiiiiimmmeeeeeeeceeeeeeeeeee, a1
4.2.5 Purification and electron microscopy analysis of ASEM........cccooeeviiiiiiiicee, 94
4.2.6  Purified ASFV inhibits starvatioimduced accumulation of LGB...................... 96
4.2.7 Akt and mTORCL1 are active in cells infected with purified ASEV................. 97

4.2.8  Analysis of the effects oMK-2206 and Torinl on Akt and mTORCL1 substrate
1 T0 1= ] g o] Y/ F= U1 o] o SR 99

4.2.9 Low numbers of autophagosomes are evident at 4 hpi in ASFV infected cells in the
presence of Torinl and MBR206.............ceeeeeieeiiiiiiimminiiiiieee e eseeeseees 101

4.2.10 Autophagosome formation can be stimulated in ASFV infected cells at 2 hpi in the

presence of Torinl and MBR206.............ceeeeeieeiiiiiimminiiiiiiee e eeeeesiees 104

4.3 DISCUSSION. ....etieiiitiiie ettt eeme ettt e e e et e e e ek eenr et e e et e e e e e e b et e e e s am e e et e e e e eas 108

5 Screening an ASFV gene library for potential autophagy modulators....................... 114
5.1 INETOQUCTION.....eiiiiiiiiiie ettt ee e e e 114



5.2 (R ST U1 TP 115

5.2.1 Plasmid screen optimisation to limit the appearance of transfdaotioced
AULOPNAGOSOIMES. ....cciiiiiiiiteie ettt e e e e e eener et e e e e e s e e e e e e s emmnes 115

52.2 Characterising the effects of transduction on autophagy using an adenovirus.vector

5.2.3  Generation of A179L constructs and mutagenesis of the A179L ligand binding
[0 0 T0 1Y PPN 119

5.2.4  Wild-type A179L suppresses the formation of starvatimluced autophagosomes
in Vero cells but mutant AL79L dOES NOL............uvviiieiiiiiimmneeee e eeeeeeeenn. 120

5.2.5  Screening offie ASFV gene library..........cccouviiiiiiiiiieece e 126

5.2.6  Characterising the effects of thetdfminus and @erminus of DP148R on LC3

=10 g0 110 1] o | ST P EE PP SRTTTPP 135

5.2.7 DP148Ris unlikely to be expressed by the Ba71V strain of ASEV............... 138

5.3 DISCUSSION. ...cciiitiiiie sttt ecee etttk eeme et e e e ek e e e s s eene e e e e n e e e e 140

6 Investigation of the redistribution of LC3 by E199L..........ccuuviiiiiiiiiiiiiimmee e, 145
6.1 INEFOAUCTION.....eiiiiiiiiiie ettt ettt rm e e e e e s 145
6.2 RESUILS. ...ttt e ame e e e 146
6.2.1 E199L expression induces an accumalabf LC3l in Vero cells................... 146
6.2.2 E199L expression promotes the formation of WIPI complexes................... 147
6.2.3 E199L can be detected at thealifactory during late stages of replication.....152
6.2.4  Electron microscopy analysis of cells transduced with AdH5 E199L........... 154
6.2.5 Mass spetrometry analysis of E199L interacting proteins............cccccvvvvvvuen. 157
6.2.6 E199L colocalises with the ER chaperone calnexin..........cccccceeeeiicccnennee.n. 160
6.2.7 E199L expression inttes ER SIreSS.......ccooviiiiiii e 162

6.3 DISCUSSION. ...ttt ettt rmm e e e e e e e e n e e e e as 164

7 FINAI DISCUSSION.....ciiiee ettt ee e e e e me e 169
7.1  Characterisatin of the modulation of autophagy by ASEV..........ccccciiiiiiiinnnnnnns 170
7.2  Investigation of the mechanisms of autophagy modulation by ASEV................. 171
7.3  Screening an ASFgene library for potential autophagy modulators................... 174
7.4 Investigation of the redistribution of LC3 by E199L............ccoooiiiiiiiiciies 176
A T o T Uod [WTo [T To TR =T 0 =T <P 177



T =) {1 (=] (o1 ST

Appendix |



List of Figures

Figure 1.1  Distribution of ASF outhreaks..............oooo e 22
Figure 1.2 Virion StrUCLUIE OFf ASFV......ouiiiiiiiiiiiiieee et e 26
Figure 1.3 ASFV repliGtion CYCIE.........uueiiiiiiiiiiieee e 28
Figure 1.4  Autophagy PatNWAY.........ccoiiiiiiiiiiiie e eas 32
Figure 1.5  PISK/AKU/MTOR 8XIS.....uiiiiiieiiiiiiiiiiiii e e e e eeee e e e 35
Figure 1.6  The role of autophagy in the innate and adaptive immune responses.......... 38
Figure 3.1.1 ASFV does not induce autophagosomes at 4.0pi...........ccevvvviieemeeeeeeininns 58
Figure 3.1.2 ASFV has an inhibitory effect on autophagy...........ccccoiviiiieemieie, 60
Figure 3.1.3 Imaris analysis confirms that ASFV inhibits the induction of autophagosomes in
FESPONSE 10 SLANVALIQN.......ei it eeee e e e e 61
Figure 3.2  ASFV inhibits starvatioinduced accumulation of LGB in Vero cells.............. 62

Figure 3.3.1 ASFYV inhibits druginduced accumulation of LGB in porcine macrophages...63

Figure 3.3.2 Densitometry analysis confirms that ASFV inhibits dinduced accumulation of
LC3-11 in porcing MacCrOPNAgES. ... ccoeeeeeieeiiie et rreeer e 64

Figure 3.4.1 ASFV promotesthe formation of WIPI complexes at 4 hpi under nutrient replete
(o0 T 1110 L3P PRPRRRPPPPPPRRR 66.....

Figure 3.4.2 ASFV promotes the formation of WIPI complexes at 4 hpi under starvation

(o0 T 1110 13RS 67
Figure 3.5.1 Activation of autophagy is strongly correlated with a decrease in.p62.......... 69
Figure 3.5.2 ASFV inhibits sarvatiorinduced degradation of p62..............cccvvvvirieecieeennn. 70
Figure 3.5.3 Densitometry analysis confirms that ASFV inhibits starvati@tuced degradation

Of P62 at 4 NPi AN L2NPL....ueeiiiiiiiiiiiiiieee e e 71
Figure 3.6  ASFV replication does not require the autophagy pathway.....................c..... 72

Figure 3.7 LC3 puncta and WIPI puncta are observed at the viral factory at 16.hpi......74
Figure 3.8.1 Accumulation of LC3ll is observed at 12 hpi in ASFV infected cells............. 75
Figure 3.8.2 Densitometry analysis confirms that ASFV induces an actatioo of LC3Il at

102 o | o PP T SO RPTRPOPPPPPPPPRTPP 76
Figure 4.1.1 A179L KO virus does not induce the formation of autophagosomes at.4.hpB5

Figure 4.1.2 A179L KO virus has an inhibitory effect on theformation of starvatiosinduced

autophagosomes at 4 NPi........oooeeeiiiiiiiii e 86
Figure 4.1.3 Imaris analysis confirms that an A179KO virus inhibits induction of

autophagosomes in response t0 Starvation................eeeeiicceeeeeeeeeeeeeeeeeeeeeeee 87
Figure 4.2 mTORCL1 remains active during ASFV infectian.............cccccceeeiiccceeieeninnnnn.. 89
Figure 4.3  Starvationinduced inactivation of mMTORCL1 is inhibited by ASEV.................. 91
Figure 4.4 Akt remains active during ASFV infectiQn...............ueeiiiicceeiiieiiieieeeeeee, a3
Figure 4.5 Electron microscopy analysis of nparified and purified virus inocula........... 95

9



Figure 4.6  Purified ASFV inhibits starvaticinduced accumulation of LGB in Vero cells..97
Figure 4.7 Akt and mTORCL1 are active in cells infected with purified ASEV................. 98
Figure 4.8  Analysis of the effects of MKR206 and Torinl on Akt and mTORCL1 substrate
PROSPNONYIALION. .....ceiiiiiiiii e 100
Figure 4.9.1 Starvatiorinduced formation of autophagosomes is inhibited in ASFV infected cells
21 O 0 o PP PO P PSP PPPRPPRPPPPPN 102
Figure 49.2 Low numbersof autophagosomeare evidentat 4 hpi in ASFV infected cells in
thepresence of Torinl and MR206..............cccuiiiiiiiiiieeneeee e 103
Figure 4.10.1 ASFV inhibits the formation of autophagosomes at 2 hpi.............cccevvvvveeeeee. 106
Figure 4.10.2 Autophagosomegan be inducedin ASFV infected cdls at very early stages of
thereplication cycle in th@resence of Akt and mTORCL inhibitors.............. 107
Figure 5.1 Passaging cells after transfection reduces the appearance of transfetimsd
autophagosomes and TVAS ... 116
Figure 5.2  An AdH5 vector expressing GFP does not induce or inhibit autophagy......118
Figure 5.3  Mutagenesis of the A179L ligand binding groave.........ccccccvvvvvvvieeeieeeeeeeennn. 120
Figure 5.4.1 Expressiorof WT AL179L suppresses starvatigmduced autophagosome formation
but expression of YY AL79L dO€S NOL........coooiiiiiiiii e 123
Figure 5.4.2 Transduction of Vero cells with either WT or YY A179L does not induce autophagy
........................................................................................................................ 124..
Figure 5.4.3 WT A179L suppresses the formation of starvafieduced autophagosomes but YY
ALTIL dOES NQAL....ccoi i mmme e e e e e e e e e e e e e e e e e e e e e e eeenanns 125
Figure 5.4.4 Imaris analgis confirms that WT A179L suppresses the formation of starvation
induced autophagosomes but YY A179L d0eS.N0t.........ccceeerviiiiieenninnnnnee. 126
Figure 5.5.1 B646L expression leads to inconsistent inhibition of starvdtidnced autophagy:.
..................................................................................................................... 130
Figure 5.5.2 C147L expression inhibits starvation induced autophagy in cells that demonstrate
Changes iN the NUCIBUS.............uuiiii e 131
Figure 5.5.3 E183L expression induces the appearance of LC3 labelled structures......133
Figure 5.5.4 E199L expression induces the appearance of LC3 labelled structures......134
Figure 5.5.5 DP148R expression induces tiny LC3 puncta in Vero cells and restricts the
formation of starvatiofinduced autophagoSoOmes...........covvvvveeeeieeeeeieeeeeeneenn. 135
Figure 5.6.1 Amino acd sequence alignment of DP148R in Benin 1997/1 and OURT88136
Figure 5.6.2 OURT88/3MGF36017R expression does not induce LC3 puncta or restrict
starvationinduced autophagosome formatiQn.............ccooeeviiiicccveeeeieeeeeeeeee. 137
Figure 5.6.3 OURT88/3DP148R expression induces low numbers of LC3 puncta and does not
restrict starvationnduced autophagosome formatian.....................cceeceennees 139
Figure 5.7 DNA sequence alignment of the DP148R region in Ba71V, Benin 1997/1 and
OURTBB/3 SIAINS ...ceiiieiiiiiiiiiiiiie et eeete e e e e e et e e e eeme e e e e e e e s bbb e e e e e eman 140



Figure 6.1 E199L expression induces an accumulation of UG8 Vero cells................... 147

Figure 6.2.1 Transductionof Vero cells with E199L but not E183L induces the appearance of

WIPT PUNCEA......eiiiiieieieeeeeeee e mees e e e 149
Figure 6.2.2 Transductionof Vero cells with E199L or E183L does not inhibit the formation
of starvationinduced WIPI PUNCEA...........cccviiiiiiiiiiieeeeee e 150

Figure 6.2.3 Imaris analysisconfirms that E199L induces the formation of WIPI puncta but

N ST I o (o =2 o o | 151
Figure 6.3.1 Rabbit antiserum detects E199L expression in transduced Vero.cells........ 153
Figure 6.3.2 E199L is located at the viral factory at 10 Npi..........ccooiiiiiiiiimeniiiieieeeeeeee 154
Figure 6.4  Electron microscopy analysis of cells transduced with E183L and E199L..156
Figure 6.5.1 Analysis of E199L expression and capture usingldAtiaffinity matrix............ 158
Figure 6.5.2 Analysis of E199L interacting proteins...........cccvvvvuriiiimneeeeeeeeeeeeeeeeeeeeeeeeeea 159
Figure 6.6  E199L colocalises with the ER chaperone calnexin...........ccccceeeiviccenrnnnnnn. 162
Figure 6.7 E199L expression inducCes ER SEESS.........uuuuiiuuiiiiiiccreeieeeeeeeeeeeeeeeeeee e eeeeaes 164

11



List of Tables

Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 5.1
Table 6.1

O 0] 41T USRS 44
SEQUENCING PHIMEIS...ceiiiiiiieeiiiaiiiirireessrreerreeeeeessssnnsnsenesssrseeeeeeesssesnnnnnneeenensss 4D
AL79L MUEAGENESIS PIIMEIS....cciiiiiiiiiiiieie e e eaemt e e e e s e e e e e s smmme e e e e e nnreneed 46
ANTDOAIES ... e 52
Pharmacological iNNiDItOrS. ... 54
Summary of ASFV gene library screening results..............ccccvvveeeeeeeieeninee 127
Significant E199L interacting proteins related to ER function.......................c.. 160

12



List of Appendices

Appendix |

13



Declaration of Authorship

| certify that tke work contained in the thesis submitted by me for the degree of Doctor of
Philosophy is my original work except where due reference is made to other authors, and has no

been previously submitted by me for a degree at this or any other university.

Gareh Shimmon

14



Acknowledgements

My gratitude is first and foremost given to my primary supervisor Dr Chris Netherton for his
unwavering supportguidanceand seemingly infinite patiena#aroughout my PhD. During the
numerous times | believedh e pr oj ect was 06st uanklernatveway.i s h
also appreciate all of the DIY adviedong withour manyshady car park dealingswould like to

thank my university supervisor Professor Tom Wileman who always provided a frephgbiees

on the project and reminded me not to drown in the defaink you to the ASF and ASF

Vaccinology groups for providing feedback, advice, reagantl some laughs along the way.

My thanks also go to the bimaging department for the help that Bippa Hawes provided with
al | things microscopy related and the endl es
the confocal microscopewould also like to thank Jenny for her tea and lunchtime companionship

where wewere abldo discuss theeal hings that matter in life such as scrunchers and folders.

I would like to extend a special thank ytm my science and life mentor, Professor Terry Jackson
who gave me the opportunity to start my science career. Little did you know that you haahhired

employee for life. | look forward to continuing our science partnershipeifield of homebrewing.

My sincerest gratitude also goes to my friends Dr Tim HaSaynuel and 2Lt Tom Nicholson for
the unhealthy amounts of meat that esmsumedand theepic weekends away in the Welsh rain.
Tim provided a constant r e mibandBom embbdaed thetationn e

that there is so much more to life than being in the lab.

| would like to thank my family for their support, particulary parentsvho sacrificed so much
to ensure that | received the best possible educatioarammliraged me to never shy away from my

goals.

My greatest thanks go to Grace for your love, support and advice throughoptoibet |
apologise for the severakcasionghat the seemingly endleseries offailed experimentsed to
anger, frustration and sadne#isremains questionable whether | would have a thesis to hand in

without your encouragement. | am truly grateful.

15



Abbreviations

Mg Microgram

ul Microlitre

pm Micrometer

UM Micromolar

xg Centrifugal force

°C Degree<elsius

3-MA 3-methyladenine

4E-BP1 4E-binding protein 1

AdH5 Adenovirus human type 5
AMPK 5' AMP-activated protein kinase
ANOVA Analysis of variance

ASF African swine fever

ASFV African swine fever virus

Atg Autophagyrelated gene

ATP Adenosine triphosphate

Bcl-2 B-cell ymphoma 2

CD Clusters of differentiation
CHOP C/EBP homologous protein
CLEM Correlative light electron microscopy
Cnx Calnexin

CPE Cytopathic eféct

DAMP Damageassociated molecular pattern
DAPI 4 Ngiaénidino2-phenylindole
DENV Dengue virus

DMEM Dulbecco's modified eagle's medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleoside triphosphate
EBSS Earle's balanced salt solution
EDTA Ethylenediaminetetraacetic acid
EIF Eukaryatic initiation factor

16



EM

ER

FCS
GABARAP
GFP

HA

LAMP
LAP
LB
LC3
LC3-I
LC3-II
LIR
MAP1LC3
MEF
MES
MGF

Electron microscopy

Endoplasmic reticulum

Foetal calf serum

2-aminobutyric acid receptassociated protein
Green fluorescent protein

Human influenza hemagglutinin

Human cytomegalovirus

4-(2-hydroxyethyl}1-piperazineethanesulfonic acid

Human immunodeficiency virus
Hours posinfection
Horseradish peroxidase
Herpes simplex virus

Influenza A virus

Infectious bronchitis virus
Immunofluorescence

Interferon

Interleukin

Immunoprecipitation
Interferonstimulated gene
Japanese encephalitis virus
Knock-out

Lysosomeassociated membrane glycoprotein
LC3zssociated phagocytosis
Luria broth

Short for MAP1LC3
Nontlipidated LC3

Lipidated LC3

LC3-interacting region
Microtubuleassociated protein 1 light chain 3
Mouse embryo fibroblasts
2-ethanesulfonic acid

Multigene family

17



MHC
MHV

ml

mm

mM

MOI
MOPS
MS
MTOC
mMmTOR
MTORC1
ng

nM

ORF
p70-S6K
PAGE
PAMP
PAS
PBS
PCR
PDI
PDK1
PE

PFA
PI3K
PKB/AKkt
PKR
PRR
PTDINS3P
PTEN
PV
PVDF

Major histocompatibility complex
Mouse hepatitis virus

Millilitre

Millimeter

Millimolar

Multiplicity of infection
3-(N-morpholino)propanesulfonic acid
Mass spectrometry
Microtubuleorganizing cent
Mammalian target of rapamycin
Mammalian target of rapamycin complex 1
Nanogram

Nanomolar

Open reading frame

Ribosomal protein S6 kinase béta
Polyacrylamide gel electrophoresis
Pathogerassociated moleculgattern
Preautophagosomal structure
Phosphatduffered saline
Polymerase chain reaction

Protein disulfidesomerase
Phosphoinositidelependent protein kinase 1
Phosphatidylethanolamine
Paraformaldehyde

Phosphoinaside 3-kinase

Protein kinase B

Protein kinase R

Pattern recognition receptors
Phosphatidylinositol phosphate
Phosphatase and tensin homolog
Poliovirus

Polyvinylidene fluoride

18



Rab
RNA
RPM
RTK
SDS
SOC
SQSTM1
TBK1
TBS
TE
TEM
TFA
TIR
TLR
TNF
TOR
TSC2
TVA
ULK
UPR
VACV
Vps34
WB
WIPI
WT

Rasrelated protein

Riborucleic acid

Revolutions per minute
Receptor tyrosine kinases
Sodium dodecyl sulfate

Super Optimal broth
Sequestosome 1 (p62)
TANK-binding kinase 1
Tris-buffered saline

Tris-EDTA

Transmission electron microguy
Trifluoroacetic

Tandem inverted repeat
Toll-like receptor
Tumournecrosis &ctor

Target of rapamycin

Tuberous sclerosis complex 2
Tubulovesicular autophagosomes
Uncoordinated 5like kinase
Unfolded proteirresponse
Vaccinia virus

Vacuolar protein sorting 34
Western blot

WD-repeat protein interacting with phosphoinositides

Wild-type

19



1 Introduction

11 African swine fever

African swine fever (ASF) is an infectious disease ahdstic pigs and wild boar. ASF can inflict
severe economic losses due not only to livestock mortality but also to the enforcement of trade
restrictions. Efforts to control the disease are challenging owing in part to its complex
epidemiology. This has ctiibuted to significant spread of ASF in s8aharan Africa, Europe and

Asia. With the likelihood that the distribution of ASF will expand, the importance of conducting
fundamental research on its biology is paramount.

1.1.1 Historical perspectives

ASF was provisionally identified in Kenya by RE. Montgomery in 1910, and first published later in
1921 (Montgomery, 1921)Montgomery noted that in most disease cases the presence of wild pig,
chiefly the warthog Phacochoeruspp was known in the vicinity of affected farms. In describing
the severity of the di sease, he wrote, inéas
contract infection, must be prepared for a practically totaldoé 6 | n additi on,
determined that ASF was caused by a virdsrican swine fever virus (ASFV). Work conducted

in South Africa a few years | ater confirmed
bushpigs Potamochoeruspp were a rearvoir for the virug(Plowright, 1986) Not long after, it

was discovered that employing a strict stamping out policy was an effective control measure which
led to the eradication of the disease from Cape Province in Séutha Ay 1939(Pini and Hurter,

1975)

Although it was widely accepted that warthogs and bushpigs were the most likely culprits
responsible for the emergence of disease in domestic pigs, it was also known that contact betwee
domestic and wild pig populations was rare. Furthermore, experiments aimedsatittiag the

virus from infected warthogs to the domestic host had not been sucd@ssker et al., 1969)
Major breakthroughs came in 1963 when ASFV was detected in a&rokt{odoros erraticugin
Spain(Sanchezotija, 1963)and in 1969 when Plowright and colleagues isolated ASBWw

ticks (Ornithodoros moubatathat inhabited the burrows of warthofRBlowright et al., 1969)
Following these initial tcoveries, it was determined that ASFV replicated in the(Rtbwright et

al., 1970b) that both transovarial and sexual transmission of ASFV in ticks was possible
(Plowright etal., 1974, Plowright et al., 1970ad that infected ticks could transmit the disease to
domestic pigs under experimental conditiof®owright et al., 1970b)Additionally, it was
proposed that ticks could harbour thieus for life and serve as a long term reservoir without
repeated exposure to a viraemic h@Btowright et al., 1970b)This not only provided an
explanation for the mechanism behind transfer of virus from the wildt@igts domestic
counterpart but also served to explain how the disease suddesppeaared in regions that had

since been declared free from disease.
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1.1.2 Distribution and impact

ASF remains endemic in most of s@aharan AfricaThe first spread oASF outside of Africa
occurred in 1957 when waste from airline flights was fed to pigs located near Lisbon airport
(Boinas et al., 2011Although the disease was rapidly eradicated, #atreduction into Portugal

in 1960 preceded a 3@ar period of outbiks within the Iberian Peninsul@aostard et al., 2009)

In Sardinia, the disease has remained endemic since(ESB3, 2010) ASF was also reported in
The Americas in the 196006s, h qSarehezVizcainoatsal., e r a |
2012) In April 2007, ASF emerged in the Caucasus region near the port of Poti on the Black Sea
(Rowlands et al., 2008)Believed to have been introduced through infected meat products
transprted on international ships, the disease has since spread into the Russian Federation, Chin
Vietnam, Laos, Mongolia and much of Eastern Europe. ASF was detected for the first time in
Western Europe in September 2018 in wild boar located in BelgiumreFigd shows the
distribution of ASF outbreaks as reported by the World Organisation for Animal Health (OIE).

At least twentytwo distinct genotypes of ASF have been defined, each of which are not uniformly
geographically distributedDixon et al., 2013) Genotype | comprises viruses sampled from
Europe, South America, the Caribbean and West Africa. Analysis revealed that it was virus
belonging to genotype | thatrgad from Africa to Portugal in 1957 and 198astos et al., 2003)

Virus introduced to the Caucasus in 2007 belongs to genotype Il which circulates Heastatim

Africa (Rowlands et al., 2008)

ASF is considered one of the mostportant diseases of swine due to the severe socioeconomic
consequences of an outbreak. Depending on the infecting strain, mortality rates can be as high ¢
100%(Hubalek et al., 2014)An estimated 296 000 pigs medestroyed in the North Caucasus and
Russian Federation between 2007 and 2012 as part of disease control n{€asginest al., 2013)

and in Vietnanmore than 1.2nillion pigs, 4% of e national herdhave now died or been killed
(Normile, 2019) Due to their complex nature, eradication programs are costly. An estimated $92
million was spent by the Spanish authorities during the fival years alone of an eradication
program that lasted ten yedg@rias and Sanche¥izcaino, 2002a, Arias and Sanckhézcaino,

2002b) ASF is an OIE notifiable disease and as such, countries experiencing araloutbre
countries considered to be ASF endemic are subject to trade restrictions on swine and swine
products. Countries that are free from ASF take significant precautions against introducing the
disease. Many countries in Africa, Eastern Europe and Asia &digh proportion of smadicale

and subsistence farmers whose livelihoods depend on the sale and consumption of products fror
tiny herds. The death or destruction of their animals, in most cases in the absence of financial

compensation, is particularievastating.
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Figure 1.1 Distribution of ASF outbreaks

Distribution of ASF outbreaks reported to the OIE in Europe (Panel A) and Asia (Panel B) from

January to July 2019. (Obtained from www.oie.int/)
22



1.1.3 Clinical features

The incubation period, clinical presentations and pathological findings of ASF vary significantly
depending on the infecting virus strain, the route and dose of infectionelsasv host
characteristic§¥Sanche/izcaino et al., 2015)ASFV is classified according to virulence. In
general, highly virulent strains cause the peracute and acute forms of ASF while moderately
virulent strains leadotthe acute and stdrute forms. In addition, chronic forms are usually caused
from moderatdo-low virulent strains. The acute form has an incubation period4oti8ys but in

other forms of ASF this can be up to 20 dafanchezVizcaino et al.,, 2015) Typical
haemorrhagic clinical signs of the peracute and acute forms of ASF have led to its description as «
haemorrhagic disease. Haemorrhggian be widespread including petechiae, epistaxis and lesions
of lymphoid and nosymphoid organs(Rodriguez et al., 1996Dther presentations of disease seen

in the chronic and aclinical forms have been desdribat exclude this characteristic feature. In
fact, in most cases nespecific clinical signs are seen such as loss of appetite, vomiting, diarrhoea,
depression, huddling and fevéBanchez/izcaino et al., 2015) Duration of illness varies
considerably with subacute forms lastin@® days. Chronic forms can develop ovemi@nths in

some casesAs ASF is clinically simiar to other diseasesuch as classical swine fever and
salmonellosis, laboratory testing is essential for definitive diagnosis. In warthogs and bushpigs, a
transient viraemia is detected but these animals do not show any diiisieasgJori and Bastos,

2009)

1.1.4 Transmission and pathogenesis

In domestic populatiezs, ASF is mainly spread via the arasal route. Transmission can also occur

by consumption of contaminated material such as swill, by contact with materials and fomites
contaminated with the excreta from infected animals and by bites from infecte(Qidksit et al.,

2016) Infected pigs may shed virus up to 48 hours before the onset of clinicalBemith and
Vosloo, 2009) One study has reported the mechanical transmission of ASF by large biting flies
experimatally (Mellor et al., 1987)ut there have been no reports of this infibk. Airborne
transmission is possible but over very short distances and is likely to only be a problem in intensive
farming units(Wilkinson et al., 1977)There is no reliable evidence pointing to trpiecental
transmission. Recent research has shown that recovered pigs were able to transmit the virus t
susceptible populations #® months after infection, suggesting a role for carrier animals in the

maintenance of disease in endemic reg{@wallardo et al., 2015)

In the vertebrate host, ASFV predominantly infects monocytes and magespffaomez
Villamandos et al., 2013however in later stages of disease several other cell types including
lymphocytes and neutrophils can also be infe(@airasco et al., 1996a, Carrasco et al., 1996b)

the case of ormasal transmission, primary infection occurs in monocytes and macrophages of the

tonsils and mandibular lymph nod@Sreig, 1972) From there, it spreads to target organs via the
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blood and draining lymph nodes. As the principal sites of secondary replighi®includes bone
marrow, liver, lungs, spleen, kidneys and lymphatic tigBleme et al., 2013)Upon infection,
several macropha&gsubpopulations demonstrate secretory and phagocytic activation. This leads to
a dramatic increase in pioflammatory cytokine release, in particular1l.IL-6 and TNFU wh i ¢ h
coincides with fever and vascular dam&8alguero et al., 2002)ndeed, it is generally accepted

that haemorrhagic lesions result from cytokine interactions rather than byinduced cell
damaggBlome et al., 2013)

1.1.5 Control of ASF

ASF is regarded as one of the most complex infectious diseases of swine. The fact that ASF exist
in an ancient sylvatic cycle means that the virus is maintained in regions in whitttogs and

ticks coexist. Therefore, preventing the spread of disease into domestic pig populations is centred
on eliminating contact with wild suids and the ticks in contact with them. In regions with wild boar
populations such as Europe, additional siderations need to be made on the potential for
comparatively long distance disease dissemination. In fact the recent spread of ASF into domesti
pigs in the Russian Federation is attributed to direct contact between wild boar arahdieg

pigs (Gogin et al.,, 2013) In addition, ASFV is remarkably stable in protein environments,
consequently virus has been detected in a number of meat pr@dlat¢srcher etal., 1978)

Collectively, these factors contribute to making the control of ASF a challenging task.

Effective control of ASF can however be achieved through a combination of slaughter, quarantine
and stringent biosecurity measures. For example, thisiredade limiting the movement of
vehicles and people between premises and banning the feeding of swill to livestock. These anc
other strict sanitary measures were instrumental in the eradication of ASF from Spain in 1995
(Arias and SancheYizcaino, 2002h) Currently, there is no commercial ASF vaccine available
although many researchers consider the prospects for vaccine develapirepromising. While
inactivated virus does not confer protect{@home et al., 2014)low virulent strains can provide a
degree of protection against closely related virulent stiimg et al., 2011, Leitao et al., 2001)

In the past, a number of vaccine strategies have been tested including the usattériveted
vaccineg§O'Donnell et al., 2015, Reis et al., 2058 seeral types of subunit vaccirf@rgilaguet

et al., 2012, Ivanov et al., 2011, Neilan et al., 2004, Netherton et al.,. 20h8¢ many of these
candidate vaccines have shown potential, none have advanced to c@aipreduction. This is

partly due to a lack of complete understanding of the required elements for immune protection in
the host.

The role of antibodies in protection against ASF is keenly deb@sdribano et al., 2013)
Research has shown that neutralisation of virulent isolates can be achieved in vitro using
convalescent pig serum or monoclonal antibodies raised against neutralizing gjdtopaset al.,

1994, Zsak et al., 1993owever, exploiting this as a means of immunity in the in vivo setting has
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not been reliably demonstrat@@arderas et al., 2001, Neilan et al., 2004, Onisid.e 1994) This

would indicate that taken in isolation, the humoral response is not sufficient to confer protection.
Indeed, the cellular immune response including natural killer cells and cytotoxic T lymphocytes has
been shown to be undoubtedly im@art(Oura et al., 2005, Takamatsu et al., 2013)

1.2  African swine fever virus
1.2.1 Classification

ASFV was initially classified as a myxovirygndrewes, 1963, Breese aftBoer, 1966then

later, based on the icosahedral morphology of the capsid, reclassified as a member of the
Iridoviridae (Kelly and Robertson, 1973However, further research revealed that in several
important aspects such as genome structd8fV more closely resembled poxvirus@sixon,

1986) In 2001 the virus was reclassified for a second time as the only known member of the family
Asfarviridae in the genus Asfivirgauquet and Mayo, 200Iyhe Asfaviridae family belonggo

the nucleecytoplasmic large DNA virus supémily (NCLDV) which also includes Poxviridae,
Iridoviridae, Phycodnaviridae, Mimiviridae and other giant virus fami(lger et al., 2006)
Phylogenetic analysis reveals that ASFV is located in a distinct clade between the Poxviridae anc
Iridoviridae (Raoult et al., 2004)

At present, ASFV is the only known true DNA arbmg. Despite some evidence for the role of
Ixodid ticks in the transmission of lumpy skin disease Vfflugopurainen et al., 2013, Tuppurainen

et al., 2011)replication within the tick host is yet to be demonsutléTuppurainen et al., 2015)
1.2.2 Morphology

The ASFV virion is icosahedral in shape and approximately 200 nm in dia(Brtse and
DeBoer, 1966, Carrascosa et d984) The triangulation number of the capsid is P49,
corresponding to 1892172 capsomergCarrascosa et al., 1984)he virion comprises at least 68
proteins arranged into four concentric domains, named as the nucleoid/coedrixner eavelope
and capsidAlejo et al., 2018, Salas and Andres, 201&3ditionally, each virion acquires an
external envelope upon budding through the plasma mem{Baeese and DeBoer, 196@jigure

1.2 depicts a graphicetpresentation of the ASFV virion structure.

The B646L gene product p72 is considered the major capsid protein and constitutes one third of the
virion masg/Andres et al., 1997Beneath the protein capsid lies the inner lipid membrane. Initially
this was believed to be a double meart®(Andres et al., 1998, Rouiller et al., 1998)wever,
using a novel method of sample preparation for electron microscopy, Hawes and colleagues
showed a single lipid bilayer formed from the collapse of the dasdiyjc reticulum (ER) cisternae
(Hawes et al., 2008)Another structural proteinp54 (J13L) is present within the inner envelope
and is thought to be an important factor in the mechanism of ER co(Mfysdsor et al., 2012)
The protein products from the cleavage of two polyproteipp220 and pp62, form a protein layer
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approximately 30 nm in size referred to as thatrixicore shell. Collectively, these protein
products account for 32% of the virion mg8sdres et al., 2002)Cleavage of the polyproteins is
carried ait by the viral proteasé pS273R, also located in theatrix/core shell(Andres et al.,
2001a) The nucleoid is a dense region of approximately 80 nm in size and contains the viral
genome (Andres et al.,, 1997)nucleoproteins and transcriptionailachinery including RNA

polymerase and early transcription fact(®alas and Andres, 2013)
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Figure 1.2 Virion structure of ASFV

Image displays the morphology of the ASFV viriogpproximately 200hm in diameterArranged

into four concentric domains, starting from the centlee nucleoid containing the condensed viral
DNA; the matrix/core shell; the inner ménane derived from the ER; th&2 capsid and finally

the outer envelze acquired from budding through the plasma membrane. The triangulation number
of the icosahedral capsid is 1897, corresponding to 182272 capsons. Obtainedfrom
ViralZone, Swiss Institute dBioinformatics (ViralZone, 2019

1.2.3 Genome organisiain

The ASFV genome comprises a single linear, deabkended AT rich DNA molecule that varies

in length from approximately 170 to 193 kbp degiieg on the virus isolat€Chapman et al., 2008,

de Villiers et al., R10, Yanez et al., 1995Between 151 and 167 closely spaced open reading
frames (ORFs) are encoded in balinections(Yanez et al., 1995)The majority of these genes
have no known or précted function & present{Chapman et al., 2008)n similarity to xvirus

DNA, the ends of the ASFV genome contain hairpin loops which are inverted and cont@iyne

to each other(Goebel et al., 1990, Gonzalez et al., 1986)further resemblance tpoxviruses,

these hairpin loops are adjacent to tandeverted repeats (TIRBogo et al.1984, Yanez et al.,
1995) The dissimilarity in genome length between ASFV isolates can be due to variation in the
number of TIRgBlasco et al., 1989, Dixon et al., 199®wever variation is predominantly due

the loss or gain of members of the five multigene families (MGFs); MGF 100, 110, 300, 360 and
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505/530 which are positioned towards the teahends of the genonf€hapman et al., 2008, de la
Vega et al., 1990, drtugal et al., 2015)in addition, some genes that do not belong to MGFs such
as DP96R and E66L demonstrate a variable issjageific presence. These two genes are present
in Ba71V but not Malawi Lil20/XYanez et al., 1995Some genes such as DP71L can exist as a
long form (184AA) or a short form (71AA) which also contributes to changes inngehength
(Goatley et al., 1999)The presence or aaxe of members of MGF360 and M&F5/530
significantly influences the observed differences in pathoggniatween isolate@\eilan et al.,
2002, Portugal et al., 2015)

1.2.4 Replication and infection cycle

Viral replication of ASFV is a highly orchestrated process. ASFV displays a tropism for cells of the
monocytemacrophage lineage both in vivo and in viffeernandez et al., 1992, Malmquist and
Hay, 1960) In order to mitiate an infection, viruses are required to bind to the surface of a target
cell, transverse the plasma membrane and gain entry to the relevant cell compartment to begil
replication. Receptemediated endocytosis is believed to be a major route of émtnASFV
(Alcami et al., 1989) however the precise receptor(s) used are yet to be determined. Work
conducted by Galindo and colleagues pointed to proteinsgasdjor class of receptor as opposed

to lipids or carbohydratg$alindo et al., 1997)0ther studies have linked cell permissivengisis

the presence of specific cell surface markers, including CD2QB&€ullough et al., 1999)
porcine CD163SancheZlorres et al., 2003nd CD45 and MHCI(Lithgow et al., 2014)While

these molecules may have a role as receptors, it remakmown if tiey are essential for infection.

One of multiple investigations into the entry of ASFV has revealed a dependence on dynamin anc
presents clathrimediated endocytosis as the most likely entry mechaftigmaez and Alonso,

2010) In contrast, ASFV infection was impaired following treatment of cells with a sodium/proton
exchange inhibitor which is regarded as a hallmark of macropinocy®aixhez et al., 2012)
Further to this, work carried out by Basta and colleagues implicated phagocytosis as the primary
means of ASFV entry into macrophagBsasta et al., 2010)ollowing these studies there has been

no conclusive evidence to exclusively support one hypothesis over another although a recen
investigation concluded that ASFV uses both clathmediated endocytosis andaoropinocytosis
(Hernaez et al., 2016Hernaez and colleagues found that macropinocytosis was not specifically
stimulated by the virus suggesting that internalisation of the virus via this route was more ékely th

result of constitutive sampling of the environment by the cell.

Despite the existence of multiple theories on virus entry, it is believed that only virus which enters
the endocytic pathway results in a productive infection as intraluminal aattficof endosomes
is essential for virus unoating (CuestaGeijo et al., 2012)Similarly, a loss of integrity of the
endocytic pathway, inhibiting the maturation of early endosomes into late endosomes results in

reduced infectivity(CuestaGeijo et al., 2012)After capsid urcoating the viral inner membrane
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fuses with the endosomal membrane and delivers the viral core particle into the @ytoeakz et
al., 2016)
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Figure 1.3 ASFV replication cycle

ASFV enters susceptible host cells by (1) macropinocytosis, (2) clathrin mediated endocytosis or
(3) phagocytosis and enters the early endosome (EE) (4). Maturation of the early endosome
produces the late endosome (LE) (5) whereedimpsidation occurs followed by release of the
partially uncoated core particle by fusion of the inner membrane and endosomal membrane. Early
transcription begins in the partially uncoated core whilst the initial phase of DNA replication
occurs in the nucles (6). Later in infection, replication and assembly of the virion occurs in the
virus factory (VF) (7). Fully assembled virus particles are transported to the cell surface along
microtubules (8) and are released either by budding (9) or travelling attingoeojections (10).
(Obtained from Dr Claire BarbeiBarber, 2015)

Following release into the cytosol, the core relocates to within close proximity of the microtubule
organising centre (MTOC) in the perinuclear regiéfernaez et al., 2006)This relies on the
interaction between the structural protein p54 and dynein motor proteins to facilitate transport
along the microtubule netwoildlonso et al., 2001)Viral DNA replication occurs in two phases.
The first is a nucler phase which produces short DNA fragments which can be seen budding into
the cytoplasm(GarciaBeato et al., 1992)The second phase is cytoplasmic resulting in longer
DNA fragments whichare the precursor molecules of mature viral Dojo et al., 1999)
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Production of genomic DNA occurs in a similar manner to poxviruses through the formation of
head to head concatemeric subunits which are themivesl into units of genomic lengf{Moss,

2013, Rojo et al., 1999)The exact purpose of the nuclear phase of replication remains unclear.
Destabilisation of the nuclear membrane is a bystander effect which thac@éss to the host
RNA polymerase Il which is inactivated and degraded by the {Bakester et al., 2011)

ASFV gene expression is divided into distinct phases of transcription in the viral replication cycle
(Rodriguez and Salas, 201&enes ar classified as immediatarly, earlyintermediate and late.

The classes are based on experimental conditions rather than timge.pbnmediatearly
transcripts are synthesised in the presence of cycloheximide and so do not require protein synthesi
Early transcripts are not sensitive to DNA synthesis inhibitors whereas both intermediate and late
are. Transcription and DNA replitan are closely cordinated with a decline in early gene
expression observed at the onset of DNA replicat®odriguez and Salas, 2018khough there

are two types oearly transcripts, those that are turned off after DNA replication begins and those
that are not. The ASFV virion contains sufficient transcriptional machinery, thought to be at least
20 genes, to synthesise mature transcripts with transcription commgpeatcidT rich promotor
sequences upstream of each g@tmdriguez and Salas, 201®) contrast, ASFV is entirely reliant

on the host translational machinery for viral fein production as is the case for most viruses.
Infection leads to increased assembly of the host translation complex @E&gtello et al., 2009)
Interestingly, the virus has developed strategies to favoursyhéhesis of viral proteins for
example by impairing the rCGastdliccetal., 2609pSEY dlso o f
encodes a gene (DP71L) that ensures global protein synthesis is maintained in tfiedtdazo

i nnate i mmune response&hangetall,2@®osphoryl ating

Assembly of virions takes place in structures called virus factories located close to the MTOC and
first observed in the cell & hpi (Brookes et al., 1996 he microtubule network has a significant

role in the formation of these structures by facilitating the transport of various essential components
(Rojo et al., 1998, Stefanovit al., 2005) Each viral factory consists of structural proteins, viral
membranes, immature and mature virions and viral DNA enclosed in a vimenti(Czag®old et

al., 1996, Rouiller et al., 1998, Stefanovi@kt 2005) To the periphery are an abundant number of
mitochondria(Rojo et al., 1998)Also recruited to the viral factories is EIF4F and other elements

of the host translation machinefg€astello et al., 2009)n the absence of p54iral factories are
generated that lack membrane precur¢Badriguez et al., 2004)ndeed, p54 is essential in the
recruitment of structural proteins as well as ER membranes to the viral factory and therefore

represents a key factor in the morphogenesis of ASFV.

Morphogenesis begins with the modification of ER membrane to form the precursors of the inner
envelope. These are initially observed as laminar structures upon which the protein core is
assembled on theoncave face and the capsid on the convex surface creating immature polyhedral
virions (Andres et al., 1997, Garelscudero et al., 1998)A number of viral proteins play
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important roles in the production of maturigions. Capsidassociated protein 80 (CAP80), the
B602L gene product is a chaperone protein required for the conformational maturation of the major
capsid protein p72Cobbold et al., 2001)ormation of capsid vertices fisliant on the structural
protein pB438L which is a crucial component to attaining the correct icosahedral capsid structure
(Epifano et al., 2008)hile the virus core is formed from products resulting from the processing of
the polyproteins p220 and p@&ndres et al., 2002)'he concluding steps of ASFV morphogenesis
occur when viral DNA condenses outside of, and adjacent to empty gattdorm a pronucleoid
before being inserted into the maturing cafg&obokes et al., 1996 Closure of the capsid vertex

and condensation of the particle completes the prq@&wsskes et al., 1996Mature virions are
transported to # plasma membrane along microtubules in a conventional kidepiendent
manner(Jouvenet et al., 2004a process in which the viral protein pE120R is esse(iatres et

al., 2001b) Egress of the virus primarily occurs through budding of the plasma men{Braese

and DeBoer, 1966however at later time points in infem cells may undergo lysi@reese and
DeBoer, 1966)

1.3  Autophagy

In the early 19606s, researchers began to d
bul k segregation and digest i onDedive gnd Wattiaux,n s
1966) The term 6éautophagydé was c(ba Dueedl1963)and 19 6
derives from the Greek word meaning smdting. In distingishing this from proteasomal
degradation, autophagy specifically refers to the catabolic process that leads to elimination of
cytosolic cell constituents by delivery to mammalian lysosomes or plant and yeast véBogkes

et al.,, 2013) Products resulting from this breakdown areused to maufacture new macro

molecules or provide an energy source to maintain metabolism under nutrient deprivation.

To date, three distinct types of autophagy have been described. Microautophagy involves inward
invagination, protrusion or septation of the lysosb membrane which leads to engulfment of
cytoplasmic contents for degradatin et al., 2012) Chaperonenediated autophagy relies on the

use of baperone proteins to mediate the passage of proteins across the lysosomal membrane ar
into the lysosomal lume(Cuervo, 2011)Microautophagy and chaperenediated autophagy are
processes in which comparatively smaller cytoplasmic objects or molecules are degraded. In
contrast, macroautophagy was the designation stegjdy Mortimoreet al to distinguish bulk
segregation of cytoplasm as originally described by de Duve from other mechanisms of autophagy
(De Duve, 1963, Mortimore et al., 1983)he process of macroautophagy fadter referred to as
autophagy) is centred on the incorporation of cargo into specialised vesicular organelles called
autophagosomes. These migrate to and fuse with lysosomes containing acid hydrolases that cari
out breakdown of the cargo which can irdildamaged organelles, lofiged proteins, and even

invasive pathogens
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1.3.1 Macroautophagy

Autophagosomes, although not named as such at the time, were first visualised by electror
mi croscopy i n(Clarkh 4957, Haviloff et al5 D966 Clark described in mouse
kidney cells vacuoles containing dense isncl u
of mi t o.cSmeenteém, auwophagy has been reported in a wide array of cells in animals
plants and fungisuggesting that autophagy is a highly conserved pathway through evolution
Autophagy is a complex process involving least 30autophagyrelated (Atg) gene mpducts
(Mizushima et al., 2011)n contrast to most other intracellular trafficking pathways, induction of
autophagy involves de novo formation of douflembrane vesicles (autophagosomes) i.e. vesicles
that do notbud from a preexisting organelle although there is evidence to suggestévatal
organelles can contribute membrane includinigpchondria(Hailey et al., 201Q)Golgi apparatus
(Geng and Klionsky, 2010and the ER(Yla-Anttila et al., 2009) The autophagy process is
summarised in Figure 1.4 and can be broadly divided into three eweniiation; vesicle
elongation (forming the eoplete autophagosome) and maturation (fusion with the lysoséme).
yeast, atophagosomes are formed &pngation of thésolation membrane in jprocess that takes

place at thepre-autophagosomal structure (PASJuzuki and Ohsumi, 2010)Jn mammals,
autophagosomes are nucleated within a membrane compartment called the omegasome that
dynamically connected to the HRxe et al., 2008)Described below are two protein complexes

and two conjugation systes which are critical to the autophagy pathway.

1.3.1.1Target of rapamycin

The target of rapamycin (TOR) protein plays a major regulatory role in autopheggtion
(Sengupta et al., 20L.0The mammalian homolog is known as mTOROR forms a protein
complex that under nutrienich conditions is active and inhibits autophagy whereas under nutrient
deprivation or rpamycin treatment, TOR is inhibited allowing for an increase in autophagic
activity (Noda and Ohsumi, 1998)his function is mediated through interaction with the Atgl
Atgl3-Atgl7 kinase complex possibly in combination with other Atg proteins such as Atgl1l,;
Atg20; Atg24; Atg29 and Atg30. More specifically, TOR regulates the phosphorylsttidm of
Atgl3 (Kamada et al., 2000)Upon inactivation of TOR, Atgl3 is rapidly dephosphorylated
resulting in increased affinity for Atgl and Atgl7. The interaction of Atgl with Atgl3 and Atgl7
triggers activatiorof Atgl kinase activity. The kinase activity of Atgl is essential for autophagy
although its exact downstream functions remanclear(Cheong et al., 2008)'he functionally
equivalent mammalian homologs of yeast Atgl are the uncotediriEtlike kinases 1 and 2
(ULK1 and ULK2). Knockdown of ULK inhibits autophagy in a step downstreamnofOR
(Chan et al., 2007)
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Regulation of autophagy occurs via a set of autopielgyed proteins (Atg proteins). Nutrient
deprivation leads to inactivation oFOR resulting in activation of downstream Atg proteins. In
combination with other factorshese events are required for initiatiomembrane nucleation and
elongationandfinally, maturation and fusion of the autophagosome with the lysosome leading to
degradation of cargo.dapted fronGelino and Hansen (2012)

1.3.1.2Vacuolar protein sorting 34

The vacuolar protein sorting 34 (Vps34) lipid kinasenplex is also essential in the autophagy
pathway (Funderburk et al., 2010ps34 comprises a class Il phoggilylinositol 3 kinase
complexed with Vps30/Atg6; Vpsl5 and Atgl4. The mammalian hogsobf Vps30/Atg6 and
Vps15 are Bclin 1 and h150 respectivelfhe function of Beclin 1is controlled by BeR (B-cell
lymphoma/leukemi&), an antapoptotic potein that binds to and sequestBeclin 1to inhibit
autophagy under nutriengéplete condibns. Dissociation oBcl-2 from Beclin 1is required for
autophagy inductiofHe and Klionsky, 2009)The Vps34complex generates phosphatidylinositol
3-phosphate (Ptdins3P) which isucral for the biogenesis of the aphagosomégPetiot et al.,
2000) A possibility is that production of Ptdins3P recruits PtdIinbBféling proteins which in turn
recruit additional downstream effector proteinghe site of autophagosome assembly. One such
effector protein in humans is the WBpeat protein interacting with phosphoinositides (WIPI)

which is considered important in the lipidation of LC3 (see below for LC3 lipidation pjocess
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(ProikasCezanne et al., 2015Df the four human WIPI members, WIPI1, 2 and 4 have been

shown to be essential for autophagosome formation while the function of WIPI3 remains unknown.
1.3.1.3The Atgl2 conjugation system

The Atgl2 conjgation system is responsible for the covalent attachment of Atg12 to Atg5 which is
catalysed by Atg7 and Atg10. Atg7 hydrolyses ATP leading to activation of Atg12 via formation of
a high energy bond. Subsequently, the activated Atgl2 is transferredydiceétiglO and then
finally to Atg5 to form the final conjugate. With Atg5 further bound fwowalently to Atgl6, this
conjugation results in an Atgi&g5-Atgl6 multimeric structure (Atgl6 complex). This complex

is functionally vital for autophagy and syiies the site of LC3ipidation (Fuijita et al., 2008)

1.3.1.4The AtgdLC3 lipidation system

The mammalian homologs of Atg8 constitute a family of proteins that are subdivided into two
major subfamilies:microtubuleassociated protein 1 light chain 3 (MAP1LC3 or LG8)d o-
aminobutyric acid receptassociated protei(GABARAP). Both are essential to the autophagy
pathway where LC3 functions in the elongation of the autophagosome membrane and GABARAP
functions in autophagosome maturati@deidberg et al., 2010Multiple isoforms of LC3 have

been described includirlgC3A, B, B2 and Gwvhich exhibit variable tissue distributiofide et al.,

2003) Newly synthesised LC3 (LGB is conjugated to a membrane lipid,
phosphatidylethanolamine (PE) tofoL.C3-ll (Ichimura et al., 2000L.C3-1 is first protedytically
cleaved by Atg4 exposing a glya residue at amino acid position 120. This glycine residue is then
bound to Atg7 before being transferred to Atg3. Finally, an amide bond is formed between the

same glycine residue and PE.

During autophagosome fornmai, both the Atgl6 compleand LC3Il are localised to the PAS

and are intimately associated with the expandingpphagosoméSuzuki et al., 2001)While the
Atgl6 complex can be iden&id on the outer surface of the membrédiézushima et al., 2003)
LC3-Il is found on both the inner and outsurfaceqKabeya et al., 2000)The Atgl6 complex is
released into the cytoplasm around the time of autophagosome compketioa outer LGH is

also cleaved off. The LGB on the inner surface remains intact and is degraded following fusion
of the autophgosome and lysosomé&C3 is often usedo monitor autophagic activity anich
mammals, LC3B is the most prevalent and westhblished autophagosome marki€lionsky et

al., 2016) LC3-I is predominantly cytosolic but upon activation of autophagy, the conversion to
LC3-Il is accompanied by a redistribution into punctate structures representative of

autophagosomes.
1.3.2 The PIBK/AK/MTOR axis

Autophagy can be activated in response to a number of cell stressors including but not limited to
nutrient deprivation, ER stress, oxidative stress and pathogen infection. As described above, TOF
33



is a central regulator of autophagy. In mamnmakialls, mTOR exists as two functionally distinct
complexes, MTORC1 and mTOR(&engupta et al., 2010t has bee proposed that mTORC1
directly senses and is phosphorylated in response to nutrient gigoradset al., 2005)although a

role for Rag proteins in mMTORCL1 activation has also been tesg¢im et al., 2008)

Another major route of MTORC1 a&gtion is via the PI3K/Akt signalling cascade in response to
growth factors, cytokines and hormones such as inéQlixan et al., 1999Upon binding of these
molecules to receptor tyrosine kinases (RTKSs) at the cell surface, recruitment and binding of class |
PI3K results in the generation ophosphatidylinositol (3,4,Syisphosphate (PIP;) from
phosphatidylinositol (4,5pisphosphatdPIP,). Accumulation of PIRleads to the recruitmenf

both protein kinase B (PKB)/Aklnd its activatophosphoinogide-dependent protein kinase 1
(PDK1) which is responsible for the pphorylation and activation of Akt at residue T308.
Phosphorylation at residue S473 of Akt by mTORC2 is required for its complete activation
(Sarbassov et al., 2005)ctivated Akt promotes the phosphorylation andctivation of the
tuberous sclerosis compl@x(TSC2) protein which is a negative regulator of mMTORC1 leading to
MTORC1 activation and the inhibition of autophayyyhen hormones are absent, mTQRis
inactivated allowing for the activation of autophagyAdditionally, th e -ptd$fjhoinositide
phosphatase PTEMverses the P}Ro PIR reaction which decreases downstreakt signalling
andpositively regulates autophagrico et al., 2001) The PI3K/Akt pathway nadnly influences

the induction of autophagy but also protein translation via the mTORC1 mediated activation of
p70-S6K, a translation activator, and the mTORC1 mediated suppressionBRU4Ea translation
repressofMa and Blenis, 2009)inally, it is important tdighlight that Akt can inhibit autophagy
independently of mTORCL1 via the phosphorylation and inactivation of Bec{Wdng et al.,
2012)and that Akt can also inhibit the activation of TSC2 by suppressing tivéyaof 5 -NMP-
activated protein kinagg®AMPK) during low cellular energy statiislahnWindgassen et al., 2005,
Inoki et al., 2003) The PI3K/Akt/mTOR axis is presented schematically in Figure 1.5.
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Figure 1.5 PI3K/Akt/mTOR axis

Binding of signalling molecules such as insulin to receptor tyrosine kinases (RTKs) at the cell
surface leads to the downstream recruitment of PI3K which catalyses the conversion tof PIP
PIP;. Accumulation of PIRresults in the trasiocation of Akt to the plasma membrane where it is
activated via phosphorylation at T308 and S473 by PDK1 and mTORC2 respectively. Active Akt
leads to activation of mMTORCL1 via phosphorylation and inactivation of the mTORCL1 repressor,
TSC2. The activatiomf mTORCL1 results in the inhibition of autophagy via the ULK1 complex
and the promotion of protein translation via 58K and 4EBP1. Inactivation of mMTORC1 can be
achieved by starvation or activation of TSC2 via AMPK. Adapted Batna (2016)
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1.4  Virus/host interactions
1.4.1 Autophagy and immunity

Research on autophagy hasowvered an array of diverse functions that go beyond turnover of
long-lived organelles or responding to nutrient deprivation. Autophagy has also been implicated in
cell development andifterentiation(Li et al., 2015)and is even thought to play a role in life spa
extension(Madeo et al., 2015)in addition, the role of autophagy in neurodegeneratigseadies
such as Alzheimers and Parkons(Kiriyama and Nochi, 20153s well as carer (Ozpolat and
Benbrook, 2015}s the subject of increasing interest. Traditionally, autophagy has beeneredsid
to be a norselective pathway, however recent findings have challenged this tinkiwital
function of autophagy is the clearance afgregated proteins andytosolic ubiquitinatd
substrates. tBdies suggest that this degradative process is alsotive and mediated through the
mammalian prtein p62/sequestosome(Bjorkoy et al., 2005) Ubiquitinated cargo is bound by
p62 via its ubiquitirassociated domain which is then targeted to autophagosomeshiydimg of

p62 to LC3 located on the inner surface of the autophagofeandiv et al., 2007 Binding of p62

to LC3 occurs via itd C3-interacting region(LIR) motif and LIR motifs have been identified in
severalother autophagy receptor molecu(Bérgisdottir et al., 2013)The selective degradation of
damaged or superfluous mitamidria via the autophagy pathway, known as mitophagy, is
mediated by the Atg32 receptf@kamoto et al., 20099nd bacterial pathogens are known to be
targeted by the autophagy receptors NDP52 and optin€Uinrston et al., 2009, Wild et al.,
2011)

One of the first indications that autophagy is used by cells to degrade pathogens was the
observation by Smith and colleagues of herpes simplex virus (HSV) and humaregatovirus
(HCMV) located inside autophagosom@mith and de Harven, 1978%ince then, a tremendous
amount of research has meeonducted on this subject which is referred to esophagyi the
degradation of foreign entities including viruses, bacteria and par&Sibeses and Dikic, 2014)

In fact, studies have revealed thatitophagy is implicated in diverse aspects of immunity,

functioning in both the innate and adaptive immune responses.

In its most basic form, autophaggts as an intrinsic defence mechanism by degrading cytosolic or
vacuolecontaining microbeglLevine, 2005) Alternatively, bllowing cell invasion by microbes,
pattern recognition receptors sucht@ltlike receptorsTLRS) recognize molecules called DAMPs
(damageassociated molecular patterns) and PAMPs (pathagsociated molecular patterns).
DAMPs are celderived molecules db to generate signals following cell stress or damage while
PAMPs are pathogen derived molecules that are encountered during infection. Recognition of thes
molecules by TLRs activates praflammatory resporesin some cases acc@anied by interferon
production (Janeway and Medzhitov, 2002Research conducted by Shi and colleagues
demonstrated that TLR4 activation led to the release of Beclin 1 froff Biel binding to TLR
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adaptor proteins which initiated an autophagy respdSée and Kehrl, 2008) Additionally,
evidence suggests that considerable etalgs exists between autophagy and the interferon
responsgTian et al., 2019)For example, expssion ofRNA-d e pendent el F2U p
(PKR), an important interferestimulated gene (ISG) product is essential Butophagic
degradation of HSM (Talloczy et al., 2006)Collectively, studies such as these demonshaate

integral ble of autophagy in innatimmunity

The function of autophagy in adaptive immunity has also been extensively examined. Cytosolic
proteins have been shown to be constitutively deliveremthi-vesicular MHC class {loading
compartmentsvia fusion with autophagosomes. In this watgrgeting of the influenza matrix
protein 1 to autophagosomes led to strongly enhandd@ klass Il presentation to CD4F-cell
clones(Schmid et al., 2007)Autophagy can also influeadVIHC class | presentatioand was
shown to enhandhe presentation of endogenous viral antigens during-H8Wection(English et

al., 2009) Therole that autophagy plays in immunity is summarised in Figure 1.6

It is important to note thatutophagy proteins such as L@2y have antviral functionswhich are
independent of their function in canonical autophdggieed, evidence of LC3 lipidation on other
macroendocytic vacuole membranes has been describeid aeguired for lysosomahediated
degradation of engulfed cargFlorey and Overholtzer, 2012)lon-canonical autophagy refers to

the process of targeting LC3 to a single membrane in contrast to the double membrane of the
autophagosom (Florey and Overholtzer, 2012)An example of this is LC3 lipidation at
singleznembrane phagosomes in a process calledzisS8ciated phagocytosis (LAP) following

the engifment of pathogengSanjuan et al.2007, Sanjuan et al., 2009)epending on cell type,

LAP can promote a more rapid maturation of the phagosomesjponse to TLRignalling leading

to accelerated loading and presentation on MHGanjuan et al2009, Schille et al., 2018)
1.4.2 Modulation of autophagy by viruses

With such an important role in the host response to infection, it is unsurprising that autophagy is
modulated by numerous viruses. Viruses are known to encode genes that spedcifidzitiythe
autophagy pathwaysome of these inhibitors act on stimulatory cell signal pathwayexample

the HSMV1 Usll protein has been shown to inhibit PKRdiated induction of autophagy
(Lussignol et al., 20130ther inhibitors have a direatteraction with the aephagymachinery-

the ICP34.5 proteinf HSV-1 was the first to beabscribedOrvedahl et al., 2007)CP34.5is able

to bind to the key autophagy protein Beclin 1 and inhibit its autophagy function. Beclin 1 is a
common target for virus modulation, indeed ASFV also encodes a Beclin 1 binding protein called
A179L which has &igh degree of sequence homology to the posioene Bcl2, an apoptosis
antagonis{Hernaez et al2013, Kroemer, 1997, Neilan et al., 199¢clin 1 is a BeR interacting
protein and denotes an important point of convergence between the apoptosis and autophag

pathways perhaps making it a particularly useful target for inhibition by virlisasg et al.,
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1998) ASFV seems to exploit this creeser as exogenous expression of A179L leads to the

inhibition of both apoptosis and the formation of autophagosghiesaezet al
al., 1997)
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In the contextof infectious disease, it is likely that in most circumstances, induction of autophagy
would favour the immune response. Nevertheless, there irmtancesin which certain
microorganisms benefit from increased autophadiwiac (Kirkegaard et al., 2004)n the cas®f

viral infections, autophagy can act as a source of intracellular membrane that serves as a scaffol
for the generation of virakplicaton complexegKirkegaard, 2009)For this reason, knockdown of
autophagy related gene products results in reduced viral yielddio¥ipus (Jackson et al., 2005)

and mouse hepast virus (Prentice et al., 2004)ParvovirusB19 has been shwn to activate
autophagy which mediates prolonged survival of infected cells, potentially allowing more time for
viral replication(Nakashima et al., 2006 Autophagy can also be exploited for viral release as
poliovirus has been shown to exit infected cells using alytim mechanism that is autophagy
dependen(Bird et al., 2014) It is important to highlight that in many cases the stimulation of
autophagy during virusnfection does not necessarily lead to progression through the entire
pathway. For example, influenza virtrigygers autophagosome formatibuat inhibits the fusion of
autophagosomes with lysosonpmesumably to limit any antiiral effects(Zhang et al., 2014)

The PI3K/Akt signalling cascade which is intimately connected to the autophagy pathway and
involved in multiple cell functions includingietabolism, growthsurvival and proliferation is also
commonly targted by viruse¢Dunn and Connor, 2012, Hemmings and Restuccia, 20¥izh

such farreaching influence in the delPI3K/Akt signalling can becrucial for viral replication

Viral growth in responsé& PI3/Akt activation is likely to be directly linked to mTORC1 activity
due to the role that mTORCL1 plays in protein translatianttve downstream effectors pBBK

and 4EBPL1. For this reason, viruses that rely on-dapendent translation such as mammalian
DNA viruses require active mTORCL1 to maintain protein translatimheed the activaibn of the
PI3K/Akt pathway by waccinia virus(VACV) was shown to be required for viral growatihough

this was also linketb theinhibition of apoptosigSoares et al., 200S%imilarly, Flaviviruses such

as dengue virus (DBEW) and Japanese encephalitirus (JEV) activate the PI3Kkt pathway
which has an anthpoptotic &ect, as a block in this activation induced apoptotic cell daathe

early stage®f infection (Lee et al., 2005)Human Papillomavirubas been shown to activate the
PI3K/Akt pathway, leading to the activation of mMTORC1 and the inhibition of autophagy which

benefits viral eplication(Surviladze et al., 2013)

Modifying the ability of viruses to control the autophagy response can significantly alter the
outcome of infection. For example, stimulation of autophagy using rapamycits riessignificant
reductions of virus titre during DENV infection of monocytic cgPanyasrivanit et al., 2011)

Using a genetic approachn HS\A1 mutant virus lacking the Beclinldinding domain of ICP34.5

was shown to lose the ability to control autophé@yvedahl et al., 2007)nfection of mice with

the aforementioned mutant virus resulted in reduced mortality, demonstrating the potential for
exploiting autophagy as a means of viral attenuation. The basis of this attenuation may be linked tc

an altered host immune responsea agparate study using this virus showed that infection resulted
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in a significantly stronger CD4+ -Eell response as well as increasggmma interferon and
interleukin2 production (Leib et al., 2009) Interestingy, gamma interferons an important
correlate of protection against ASEKing et al., 2011and therefore methods aimed at increasing
secretion levels in response to vaccination may prove to be important. Foplexéhe
immunogenicity of vaccine strain viruses could be enhanced by limiting the ability of the virus to
modulate autophagy which may lead to increased antigen presentation and a gagter T

response.
15 Research Aims

African swine fever is a sigficant disease of livestock that negatively impacts livelihoods and
economies. In the face of continued spread into new regions including Europe and Asia, the
requirement for commercially offered vaccines has now reached a critical level. Thus fachresear
has been conducted to delineate the intricacies of the host response to ASFV in an effort to harnes
this interaction for use as a vaccine model. This has been accompanied by an elevated interest |
rationally attenuated vaccinéBorca et al., 1998, Lewis et al., 2000, Zsak et al., 198&hin the
vaccine design process, methods aimed at enhancing the host immune response will prove to b
particularly useful. A potential barrier to this approach is the ladknofvledge surrounding the

sizeable repertoire of ASFV genes and their functions.

Induction of autophagy during ASFV entrgduces viral replicatio(Hernaez et al., 2013bu the
importance of autophagy the ASFV life cycle is unclear. ASFV replication has not been reported
to induce autophagosome formation duringeation (Hernaez et al., 2013and pretreatment of

cells with 3methyladenine that inhibits autophagyed not gredt affect viral replicationBasta et

al., 2010) The purpose of this project is firstly to characterise the modulation of the ubiquitous cell
process of autophagy by ASFV and secondly to investightehwiral mechanisms are involved.
This includes screening for virally encoded autophagy modulators, the identification of which may
offer an opportunity to alter modulatory outcomes for the purpose of improving vaccine efficacy.
Low virulent strains of SFV that lack autophagy modulatarsy provide enhanced immunity
against virulent isolates of the vitughis research could therefore contribute to rational vaccine

design and offer an approach to accelerating acquirement of effective ASFV vaccines.
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2 Materials and methods

21 Cell culture

Vero cells (ECACC8411300) wer e maintained in tissue cul
Eagl eds Me dGlumt g NDARERMpFisher Scientificsupplemented with 10% (v/v)

heat inactivated Foetal Calf SerufaiCS, Life Science Production) and Penicillin (100 Ufml)
Streptomycin (100 pg/ml)TthermoFisher Scientifjc Porcine bone marrow derived macrophages
were maintained in Ear | ebhermdFighersSoientd)ctup@eanénted S o |
with 4 mM HEPES ThermoFisher Scientifjc 10% (v/v) porcine serum (Biosera) and Penicillin
(100 U/ml}Streptomycin (100 pg/ml). Mouse embryo fibroblast cells (MEFs) were maintained in
DMEM supplemented with neassential amino acids (Sigma) and Penicillin (100 U/ml)
Streptomycin (100 pg/ml). HEK293ECACC 8512060p cells were maintained in DMEM
supplemented with 10% (v/v) FCS and Penicillin (100 U/gtheptomycin (100 pg/ml). All cells

were kept at 37°C with 5% GO

Vero cells were passaged by removing the growthlinme and washing the cells twice with
phosphate buffered saline without CaMg (PHSThermoFisher Scientifjdbefore incubating with
trypsin EDTA ({ThermoFisher Scientificat 37°C for approximately 5 minutes to allow cell
detachment. Cells were then tséarred to a 30 ml universal tube containing growth medium and
centrifuged at 340x g for 5 minutes. The supernatant was then removed and cells were
resuspended in growth medium before transferring an appropriate volume of the cell suspension t
a new flak containing fresh medium. Finally, cells were incubasd37?C and grown until

confluent.

For use in experiments, viable cells were identified using the trypan blue exclusion method, (trypan
blue acquired from Sigma) and counted using a 0.2 mm depthowegr Neubauer
haemocytometer. Cells were subsequently seeded in@46or 96well tissue culture microtitre

plates (Nunc) at an appropriate density.

To cryopreserve cellshe confluent cell layewas removed using trypsin EDTasabove andells
were @ntrifuged at340 x g for 5 minutes. Cell pellets were resuspended in fregedium
consisting of 10% (v/v) DMSO (Sigma) and 90% (v/v) FCS. Finally, cells wensferred to cryo
freezing tibes (Nunc) and stored-80°C.

Porcine bone marrow derived maphages were harvested from the long bones of pigs. Bones
were cut into small fragments and incubated in PBS supplemented with 1% (v/v) FCS and
Penicillin (100 U/mljStreptomycin (100 pg/ml) at 35°C for 90 minutes. The bone marrow
suspension was then @élted through muslin to remove the bone fragments antfifuiged at 350

x g for 10 minutes Supernatant was discarded and the cell pellet was washed in PBS. After

repeating the centrifugation step, the cell pelidtich contained the bone marrow derived
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mecrophages plus additional cell typasas resuspended in the appropriate cell medium and cells

were counted and seeded into flasks.

To harvest blood derived macrophageytteocytes were sedimented from whole pig blood by
incubation with an equal volumaf 6% dextran(Sigma)solution for 30 minutes &7°C. White

blood cells were concentrated from the supernatant by centrifugation and washed several time:
with PBS before plating x 10 cells per éwell plate in DMEM supplemented with 30p@/v) pig
serumand Penicillin (100 U/mistreptomycin (100 pg/miXCells were cultured overnight to allow
monocytes to adhere and then the media was changed. Two days after this cells were used i

experiments.
2.2  Growth, maintenance and titration of virus stocks
2.2.1 Virus isolates

The parentalirus strain Ba71V andecombinant Ba71V virutacking the A179L gene (A179L
KO) (generatedy Dr Claire Barberwereusedto infect Vero cellsBA71V is a nonpathogenic
tissueculture adapted virus derived from a virulent pgaestrain isolated in 1971 from a pig near
Badajoz, Spair{Enjuanes et al., 1976Yhe attenuated Uganda isolate was used to infect MEFs
(Hess et al., 1965)nd the virulent field isolate OURT88(Boinas et al., 2004)as used to infect
blood derived macrophages.

2.2.2 Growth of virus stocks

Vero cells were cultured 175 flasks such that they reached approximately 80% confluermce pri
to inoculation with parentatecombinant Ba1V or atenuated Uganddlasks were theimcubated
for 3- 5 days at 37°0n the presence of GOThe contentsf the flask werdransferred to a 50 ml
Falcon tube (BD Falcon) and centrifuged 3800 x g for 15 minutes before harvesting the

supernataniClarified supernatant was storatl-80°C.

Growth of the OURT88/1 isolate was carried out on bone marrow derived macrophages. T175
flasks were seeded with 5% ml of cells at a concentration of approximately 1.6 % cEdls/ml

and incubated at 37°@ the presencef CO.. After 3 days, inoculum was added and cells were
incubated until at least 90% of cells had detached before harvesting. Cell debris was pelleted for 1(
minutes at 100& g and clarified supernatant was removed. Cell pellet was vortexed and subjected
to three freeze/thaw cycles &0°C before a final centrifugation step. Supernatant was removed

and combined with the previously harvested supernatant before stor&@geCat
2.2.3 Virus infection of cells

The virus inoculum was diluted in 2% F@®porcine serummedia and then added to yplated
cells or cells seeded onto glass coverslips apumopriate multiplicity of infection (MOI)Virus

was left to adsorkbor 1 hour at 37°@vith CO,. The inoculum was subsequently removed and cells
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washed itmmedia. Cells were themgubated in 2% FCS or porcine serum media at 3vitic CO,

for the required length of time.
2.2.4 Endpoint titration of virus

Vero cells were seeded onto 96 well plates (Nunc) in 100 pl of media containing’ tedlgdnl in
eachwell. The following day a tefold dilution series of the virus from 1o 10° was prepared in

2% FCS culture medium and added to the cells in their existing culture media. This was applied in
quadruplicate at 50 pl per well. The plate was sealed avjftate sealer and the plate incubated at
37°C with CQ for 3 days. The culture media/virus was removed and the cells were washed once
with PBS ¢€) prior to fixation in 4% paraformaldehyde (PFA).

After 1 hour, cells were washed with PB$4dnd then inculiad in PBS containing 0.2% TritonX

100 (Sigma) for 10 minutes. The PBS/Triton mix was discarded, and the plate incubated in block
buffer consisting of 10% (v/v) TBS, 0.2% (v/v) NaN3 and 0.2% (v/v) fish skin gelatin (Sigma) for
30 minutes. The block buffavas discarded, and the cells incubated with primary antibody against
viral protein p30 (clone C18, Pirbright Institute) diluted 1:1000 in block buffer for 1 hour.
Following incubation with the primary antibody the plate was washed three times iR)PBS (

For evaluation by immunofluorescence cells were incubated for 1 hour in thegere$goat anti
mouse Alexa Fluo488 (Life Technologies) diluted 1:500 in block buffer. Plates were subsequently

washed three times in PBS &nd the plates read usingiamerted microscope.
The TCID50 was determined using the Spearman Karber mé{iaooer, 1931)

Titration of the Uganda and OURT88/1 strains was carried out essentially using the same method
except that bone marrow derived macrophages were used instead of Vero cells. Additionally, plate:
were read by counting wells that demonstrated red blood cell rosetteslinienmunofluorescent
labelling of the virugMalmquist and Hay, 1960)

2.2.5 Virus purification

Ba71V virus stoks were grown in tissue culture roller bottles (Fisher Scientific) and harvested as
per the method in section 2.2.2. Following this, clarified supernatants were centrifuged atx24 000
gfor 1.5 hours and the resulting virus pellets were then purifiedbyconsecutive Percoll density
gradients as describe@arrascosa et al., 1985purified virus stocks were titrated using the
method in section 2.2. The purity of the virus preparation was analysed by negative stain electron

microscopy.
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2.3  DNA techniques
2.3.1 PCR

A179L was cloned into the pcDNA3.1 HX expression vector using PCR amplification of codon
optimised A179L (ordered fromhermoFsher Scientifiy. PCR reactions were carried out using an
Eppendorf MasterCycler or Nexus thermal cycler. Primers used to amplify A179L were ordered
from Sigmaand encoded Xhol and Pstl cut sites on the forward and reverse primers respectively
(see Table.1). Componentsvere assembled as follows; 10050 ng of A179L template DNA5S

pl of 10X PCR buffer forKOD Hot Start DNA Polymerase, i dNTPs, 3ul 25 mM MgSQ,, 10

pl of Q-solution (Qiagen)primers © a final concentration of 100 nM andul of KOD Hot Start

DNA Polymerase. Theeaction volume was made up to pOwith nucleasdree water.The PCR
program was carried out at @ for 4 minutes, followed by®@cycles consisting of 9& for 30
seconds, 5T for 30 seconds, PC for 20 seconds, with a fah step of 70C for 5 minutes.

Following PCR, samples were stored20°C or immediately analysed on an agarose gel.

Table 2.1 PCR primers

Primer Sequenicded )( 506

Al79L FOR | AACCAACTCGAGCATGGAAGGCGAGGAACTGATCTACCAC

Al79L REV ACATACCTGCAGTCAGATCAGGTTGCAGTTCCGCAG

2.3.2 Restriction endonuclease digests and DNA purification and ligation

Restriction endonuclease digedtthe A179L PCR ampliconsascaried out in a total volume of

30 ul using NEB buffer 3(New England Biolabs) according to the manufaatudes i nst r u
Restriction enzymeXhol was supplied by New England Biolabs and Pswas supplied by
Promega. Restriction digest of the pcDNA3A-N destinationvector included 15 minute
treatment with temperature sensitive alkaline phosphatase (Protoegenoveierminal phosphate
groups. @mples were analysed by agarags electrophoresis before being purified using an
illustraE GFXE PCR DNA and Gel Band Purif
manufacturerés pr ot oplodcleaselrBeAwaterasd steréd2®Cuatil i n
needed. The Al79ampliconwasligated into the pcDNA3.1 HAN destinationvectorin a total
reaction volume of 10 lpusing 0.5 |1 T4 DNA ligase (Promega) in a T4 ligase buffer solution
(Promega). This was carried out using a vector:iinsert molar ratio of 1:3, where the vector
concentratin was approximately 100150 ng. Ligations were conducted at 16°C overnight and

were subsequently used to transform chemically compEtealti.
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2.3.3 Transformation of competent cells and isolation of DNA

Frozen TOP10 competent cells were gently ththene ice for 5- 10 minutes. 50 ng of DNA was
pipetted in to 5Qul of thawed cells and gently stirred, then left to incubate on ice for 20 minutes.
The cells were then heat shocked in a water bath°at #2 35 seconds, and returned to ice for a
further 2minutes. 30Qul of SOC medium was added and the cells were incubated in an orbital
incubator for 90 minutes at 3Z with continuous shaking at 200 rpm. Afterwards, the cells were
plated on td_uria broth (B) agar plates containing ampicillin at 1Q@/ml. The plates were then
incubated overnight at 3Z until colonies were seen. Following this, either small scale (2.5 ml) or
large scale (400 ml) bacterial cultures were set up in LB broth. DNA was extracted using either a
QIAprep Spin Miniprep kit or Qiage Pl as mi d Maxi Kit following
The concentration of eluted DNA was analysed using a Nanodrop 1000, which was set to measurt

the optical density of a given sample at 260 nm.
2.3.4 DNA Sequencing

Purified DNA was sequenced usindBaDye® Terminator v3.1 Cycle Sequencing Kit, (Applied
Biosystems, UK)using the primers listeth Table 22. This system uses fafolour fluorophore
conjugated dideoxpucleotides in a terminator cycle sequencing reaction. Sequencing reactions
were ethaol precipitated, then Beuspended in 20l of HIZDI formamide. Samples were run on an
ABI 3730 DNA analyser. Sequences were analyséuguvector NTI Advance (version 11.%.4

Table 2.2 Sequencing primers
Primer Sequenic3ed )( 56
CMV FOR GCAAATGGGCGGTAGGCGTG
BGH REV TAGAAGGCACAGTCGAGG

2.3.5 A179L mutagenesis

Mutation of the A179L ligand binding groove was carried out usingdéigeted mutagenesis in
sequential stages in which thalwne residue at position 73 was first mutatedyrosinefollowed

by mutation of the lycine residue at position 88lso to tyrosine Sitespecific primers were
designed using the QuickChange Primer Design webpage (Agilent) (see Table 2.3). Mutagenesit
was carried out using 50 ng of the pcDNA3.14A79L construct as &implate in a PCR reaction

using the same conditions described in section 2.3.1. Following amplificatidmpfiDpnl (New
England Biolabs) was added to each reaction to digest the parental DNA template and to select fo
mutationcontaining synthesized DNAConstructs encoding mutant A179L were transformed into
E.colithenisolated from bacterial cultures and sequenced as previously described in sections 2.3.3
and 2.3.4.
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Table 2.3 A179L mutagenesis primers

Primer Sequenic3ed)( 56
V73Y FOR CCCAGTTCACCGGCTACGTGACCGAGCTGT
V73Y REV ACAGCTCGGTCACGTAGCCGGTGAACTGGG
G89Y FOR GCTGAACACGATGAAGTAGCAGATCCGGCCCCAG
G89Y REV CTGGGGCCGGATCTGCTACTTCATCGTGTTCAGC

2.3.6 Generation of adenovirus vectors

Adenovirus expressing witype (WT) A179L or mutant (YY) A1l79 were engineered using
Gateway® TechnologyThermoFisher Scientific). Each gene was initially cloned intceaimy
vectorusing restriction digest. DNA encoding WT or YY A179L was excised from the pcDNA3.1
HA-N constructs (see section 2.3.1) using Kprd &mel New England Biolabs Similarly, the
p2022 entry vector was cut using Kpnl and StNeW England Biolahsand all digests were
carried out using Cutsmart buffdléw England Biolabs Digests were gel purified and samples
were ligated using the nfeids described in section 2.3.2 followed by plasmid purification from

bacterial culture as described in section 2.3.3.

To generate adenovirus expression clones, a recombination reaction was performed using the enti
vector cloned above aradlGateway® desiation vectol(p664) encoding adenovirus human type 5
(AdH5). This system uses specific recombination sequences, att L sites in the entry vector and att
sites in the destination vector, and the pro
of the gene of interest from the entry vector to the destination vector. Separate reactions for WT
Al179L and YY A179L were set up in 10 wolumes that contained 150 ng of each of the entry and
destination vectors in addition to 6 of TE buffer pH8.0and 2 flof LR Cl onaseE | |
Mix (ThermoFisher Scientific). Reactions were incubated overnight at room temperature and the
resulting constructs were used to transfdrooli. DNA was purified from bacterial cultures and

sequenced as described in sewi@.3.3 and 2.3.4.

To prepare the AdH5 expression constructs for cell transfection, DNA was linearised using Pacl
(New England BiolabBsand Cutsmart buffer. Following this, samples were heated at 65°C for 25
minutes to inactivate the restriction enzym@ansfections were carried out on HEK293 cells
which is an immortalized linef primary human embryonic kidney cells transformed by sheared
human AdH5 DNA. The cells harbour the E1A and E1B region of the adenoviral genome, that
complement, in trans, the lddon of the E1 region in the recombinant adenovikslls were
cultured to a confluency of approximately 80% in 6 well plates prior to transfection using
Li pofectamihlkd&r n200FI0s her Scientific) foll owir
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were inabated overnight at 37°C and then incubated in fresh cell media for a further 3 days. Cells
were detached from the plate usiig y p L EE  @epnoFéshes Scientific) and transferred

into a T75 tissue culture flask and monitored for CPE. When greatei80ta CPE was evident,

cells were harvested by pelleting at 1508 for 5 minutes. Cell pellets were resuspended in lysis
buffer (L0 mM Tris, 1 mM MgCJ pH 7.8 and subjected to three freeze/thaw cycle2@tC to

release celassociated virus.

MasterAdH5 stocks were prepared by inoculating a T175 flask of HEK293 cells with each of the
AL179L adenoviruses and harvesting the cells using the described method after complete CPE wa
evident. Finally, master stocks were tested for expression by transdumiag®lls and analysing

the cells by confocal microscopy using an & tag antibody.
2.4 Protein methods
2.4.1 SDSPAGE

Proteins from cell lysates were resolved by SEXSSE (sodium dodecyl sulfate polyacrylamide
gel electrophaesis), using 10 15% resolving gels, werlaid with a 4% stacking gel on a Hoefer
Mighty Small Il electrophoresis uniCell lysates were harvested in sample preparation buffer
containing loading buéfr. Following denaturation at 9890r 5 minutes, 10 20 pl of the sample
was subsequently loaded onto the gel alongside aRambe Rainbow Molecular Weight Marker
(GE Healthcare). Gels were run in NUPAGEES running buffer ThermoFisher Scientifjcwith

the exception of LC3 analysing gels that were run inPNGE MOPS running buffer
(ThermoFisher Scientifjcat 100 V until the dye front reached the end of the gel.

2.4.2 Western blotting

Proteins were transferred onto nitrocellulose membranes (Hybond PVDF membrane, GE
Healthcare) using Mini Protean |l slab Icélestern blot apparatus (BRad) by running at 100 V

for 1 hour in transfer buffd25 mM Trizma, 190 mM glycine, 20% methandlhe membrane was
removed and incubated in blocking buftemsisting of TBS with 0.2% (v/v) Tween (TBS and

5% (w/v) milk ppwderfor 1 hour, prior to overnight incubation with primary antibody diluted in
blocking buffer. Membranes were washed thrémes in TBST, prior to incubation with
appropriate HRREonjugated secondary antibodies, which baen diluted in blocking buffefor 1

hour. Membranes were washed a furthiaree times in TBST prior to detection of
chemiluminescence by incubating the membrane with Pierce EClkemnweblotting substrate
(ThermoFisher Scientifjcfor 3 minutes. Membranes were then imaged using Bo%:Chemi

system (Syngene).
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2.5 ASFV gene library

Plasmid libraries weresupplied by Dr Claire Barber (The Pirbright Institute) and Dr Chris
Netheron (The Pirbright Institute). 25 plasmids encodedes from the Georgia 2007blatein
pCMVi-LS ((H-P) CI M wi t h a HA tag (YPYDVPDYA) at
(EQKLISEEDL) at t he 3 @enestiromthe SURT88Ataih &nd the2DB?148R gene

from the Benin 1997/1 strain had beeloned into pcDNA3.2eo with a HA tag
except for MGF10-4L and MGF1166 L t hat had no tags and R298
end. The adenovirus library was supplied by Dr Chris Netherton and consisted of 22 genes from the
OURTS88/3 strain and EP153R and MGF3BIL from the Benin1997/1 strain. All of thegenes
were c¢cloned with a HA tag at 306 end except f
adenoviruses were cloned separ at esegtiona3dl toc o n
2.3.6)

2.6  Transfection and transduction of mammalafi lines

Cells were seeded at 2.5 x*Iflls/cnf on appropriate culture ware 16 heurior to tansfection

as per the TransHL T1 transfection reagent protocol (Mirus). In brief, plasmid DNA and TransIT
LT1 reagent were added to OptiMEM (Gibco) attia of 1ug DNA to 3l transfection reagent.
Following gentle agitation the mix was allowed to incubate for 25 minutes. The T+ah&IT
reagemDNA complex was added dropwise to cells that were gently rocked and returned to
incubate at 37C. To avoid tublovesicular autophagosomes (TVAs) which are induced during the
transfection process, cells were passaged aften@4 land reseeded onto coverslips. Cells were

incubated at 3C for 24 hours before starving and fixing.

To transduce cells using adenowgirsufficient virus for MOI 100 was added directly to the cell

media and incubatest 37C for 24 foursto allow gene expressidyefore starving and fixing.
2.7  Confocal microscopy

Cells were seeded at 2.5 x *16ells/cnf onto glass coverslips (VWR) pridio infection,
transfection or other relevant treatment. At the experimental end point, cells were washed with PBS
and fixed and permeabilised with methanol for 6 minutes for assays analysing LC3 and WIPI
except when GFP and LC3 were analysed in combinatiaich case cells were first fixed in 4%

PFA for 30 minutes to preserve GFP signal followed by permeabilisation using methanol.
Alternatively, experiments that did not include analysis of LC3 or WIPI were fixed using PFA only
for 30 minutes and permeéibed for 10 minutes using PBS + @2Triton X-100 (Sigma)
Coverslips were washed three times with PBS then incubated for 1 hour in block buffer consisting
of 10% (v/v) TBS, 0.2% (v/v) NaN3 and 0.2% (v/v) fish skin gelatin (Sigma). Coverslips were then
incubated for a further hour in primary antibody diluted in block buffer and then washed three

times for 5 minutes in PBS)(to remove excess antibody. Next, coverslips were incubated for 1

48



hou with an appropriate Alexa FludLife Technologies) secondantibody diluted in block
buffer and then washed three timesin PBS (b ef or e i ncubation with
Diamidino-2-Phenylindole, Dihydrochrolide, 10 mg/ml, Sigma) diluted 1:10 000 in,@dtdr 10
minutes. Alternatively, nuclei were statheising TO-PRO-3 (ThermoFisher Scientific) diluted
1:8000 in PBS for 15 minutes. Finally, coverslips were washed twice ipgQldhd then mounted

in Vectashield (Vector Laboratories) on glass slides, and sealed using nail varnish.

Cells were visualised ugina Leica confocal laser scanning microscope, and data analysed using
LAS X (Leica Confocal Software).

2.8 Imaris analysis

To enumerate LC3 or WIPI puncta, confocal images were analysed in Imaris (version 9.2.1) using
the 6Cell sb6 an a lene slétestedfusing eithér aytoplasn@ee UICB staining, WIPI
staining, or labelling of protein expression following infection or transduction. Detection thresholds
were adjusted to cover each cell to the cell boundary. The software was set to detect puncta o
approximately 0.5 uM in diameter and cells were visually inspected to ensure that the software hac
accurately identified visible puncta. Analysis was carried out for 30 cells per experimental

condition and data was subsequently analysésraphpad Prisrfversion 7).
2.9  Electron microscopy

For analysis of purified virus preparations, virus was inactivated by 1:1 volume dilution in 2%
glutaraldehyde in phosphate buffggar Scientific) for 30 minutes at room temperature? Al
sample of the fixed virs suspension wasaced onto Formvar coated, glow discharged copper 200
mesh EM grids(Agar Scientific)and left to attach fo2 minutes at room temperaturexcess
sample was then removed using filter pagdter a brief wash inddH,O, grids were placedn
droplets of 3% aqueous uranyl acetédgar Scientific) for 1 minute beforexeess stain was

removed with filter paper and grids were left to.dry

For analysis of transduced cells, Vero cells were seededrbetmanox coversliprhermoFisher
Scientfic) at 2.5 x 10 cells/cnf and incubated &87°C until 90% confluence had been reached.
Cells were transduced with AdH5 vectors encoding either E183L or E199L (MOI 100) and were
incubated at37°C for 24 hours to allow protein expression. Samples wered fixe 2%
glutaraldehyde in phosphate buffgkgar Scientific) for 1 hour before being fixed for a further
hour in aqueous 1% osmium tetroxide (Agar Scientific). The samples were dehydrated in an
ethanol series; 70% for 30 minutes, 90% for 15 minutes arb 1@e times for 10 minutes each.

A transitional step of 10 minutes in propylene oxide (Agar Scientific) was undertaken before the
samples were infiltrated with a 50:50 mix of propylene oxide and epoxy resin (Agar Scientific) for

1 hour. After a final inftration of 100% epoxy resin for 1 hour, the samples were embedded in
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moulds and polymerised overnight at 60°C. Thin sections of 80 um were cut, collectaegosnto

discharged copper 200 mesh EM giidgar Scientific) and grid stained using Leica EM AC20
All samples were imaged at 100 kV in a FEI T12 ThE8/ihg a Tietz F214 CMOS camera.
2.10 Mass spectrometry

2.10.1 Sample preparation

Vero cells were seeded onto 90 mm petri dishes (Fisher Scientific) at 16>®alls/dish and left

to grow to 90% comdiency. Cells were transduced using E199A AdH5 at MOI 100 and
incubated overnight &87°C. Negative control samples were generated usingnaosduced Vero

cells that were maintained under the same conditions. Three replicate petri dishes wererset up f
each of the transduced and rtoensduced samples. Cell media was removed and cells were
washed twice in PBS. Cells were then suspended in 1 ml lysis buffer consistiogrdfl TrisCl

pH 7.5; 150 mM NaCl; 0.5 mMEDTA; 0.5% Igepal CA630 andHalt protege and phosphatase
inhibitor (ThermoFisher Scientifjcbefore incubation on ice for 30 minutes. Samples were then
centrifuged for 5 minutes at 16 060g and supernatants were transferred to separate tubes. To
each tube containing the supernatant, 1b@fpanti-HA affinity matrix (Roche) was added and
incubated overnight at 4°C on a tube rotator. Samples were pulse centrifuged for 20 seconds an
supernatants were removed to waste. Next, samples were washed three times in wash buffe
consisting ofL0 mM Tris/Cl pH 7.5; 150 mM NaCl and.5 mM EDTA Elution of proteins was
carried out by adding 300l jof glycine buffer, pH 2.5 and incubating for 10 minutes at room
temperature. Samples were pulse centrifuged for 20 seconds and eluent was removed to a fres
tubecontaining 30 LTris buffer, pH 11. A total of four elutions was carried and eluents from each
sample were pooled into a single tube. Finally, 24futhe eluted samples were analysed by
western blot for the presence of E199A. Eluent and affinity maix from each sample was then

processed for mass spectrometry analysis by Dr Stuart Armstrong at University of Liverpool.
2.10.2 Sample processing

IP analysis is similar to thadescribed by GarciBorival (GarciaDorival et al., 2014) Eluted
proteins were mixeavith 50 mM ammonium bicarbonaie a 1:1 volume dilutionProteins were
reducedby addition of dithiothreitol (Sigma) (3 mM finaloncentratiohand heated at 6Q for 10
minutes. The samples were returte room temperature, and iodoacetamide (Sigma)Nefinal
concentratiohwasadded for 30 minutes in the dark to alkylate the proteins. Proteins were digested
with 0.2 g of proteomic grade ICroyemight. The ( Si
realting peptide samples were then acidified wifhh (v/v) trifluoroacetic (TFA) acid Peptides

were concentrated and desalted using C18 Stage tips (ThermoFisher Scientific) and then sample
dried using a centrifugal vacuum concentrator (Eppendorf). Peptides resuspended in 0.1%

(v/v) trifluoroacetic acid and 5% (v/v) acetonitrile.
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Affinity matrix (post glycine elution) wamixedwith reducing sample buffer (LDShermoFisher
Scientifig in a 1:1 volume dilutiorand heated at 7Q for 10 minutes. 8mples were separated on
a 4- 1% SDS PAGE gel (NuPAGH,hermoFisher Scientificand Coomassie stained. The entire
lane was excised, avoiding antibody fragments and subjectedg®l igestion with trypsin.

Peptides were concentrated and desalted as above.
2.10.3 Mass spectrometry analysis

Peptides were analysed by-lime nanoflowliquid chromatographyLC) using the Ultimate 3000

nano system (Dionex/Thermo Fisher Scientific). Samples were loaded onto a trap column (Acclaim
PepMap 100, 2 c¢cm I 75 em inner d'fwitmantagueoys C1
solution containing 0.1% (v/v) TFA and®(v/v) acetonitrile. After 7 minutes, the trap column was

set inline an analytical column (Easypr ay PepMapE RSLC 50 cm I 7
2 &m, 100 ) f udeetspraycemitier (Bionkx). dhee colummwas operated at a
constantemperature of 30°C and the LC system coupled toEx&gtive HF mass spectrometer
(Thermo Fisher Scientific). Chromatography was performed with a buffer system consisting of
0.1% formic acid (buffer A) and 80% acetonitrile in 0.1% formic acid (bufferTBe peptides

were separated by a linear gradient of 33% buffer B over 30 minutes at a flow rate of 300
nl/minute. The GExactive HF was operated in datapendent mode with survey scans acquired at

a resolution of 60 000 and scan range 32000 mz. Up to the top ten most abundant isotope
patterns with charge states +2 to +5 from the survey scan were selected with an isolation window
of 2.0 Th and fragmented by higher energy collisional dissociation with normalized collision
energies of 30. The mamum ion injection times for the survey scan and the MS/MS scans were
100 and 45 ms respectively, and the ion target value was set to 3E6 for survey scans and 1E5 fc
the MS/MS scans. MS/MS events were acquired at a resolution of 30 000. Repetitiveisgopfenc

peptides was minimized through dynamic exclusion of the sequenced peptides for 20 seconds.

MS spectra data was analysed by ldbet quantification (LFQ) using the MaxQuant software (v
1.6.1.0)(Cox et al., 2014pand searched against either a human protein database (Unigasere
2017_10) or Chlorocebus sabaeus protein database (Uniprot +20H35€10) and the ASFV
E199L bait protein sequence (Uniprot) using the Andromeda search engine. The false discovery
rate (FDR) was set to 0.01, and a decoy database was includedséeatble to help identify false
positives. LFQ results were further processed with Perseus software (v 1(Gyhdpva et al.,
2016)to determine significance between resin alone compared to tagged E199L pratestc&

t-test analysis was used to analyse intensity values. Proteins withlagp<0.05 and a fold change

>2 were considered statistically significant.
2.11 Statistics

Graphs were prepared in Graphpad Pr{sersion 7) andstatistical analysis wasegormedin
MiniTab (version 18) using analysis of variance (ANOYplusTukey multiple comparison tesi
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determine statistical differences between grolea that did not fit a normal distribution was

converted to log scale prior to conducting théasistical analysis.

2.12 Antibodies

Primary and secondary antibodies used for the detection of proteM&stern blot (WB)and

immunofluorescence (IF)

Table 2.4 Antibodies
Clone/Product : : WB IF
Name Manufacturer number Species| Clonality dilution | dilution
Primary Antibodies
ag-gp1 | Cell Signaling 9452 Rabbit | Polyclonal | 1:1000
Technology
p.ag-gp1 | Gl Signaling 9459 Rabbit | Polyclonal | 1:1000
Technology
Akt Cell Signaling 4691 Rabbit | Monoclonal | 1:1000
Technology
P-Akt Cell Signaling . .
T308 Technolog 13038 Rabbit | Monoclonal | 1:1000
P-Akt Cell Signaling . .
s473 Technology 4060 Rabbit | Monoclonal | 1:2000
Calnexin Cell Signaling 2679 Rabbit | Monoclonal | 1:1000
Technology
Calnexin The P!rbrlght TW20 Rabbit | Monoclonal 1:500
Institute
Cell Signaling .
CHOP 2895 Mouse | Monoclonal | 1:1000
Technology
GFP Abcam ab290 Rabbit | Polyclonal | 1:6000
HA Roche 11867423001 Rat Monoclonal 1:1000
HA Santa Cruz SG805 Rabbit | Polyclonal 1:500
HA-HRP Roche 12013819001 Rat Monoclonal | 1:1000
JigL | 'nePirbright | i cera | Rabbit | Polyclonal | 1:1000
Institute
LC3B Sigma L7543 Rabbit | Polyclonal 1:1000
Lcag | Cell Signaling 2775 Rabbit | Polyclonal | 1:1000
Technology
MGF110 | The Pirbright . _
AL/5L Institute TEW?29 Rabbit | Monoclonal 1:500
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Clone/Product , : wWB IF
Name Manufacturer Aumber Species| Clonality dilution | dilution
030 Thle Pirbright c18 Mouse | Monoclmal | 1:1000 | 1:1000
nstitute
p30 Thle P_|rbr|ght 1D9 Mouse | Monoclonal 1:160
nstitute
Cell Signaling .
p62 88588 Mouse | Monoclonal | 1:500
Technology
p70sek | Cell Signaling 9202 Rabbit | Polyclonal | 1:1000
Technology
p-p70-sek | €l Signaling 9205 Rabbit | Polydonal | 1:1000
Technology
o-tubulin Sigma T6557 Mouse | Monoclonal | 1:2500
uky | CellSignaling| g4, Rabbit | Monoclonal | 1:1000
Technology
puLky | CellSignaling| 450, Rabbit | Monoclonal | 1:1000
Technology
WIPI2 Abcam ab105459 Mouse | Monoclonal 1:1000
Secondary antibodies
M:Iglsbe Promega w402B Goat Polyclonal | 1:2000
Rggtl’g" SantaCruz | SC2004 Goat | Polyclonal | 1:2000
mouse488 Thermoﬁ_sher A11029 Goat Polyclonal 1:500
Scientific
mouseseg | |NEMMOFIsherl 119004 Goat | Polyclonal 1:500
Scientific
mouse ThermoFisher )
IgG1-568 Sciantific A21124 Goat Polyclonal 1:500
mouse ThermoFisher )
IgG2A-488 Scientific A21131 Goat Polyclonal 1:500
rabbit405 Thermoﬁs her A31556 Goat Polyclonal 1:200
Scientific
rabbit488 Thermoﬁs her A11034 Goat Polyclonal 1:500
Scientific
rabbit568 Thermolﬁg.her A11036 Goat Polyclonal 1:500
Scientific
rat-568 ThermoFisher A11077 Goat Polyclonal 1:500

Scientific
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2.13 Pharmacological inhibitors

Pharmacological compounds used as inhibitors

Table 2.5 Pharmacological inhibitors
Name Manufacturer I;L?T(]jéﬁ Target concFeiE?rlation

Bafilomycin A1 Enzo BML-CM110 Vﬁi“g'ﬁf,t;’s: 100 nM

LY294002 Sigma L9908 PI3K 50 nM

MK -2206 Seleckchem S1078 Akt1/2/3 5 uM
Torinl Generon A1158710 mTOR 200 nM

Torin2 Sigma SML1224 mTOR 1uM
Tunicamycin Sigma T7765 N-glycosylation 20 pg/ml
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3 Characterisation of the modulatiaf autophagy by ASFV

3.1 Introduction

Since the first descriptions of autophagy were published, extensive research has transformed oL
understanding of its purpose€om what was exclusively regarded as a basic mechanism of
maintaining adequate cell energy levels to one that is now-faaglted. In the context of infection,
autophagy has been shown to play important roles in host defence, from the fundamental intrinsi
defence mechanism of engulfing cytoplasmic pathogens to the more advanced innate and adaptiv
immune response$Gomes and Dikic, 2014)Research haslso uncoveredinks between
autophagy andhost cell stress responses such as the unf@dsdin response (UPR¥penft and

Ronai, 2015pnd apoptosiéMukhopadhyay et al., 2014Yirus infection andeplication inevitably

lead to cell stress by disrupting and subverting multiple cell pathways to direct resources towards
the benefit of virus replication. Consideration of its widaging functions means that autophagy
undoubtedly has a role to play ihet cellular response to infection. The ability of the virus to
propagate is in many ways dependent on its capacity to modulate these cellular stress respons

including the autophagy response.

Infection of the cell by ASFV leads to the modification of saleorganelles in a highly
orchestrated fashion including the cell cytoskeleton, nucleus, ER and mitoch{Ndtferton and
Wileman, 2013)Evidence of activation of caapel2 and the ATF6 pathway of the UPR, regarded

as key indicators of ER stress induction suggests that ASFV infection induces an ER stress
responséGalindo et al., 2012)The activation of ER stress and the UBRAISFV could also be an
important factor in the induction of apoptosis. This is because signalling thcaisghsd 2 and

the ATF6 pathway of the UP&an triggermpro-apoptotic signal§$Szegezdi et al., 2003, Szegeet

al., 2006) Indeed, apoptosis is induced early on in ASFV infection, evidenced by the activation of
caspase 3, most likely during virus entry or uncoaf®gyrascosa et al., 200Zritically, ASFV is

able to delay the final execution step of the apoptotic pathwalotw time for virus replication by
encoding several apoptosis modulat@@sxon et al., 2017) This includes A179L, a viral B&
homologue that has been shown to bind several proapoptotig Bateins includinghe key
autophagy protein Beclin (Banjara et al., 2017, Hernaez et al., 20B¥clin 1, also a Be2
interacting protein, is regarded as an important point of convergence between autophagy anc
apoptosis and hdseen shown to undergo caspasediated cleavage during apoptadMirawan et

al., 2010)

As alluded to above, there is an intricate synergy between autophagy, the UPR and apoptosis whic
has no doubt evolved to quide a potent defence against invading microbes and predictably,
viruses employ a finely balanced strategy to successfully evade these defences. Herpes simple
virus type 1 (HSV1) which is also a large douks#tranded DNA virus, encodes multiple proteins

that act on the autophagy pathway at different stélgessignol et al., 2013, Orvedahl et al., 2007)
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Inhibition of autophagy is not only mandatory for viral neurovirulence but has also been shown to
be involvedin immune escape via the reductionvafal antigen presentation by dendritic cells
(Gobeil and Leib, 2012)An engineered mutant &fSV-1 that had lost the ability to interact with
Beclin 1 wa cleared mar rapidly by mice and stimulatestronger CD4 Tcell responses and
enhaned levels of IFNo  a n2iwhdnlcompared to wiltype virus(Leib et al., 2009)This not

only highlights the role of autophagy in the innate and adaptive immune resguisalso

emphasises the potential importance of viral maiiluh of the autophagy response.

As with the regulation of the UPR and apoptosis response by ASFV, one would expect that
autophagy is tightly controlled by the virus. Work carried out by Hernaez and colleagues has beer
the only contribution on the subjeaft autophagy in the context of ASFV infectifidernaez et al.,

2013) This work was mostly focused on characterising the novel interaction between A179L and
Beclin 1 although the authors also concluded that ASB¥schot induce autophagy in infected
cells due to an observed absence of GEB puncta and a neelevated ratio of LC3I to LC3-I.

Gaining further understanding of the interaction between ASFV and autophagy will improve our
knowledge of how the cell retscto infection and how ASFV is able to evade the-amtrobial

activity of autophagy. This may provide opportunities for therapeutic intervention or improved

vaccine design.

The aim of this study was ttetermine whether autophagy occurred during AS#®cdtionandto

identify whether the virus exerts an inducing or inhibitory effect on the autophagy pathway at the
point of autophagosome formation. This was carried out using immunofluorescent microscopy and
Western blot analysis of the key autophagickaeaprotein, LC3. Analysis of LGB by Western

blot provides a useful global indication of any changes however, visually assessing intracellular
changes in the infected cell by confocal microscopy eliminates any potential effects from the un
infected cellpopulation. As, for example, the presence of thénfected cell population within
whole cell lysates could mask changes in HCgvels assayed by Western blot. Having said that,
Western blot analysis is a convenient method of interrogating LC3 changeB types such as
macrophages that are difficult to examine by fluorescent microscopy techniques. In addition to the
modulation of autophagosome formation, the effect on autophagic flux by ASFV was examined

using a p62 degradation assay.

This studyalso set outto determine whethenfection perturbed or modulated autophagy pathways

to help support replicatiorstudies included analysis of the virus life cycle conmpgreplication
efficiency in autophagy competent and autophagy deficient cell .liRemlly, the potential for
autophagy proteins to act in an autophaglependent manner during ASFV infection was
explored. The results and conclusions of these experiments were further aimed at forming a
foundation of understanding from which to conduabwdstream investigations into the

mechanisms of autophagy modulation by ASFV which are described later in the thesis.
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3.2 Results
3.2.1 ASFV inhibits the induction of autophagosomes in response to starvation

Starvation of cells in a balanced salt solution teadeficient of any form of energy source is an
effective means of inducing autophagy. Starvation leads to the inactivation of the ragnsinig
MTORC1 protein leading to the downstream formation of autophagosomes within the cell
cytoplasm(Yang and Klionsky, 2009)As part of this process, LA3is converted to LC3I,

moving from a cytoplasmic pool to discreet L@JPunctate structures as it becomes embedded
within the expanding autophagomee membrane. This process is essential for autophagosome
formation as LC3I serves as a critical structural protein. Visualisation of these punctate structures
by immunofluorescence is a key method of observing autophagosomes in the cell. Alternatively,
increased cellular levels of LABvisualised by Western blot analysis can also be used to indicate

the induction of autophagy (see results section 3.2.2).

To assess the effect of ASFV on autophagy, the number of autophagosomes in ASFV infected cell:
was visualised by confocal microscopy and compared to uninfected and mock infected cells in
either nutrient replete (Figure 3.1.1) or starvation (Figure 3.1.2) conditions. Vero cells were
infected for a total period of 4 hours during which cells were incdlfatethe last 2 hours in either
complete cellmedia(nemt ar ved) or Earl eds balanced salt
fixed and labelled for immunofluorescence. A 4 hour period of infection was chosen as by this
stage early virus protein tralation has begun and virus replication is commencing. Cells were
either incubated with complete cell media only (uninfected), mock infected using Vero cell
supernatant or infected with Ba71V (MOI 5).

LC3 labelling revealed a predominantly cytoplasmignal with the occasional bright puncta in
uninfected cells (Figure 3.1.1A). The puncta represent autophagosomes and the low numbers ii
these cells is typical of what would be expected under nutrient replete conditions. Similar results
were seen in cells # had been infected with the mock inoculum, suggesting that Vero cell
supernatant did not induce the formation of autophagosomes (Figure 3.1.1B). A similar pattern was
observed in cells infected with Ba71V (Figure 3.1.1C). Labelling with thep&@ti antbody
identified cells expressing ASFV genes (Figure 3.1.1D), interestingly there were very few LC3
puncta in these cells. Taken together this showed that ASFV infection did not induce the formation

of autophagosomes during the early stages of its repircayicle.
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Figure 3.1.1 ASFV does not induce autophagosomes at 4 hpi

Vero cells weréncubated with media alon@®anel A), mocknoculum(Panel B) oBa71V (MOI

5) (Panels C and D) fat hour. Inocula were removed and cells were incubated for a total of
hours during which cells were natarved in complete Vero cell media for fireal 2 hours.Cells
werethen fixed andermeabilised in methanol before IHimg LC3 shown in green, viral protein
p30 shown in red and nuclei shown in bléanels A, B and show labelling for p30Panel C
shows the same infected cells as Panel D but with the red channel removed twralttearer
observation of LC3taining. Scale bars represent .

Higher numbers of autophagosomes were seen in both uninfectede(Bdu2A) and mock
infected cells (Figure 3.1.2B) after starvation when compared to cells under nutrient replete
conditions (Figure 3.1.1). Comparable numbers of autophagosomes were observed in botf
uninfected and mock infected cells suggesting that ¥ellssupernatant did not affect induction of
autophagosomes under starvation conditions. The majority of the cells that had been infected witl

ASFV had cytoplasmic LC3 staining with very few puncta (Figure 3.1.2C). Labelling witp2ti
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showed that thedtls that did contain puncta did not express viral proteins. This suggests that

ASFV blocks the formation of starvatiénduced autophagosomes at 4 hpi.

The number of autophagosomes per cell in 30 cells were enumerated using Imaris software fol
each exprimental condition (Figure 3.1.3). A comparison betweengtarved and starved cells
revealed a statistically significant increase in the number of autophagosomes per cell following
starvation in both the uninfected (P < 0.001) and mock infected (P04)0dells, however no
statistically significant difference was observed between these two conditions respectively (P >
0.05). A statistically significant decrease in the number of autophagosomes was observed in non
starved ASFV infected cells when compatedhe norstarved uninfected (P < 0.01) and mock
infected cells (P < 0.01). A statistically significant decrease in autophagosomes was also observe
in starved ASFV infected cells when compared to starved uninfected (P < 0.001) and mock infected
(P < 0.@1) cells. These results therefore demonstrate the inhibitory effect of the virus on the
formation of autophagosomes in resting cells under nutrient replete conditions and furthermore

show that the inhibitory effect becomes more apparent in celr tavationinduced stress.
3.2.2 ASFV inhibits accumulation of LG8 in response tatarvation in Vero cells

The confocal microscopy results described in section 3.2.1 suggests that ASFV does not induce th
formation of autophagosomes and that ASFV blocks siarvatduced formation of
autophagosomes at 4 hpi. To support these resultdiLl@©®ls were assessed during early stages

of the replication cycle by Western blot analysis.

LC3-l is conjugated to phosphatidghanolamine(PE) to form LC3PE (LC3Il) which is
incorporated into the developing autophagos@¥ang and Klionsky, 2009)The relative amount

of LC3-ll is strongly correlated with the number of autophagosomes and an accumulation-of LC3
Il can be an indication of autophagosome accumulgt@beya et al., 2000)This is either the
result of induction of autophagy for example by starvation or the result of a reduction in
autophagosome turnover fexample by blocking fusion with the lysosome. In the case of the
former, greater LG3l amounts are observed due to the rate of autophagosome degradation falling
below the rate at which new autophagosomes are formed. Despii h&38ng a greater mass
comparison to LC3, it shows faster electrophoretimohility in PAGE gels, most likely due to
increased hydrophobtyg (Klionsky et al., 2016) The apparent molecular weight bC3-I is
approximately 1618 kDa and LCa3l is approximatelyl4-16 kDa.

Levels of LC3-1l were assessed at 4 hpi under nutrient rich and starvation conditions in uninfected,
mock infected and ASFV infected Vero celgamples were then prepared from c@lisanalysis
by immunoblottingand probed using adAtiC3 (which detects both LGBand LC3Hl), anti-p30

viral proteinandartd t ubul i n anti bodi es.
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Figure 3.1.2 ASFV has an inhibitory effect on autophagy

Vero cells weréncubated with media alon@®anel A), mocknoculum(Panel B) oBa71V (MOI

5) (Panels C and D) fat hour. Inoculawere removed and cells were incubated for a total of
hours during which cells werstarved inEBSSfor the final 2 hours.Cells werethen fixed and
permeabilisedri methanol before labelling L&Ghown in green, viral protein p30 shown in red and
nucleishown in bluePanels A, B and D show labelling for p3®anel C shows the same infected
cells as Panel D but with the red channel removed to d&tlowlearer observation of LC&aining.
Scale bars represent M.
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Figure 3.1.3
in response to starvation

Imaris analysis canfirms that ASFV inhibits the induction of autophagosomes

The number of LC3 puncta per cell for 30 individual cells per indicated experimental condition was
quantified by Imaris analysis of confocal images. Vero cells were eithiefected, mock infected

or infected with ASFV for a total of 4 hours. Prior to fixation, cells were eitherstewed in
complete cell media (NS) or starved in EBSS (ST) for 2 hours to induce autophagy. Centre lines
show the mediansStatistical analysi was carried out in Minitalusinganalysis of variancevith

Tukey multiple compasons test. Asterisks represaignificant differencein value betweeNS

and ST conditions and between the indicated infection status of thé*¢efisP value of <01,

*** = P value of <0.0Q).
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Figure 3.2 ASFV inhibits starvation-induced accumulation of LC31l in Vero cells

Vero cells wereincubated with media alone (uninfecteahock inoculum (mock infectedor
Ba71V (MOI 5)for 1 hour. Inocula were removed and cellsre incubated for a total of 4 hours
during which cells were either natarved (NS) in complete cell media or starved (ST) in EBSS
for the final 2 hours. Cells were then lysed and samples prepared for resoluticrliogy PAGE
before transfer to PVDEembrane. Finally, samples were probed with-B68, antip 30 and
tubulin antibodiedollowed by approprisd HRRconjugated secondary antibodigse positions of
molecular mass markers are indicated to ¢fitedf the gels

Expression of viral protaei p30 was only detected in ASFV infected cells as expected, however,
noticeably less protein was detected in starved cells when compared stanad cells,
presumably due to reduced availability of amino acids for viral protein translation. The jnténsit
the band corresponding to LABin the lanes containing samples from uninfected and mock
infected cells under starvation conditions were much greater than those frestan@u cells
demonstrating the induction of autophagy. Comparisons betweestamwmed cells showed less
LC3-Il in the ASFV infected cells compared to the uninfected and mock infected cells suggesting
that ASFV did not induce LGB accumulation at 4 hpi. This was consistent with the absence of
LC3 puncta in ASFV infected cells athpi (Figure 3.1.1). Under starvation conditions, the 4IC3
band was much less intense in ASFV infected cells when compared with l€@8ls in starved
uninfected and starved mock infected cells which shows that stariuatioced LC3ll
accumulation wa#hibited by ASFV. This supports the confocal microscopy data that showed a

block in starvatiorinduced formation of LC3 puncta at 4 hpi (Figure 3.1.2).

3.2.3 ASFV inhibits accumulation of LG8 in response to drug treatmeimt porcine

macrophages

As describd previously, starvation is an effective method of inducing autophagosome formation
via the inactivation of the nutrient sensing complex mTORCL1. Using pharmacological inhibitors of
MTORC1 is an alternative method of inducing the formation of autophagoswittesthe

concomitant accumulation of LAR Torin2, a potent inhibitor of MTORC1 was developed to
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overcome the rapamycin resistance dignificant sibset of mTORC functionality (Liu et al.,
2011, Thoreen et al2009)

ASFV inhibits accumulation of LG8 in response to starvation in Vero celising the Vero cell
adapted strain of ASFV, Ba71V (3.2.2). However, porcine macrophages are the natural host cell of
ASFV, and therefore the ability of the field straimus OUR T88/1to modulate autophagy in

blood derived porcine macrophages was tested. @elle either mock infected or infected with
ASFV (MOI 5) for 6 hours. Separately, cells infected for 8 hours were incubated for the final 2
hours in complete cell ediacontainingeitherDMSO( s ol vent cont 2toihduceor
LC3-Il accumulation Cell lysates were resolved by fiiss PAGE ad immunoblotted with.C3

andandd tubulin antibodi es.
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Figure 3.3.1 ASFV inhibits drug-induced accumulation of LC3II in porcine macrophages

Blood derived porcine macrophages were either mock infected or infecte@WRhT88/1(MOI

5) for 6 hours (6 hpi). Separately, cells infected for a total of 8 hours were incubated for the final 2
hours in complete cell media containing DMSQler M T oto indac2 araccumulatiorof LC3-

Il. Cells were then lysed and samples prepared for resolutidnisiiyris PAGEbefore transfer to
PVDF membrane. Finally, samples were probed with-lar@ 3  atubdlin antibodiegollowed

by appropriag@ HRRconjugated semdary antibodiesThe positions of molecular mass markers are
indicated to thedft of the gels(This work was conducted by Dr Christopher Netherton)

The results showed similar amounts of LICBetween the mock infected and ASFV infected cells

at 6 hpj demonstrating that the virus does not induce any accumulation ofl laB8ve the level

seen in mock infected cells. Cells that were incubated for a further 2 hours in the presence of
DMSO did not show any appreciable difference in HCBand intensityindicating that the DMSO
solvent alone has little effect on levels of LT3A greater intensity of LC3l was observed under
Torin2 treatment of mock infected cells confirming that Torin2 had successfully stimulated the
autophagy pathway. A comparison IOE3-1I levels between mock infected and ASFV infected
cells under Torin2 treatment showed much less-U@3 ASFV infected cells demonstrating that

ASFV had an inhibitory effect on ToriFiBduced accumulation of LCB.
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To quantify this effect,he irtegrated density of theC3-Il a n dtubuwlin bands were determined
using ImageJ. The relativdensities of the LGB bands in the DMSO and Torin2 treatments were
calcuated by comparison to those at 6 Apd finally the LC3ll values were normalised thdse

of o-tubulin. Figure 3.3.3hows the mean of three expeeimts where &h of the three experiments
used primary macrophages derived from a separate aniimaldensitometry analysis showed
there was less LCB after two hours stimulation with Torinth ASFV infected cells when
compared to mock infected cells (P < 0.001) confirming the inhibitory effect by ASFV. This result
combined with the results described in Figure 3.2 demonstrates that ASFV inhibits the
accumulation of LC3Il in response to mTORCinactivation using a cell adapted strain or a
virulent field strain and that this effect is seen in both Vero cells and macrophages.
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Figure 3.3.2 Densitometry analysis confirms that ASFV inhibits druginduced
accumulation of LC3-Il in porcine macrophages

Densitometry analysis was carried out using ImageJ to deterh@melative densities of the LE3
Il bandsfrom Western blot data shown in Figure 3.3 he relativedensities of the LGB bands
nor mal i-tsbaloh intthe DMSO and Torin2 treatmsemiverecalclated by comparison to
those at 6 hpi. Data showntie mean of three experiments and error bars indicate Siltistical
analysis vas carried out in Minitalusing analysis of variancaith Tukey multiple compasons
test. Asterisks represeasignificant difference in value betweerock infected and ASFV infected
cells(*** = P value of <0.0Q). (This work was conducted by Dr Christopher Netherton)

3.2.4 ASFV promotes formation of WIPI complexes

Sections 3.2.1 and 3.2.2 described the inhibitafnstarvationinduced LC3 puncta and the
inhibition of starvatioAnduced accumulation of LGB by ASFV respectively. These results are
both indicative of a block in the formation of autophagosomes by the virus. To further characterise

this, a confocal naroscopy experiment was conducted to investigate if the formation of WIPI
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complexes is also inhibited by ASFV. WIPI forms an important effector protein complex upstream

of autophagosome assembly that is vital for LC3 lipidafiRnoikasCezanne et al., 2015)

Vero cells were either mock infected or infected with Ba71V for a period of 4 hours. During the
final 2 hours, cells were incubated in either complete cell media (Figure 3.4.1) or EBSS starvation
media (Figure3.4.2) prior to being fixed and labelled for immunofluorescence. In this way, the
inhibition or induction of WIPI complexes in mock infected or ASFV infected cells could easily be

detected. Cells were labelled for WIPI and viral protein p30 to detectedfeells.

In mock infected cells, WIPI labelling revealed a mostly cytoplasmic signal with sporadic bright
puncta that are representative of WIPI complexes (Figure 3.4.1A). The small quantity of puncta in
these cells is typical of what would be expeateder nutrient replete conditions. In cells infected
with Ba71V (Figure 3.4.1B and C), a considerable number of WIPI complexes were detected in the
vicinity of the nuclear periphery and in close proximity to each other-pg8tiilabelling identified

that he WIPI complexes were almost entirely detected in cells expressing ASFV genes (Fig
3.4.1C). Taken together this demonstrates that ASFV induces the famm&®VIPI complexes at

4 hpi.

Considerably more WIPI complexes were seen in mock infected cedls saftrvation (Figure
3.4.2A) when compared to cells under nutrient rich conditions (Figure 3.4.1A). Visualisation of
infected cells (Figure 3.4.2B and C) indicated a substantial number of WIPI complexes located in
very close proximity to one another neéhe nuclear periphery. Labelling of p30 (Figure 3.4.2C)
showed that a far greater number of WIPI complexes were detected in cells expressing p3C
compared to those that were not, demonstrating that the WIPI puncta in ASFV infected cells were
not exclusivelyformed in response to starvation. In addition, there was a clear contrast between the
diffusely located WIPI complexes in mock infected cells and the aggregated complexes near the
nuclear periphery in ASFV infected cells. Collectively, the results destiiio Figures 3.4.1 and

3.4.2 suggest that ASFV promotes the formation of WIPI complexes during the early stages of its

replication cycle in a manner unaffected by nutrient availability.
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Figure 3.4.1 ASFV promotes the formation of WIPI complexes at 4 pi under nutrient
replete conditions

Vero cells werencubated withmockinoculum (Panel Aor Ba71V (MOI 5) (Panels B and)Gor

1 hour. Inocula were removed and cells were incubated for a total of 4 hours during which cells
were incubated in complete tanedia for the final 2 hours. éls were then fixed and
permeabilised in methanol before labellMgPl shown in green, viral protein p30 shown in red
and nuclei shown in blu®anels A and C show labelling for p30. PanashBws the same infected

cells & Panel ut with the red channel removed to allow for clearer observatigviPF staining.

Scale bars represent iy1.
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Figure 3.4.2 ASFV promotes the formation of WIPI complexes at 4 hpi under starvation
conditions

Vero cells werencubated withmockinoculum (Panel Aor Ba71V (MOI 5) (Panels B and)Gor

1 hour. Inocula were removed and cells were incubated for a total of 4 hours during which cells
were starved in EBSS media for the final 2 hoursllsCwerethen fixed andpermeabilised in
methanol lefore labellingNVIP1 shown in green, viral protein p30 shown in red and nuclei shown in
blue.Panels A and C show labelling for p30. PanahBws the same infecteells as Panel Gut

with the red channel removed to allow for clearer observatioWVi?l staining. Scale bars
represent 1QM.

3.2.5 ASFV inhibits starvationnduced degradation of p62

The results presented thus far have shown that although ASFV inhibits the formation of
autophagosomes and inhibits the accumulation ofLL@Bresponse to inactiven of MTORCL, it
is also able to stimulate the formation of WIPI complexes. The assembly of WIPI complexes is an

essential step in the autophagy pathway that is required for the downstream formation of
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autophagosomes. The induction of WIPI complexes3i¥ infected cells is therefore interesting

considering that autophagosome formation is suppressed.

Using LC3Il as an autophagy marker is just one of several techniques that can be applied to
interrogate the autophagy pathw@lionsky et al., 2016)Autophagicactivity is not only defined

by the lipidation ofLC3 during autophagosome generatibuit also byflux through the whole
system Autophagic flux refers to the entire process dfophagy, includingtte formation of the
autophagosomdusion to the lysosmoe, breakdownof cargoandrelease of macrmoleailesback

into the cytosolKlionsky et al., 2016)Consequentlyit is important to assess autophagic flux to
gain a complete understanding of autophagic status of the loettases in LG3l or the
appearance foautophagosomes, amot measures of autophaglaX as such, but can indicate the
accumulation of autophagosomes due to stimulation of autophagy or inhibition of autophagosome

clearance.

One methodof evaluatingautophagic flux is toquantify the rate of protein breakdown by
autophagySQSTM1lalso known as p62 is an autophagy receptordbiatains a LIR motifs well

as a ubiquitin binding domain, allowing it to bind both ubiquitinated substrates and.L@3his

way, p62 facilitates cargo docking ide the expanding autophagosome and is also incorporated
into the completed autophagosortigjorkoy et al., 2009) Accordingly, p62 gets efraded in
autolysosomes along with the cargo serving as a useful index of autophagic degradation. Activatior
of autophagy is strongly correlated with a decrease in p62 IBjeikoy et al., 2009and to test

this Vero cells were either incubated in complete cell media, starved in EBSS or starved in EBSS in
the presence of 100 nM bafilomycin Al for 1 hdBafilomycin Al acts by inhibitig vacuolar H+
ATPase (VATPase)which preventdusion between autophagosomes and lysosdiviasiamoto

et al., 1998)In this way, bafilomycin A1l can be used to halt the degradation of p62. Following cell
harvest sanples were probed with afg62a n dtubuwlin antibodies

The intensity of the p62 band under starvation conditions appeared reduced when compared to cell
that were incubated under nutrient replete conditions (Figure 3.5.1A). Densitometry analysis of
three replicate experiments showed that starvation reduced the steady state levels of p62 b
approximately one half (Figure 3.5.1B; P < 0.05). This demonstrated that autophagy was inducec
in the starved cells and p62 was degraded as a consequence. Lewsafiepstarvation in the
presence of bafilomycin A1l were similar to cells incubated under nutrient replete conditions (P >
0.05) showing that starvatianduced degradation of p62 was blocked via the action of

bafilomycin Al.
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Figure 3.5.1 Activation of autophagy is strongly correlated with a decrease in p62

A) Vero cells were eitheéncubatedn complete cell mediéNS), starved in EBS$ST) or starved

in EBSS in the presence of 188 bafilomycin A1 (BAF) for 1 hour. Cells were then lysed and
samplesprepared for resolution by bigris PAGE before transfer toM®F membrane. Finally,
samples were probed with apti6 2  atubdlin antibodies followed by appropriate HRP
conjugated secondary antibodies. The positions of molecular mass markers are ihulitedelft

of the gels. B)he relative densities of th&&p bands were calculated by comparison to that of the
nonstarvedsampleb e f or e bei ng nor madbulis Bada shown ig threenean afl u ¢
three experirants and error bars indicate SEtatistical analysis &s carried out in Minitalising
analysis of variancewith Tukey multiple compalons test.Asterisks represent a significant
difference in value betweendhindicated cell treatments (* = P value of <0.05 ** = P value of
<0.01).

Following on from this, an experiment was conducted to determidSFV blocks starvation
induced degradation of p62. Vero cells were mock infected or infected with the Ba71V strain of
ASFV (MOI 5) for a period of 4 hours or 12 hours. A 4 hour time point was chosen as previously
inhibition of autophagosomes was se¢rl hpi and 12 hours was chosen as by this stage the viral
factory is well established and mature virions are beginning to appear. In this way, it could be
tested whether p62 degradation is blocked by the virus at an early and late stage of the virus
lifecycle. Prior to cell lysis, cells were either incubated in complete cell media or starved in EBSS
for 2 hours to induce autophagy and the degradation of p62. Lsathples were probed with anti

p 6 2 dubulinpmaryantibodies
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Figure 3.5.2 ASFYV inhibits starvation-induced degradation of p62

Vero cells werencubated withmockinoculum (Panel Aor Ba71V (MOI 5) (Panel Bfor 1 hour.
Inocula were then remodeand replaced with fresh 2% media. Cells were incubated for a total of 4
hours or 12 hours during whictelts were either nestarved(NS) in completecell media or
starved(ST) in EBSS forthe final 2 hours to induce autophagy apé2 degradation. Cellwere

lysed and samples prepared for resolution byTbis PAGE before transfer to PVDF mbrane.
Finally, samples were probed with ap62, antip 3 0  atubdlin antibodies followed by
appropriate HRRonjugated secondary antibodies. The positions of molecular mass markers are
indicated to the left of thgels

Less p62 was seen in the saegplerived from mock infected cells that had been starved at 4 hpi
and 12 hpi when compared to the ratarved samples respectively (Figure 3.5.2A). In contrast,
comparable levels of p62 were observed between cells that were starved and cells that wert
incubated under nutrient rich conditions at either 4 hpi or 12 hpi after infection with ASFV (Figure
3.5.2B). Immunoblotting with anfp30 antibody showed expression of viral proteins in cells that
were infected with ASFV. Densitometry analysis on three cafdi experiments showed thhet
relative densities of the p62 bandsmock infected cells after starvation were roughly half that of

cells that were nostarved (Figure 3.5.3).
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Figure 3.5.3 Densitometry analysis confirms that ASFV inhibits starvationinduced
degradation of p62 at 4 hpi and 12hpi

Densitometry analysis was conducted using ImageJ to detern@meldtive densities of the p62
bandsfrom Western blot data shown in Figure 3.9 Be relative densities of the p62 bands were
calculated by emparison to those of the 4 hpon-starved sample before normalising the values to

t h o s etubdif. This was carried out separately on the mock infected and ASFV infected
samples. Finally, the ratio of starvédT) to nonstarved(NS) values werealculaed for mock
infected and ASFV infected samples at 4 hpi and 12 Bgita shown isthe mean of three
experimentsand error bars indicate S[&tatistical analysis as carried out in Minitalusing
analysis of variancevith Tukey multiple compasons test. Aerisks represent aignificant
difference in value betwedhe mock infected and ASFV infected cells at 4 hpi and 1Z*ipt P

value of <001, *** = P value of <0.0Q).

Levelsof p62were relatively unchanged after starvation in ASFV infected celimtt 4 and 12

hpi and the difference in the ratio of starved to-starved samples between mock infected and
ASFV infected cells were significantly different at both 4 hpi (P < 0.01) and 12 hpi (P < 0.001).
This clearly demonstrates that p62 is not deggaith ASFV infected cells at 4 hpi or 12 hpi as
would usually be expected under starvation conditions. Together, the data showing that ASFV
inhibits starvatiorinduced p62 degradation and that ASFV inhibits formation of autophagosomes,
demonstrates that & causes a block in autophagic flux at both early and late stages of infection.
This suggests that the observed WIPI complexes in infected cells are not related to an induction o

autophagy.
3.2.6 ASFV replication does not require the autophagy pathway

Having established that ASFV inhibits the formation of autophagosomes and blocks autophagic
flux, it is tempting to speculate that ASFV does not depend on the process of autophagy for virus

replication. To test this hypothesis, replication of ASFV was monitooidwiing infection of
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autophagy deficient cells with the attenuated Uganda strain. Generating mouse embryo fibroblast:

(MEFs) with an AgS'/' mutation renders them entirely autophagy deficiguma et al., 2004)
This is because the conjugation of Atg5 to Atgl2 is critical to the targeting of LC3 to the isolation

membrane and the elongation process during autophagosome for(Mitiaehima et al., 2001)

Wild-type (autophagcompetent) or th'/' (autophagy deficient) MFswere infected at MOI 0.1

and virus replication was monitored over a #2tperiod by virus titration.

-~ WT MEF
- Atg5” MEF

Titre (TCID50)
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Figure 3.6 ASFYV replication does not require the autophagy pathway

Wild-type (blue line) or autopygy deficient AsgS'/' (red line) mouse embryo fibroblasts wee
infected with tissue culturadapted ASFV Ugand®Ol 0.1) andincubated for thendicated time
Virus replication was assessed \iyus titration calculated aSCID50. Error bars shovBEM of
triplicate wells. Statistical analysis &as carried out in Minitatusing analysis of variancevith
Tukey multiple compaons test. No statistical differences in the virus titres were observed

between wildtype and AgS'/' cells.

No differences in virus tiie at each of the five measured time points were observed between virus

grown in wildtype or Ath‘/‘ MEFs showing that the attenuated Uganda strain could replicate
equally in both cell lines. This experiment was conducted over a 72 hour period whiategrov

sufficient time for the virus to progress through all stages of the virus life cycle including virus

entry, replication and egress from the cell in thg54- MEFs. Collectively, this data therefore

suggests that autophagy is not required by ASFV.

3.2.7 LC3 puncta and WIPI puncta are observed at the viral factory during late ASFV
infection

In their study describing the interaction of A179L with Beclin 1, Hernaez and colleagues also

investigated the distribution of LC3 puncta in ASFV infected Vero célesnaez et al., 2013)

They reported that structures resembling autophagosomes were detected within and around th
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viral factory at 16 hpi under nutrient replete conditions although no newly formed virions were
foundto be colocalised with these structures. These results raise a number of questions; firstly, a
what stage of infection do the LC3 puncta first appear? Secondly, does the appearance of the LC
puncta rely on the overexpression of LC3 as the LC3 puncta me@viously reported using
transfected cells overexpressing GEP3? Finally, does the appearance of LC3 puncta coincide
with the appearance of WIPI puncta? To address these questions, infected Vero cells were analyse
by confocal microscopy during latefection. Cells were infected with Ba71V (MOI 5) and
harvested every 2 hours from 10 hpi to 16 hpi. Following fixation, cells were probed wittCanti

or anttWIPI primary antibodies. In addition, cells were probed with an-E8@i antibody to
identify infected cells.

Visual inspection of the cells at 16 hpi showed the appearance of perinuclear DAPI stain in some
cells which represents the accumulation of viral DNA and essentially demarcates the boundary of
the viral factory (Figure 3.7). Labelling pBO (Figure 3.7B and D) demonstrated ASFV infection

of the aforementioned cells. The appearance of WIPI puncta could clearly be seen in close
proximity to and sometimes within the viral factory (Figure 3.7A). Similarly, LC3 puncta were
observed within anéround the viral factory (Figure 3.7C). Examination of earlier time points
indicated a small number of LC3 puncta appearing in close proximity to the viral factory from 12
hpi. WIPI puncta started to appear near the viral factory from 14 hpi. LC3 andoWita became

more numerous during subsequent time points and were most evident at 16 hpi. These result
indicate that LC3 puncta can be detected by labelling endogenous LC3 without the requirement for
overexpression and that the appearance of LC3 pusdtesely correlated with the appearance of
WIPI puncta at the viral factory.

3.2.8 Accumulation of LC3ll is observed during late ASFV infection

Coronaviruses such as mouse hepatitis virus (MHV) also induce the appearance of LC3 puncta
however these doublmembrane vesicles were shown to be coated in-L@Bd not LC3ll
(Reggiori et al., 2010)To investigate whether the LC3 puncta observed in ASFV infected cells
could be linked to an accumulation of L@3 Vero cells were either mock infected or infected

with Ba71V (MOI 5) and Western blot analysis was carried out to assesHl l&v@ls at 12 hpi

which coincides with the appearance of LC3 puncta at the viral factory. A 4 hour time point was
also included for compaon as previously it was shown that ASFV did not induce an
accumulation of LC3I at 4 hpi (3.2.2). Additionally, control cells were either incubated under
nutrient replete conditions or starved for 2 hours to demonstrate conventional autdppaggent
accumulation of LC3lI. Lastly, samples were probed with atC3, antip30 and antio tubulin

primaryantibodies
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Figure 3.7 LC3 puncta and WIPI puncta are observedat the viral factory at 16 hpi

Vero cells were infected with Ba71V (MOI 5) for 16 haugells were fixed and permeabilised in
methanol before labelling WIPI and p30 (Panels A and B) or LC3 and p30 (Panels C and D). WIPI
and LC3 are shown in green, viral protein p30 is shown in red and nuclei and viral factories are
shown in blue. Panels And C show the same infected cells as Panels B and D respectively but
with the red channel removed to allow for clearer observation of WIPI and LC3 staining. Images
represent a stack of ten overlaid cell section images. Scale bars represent 5 uM.
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Figure 3.8.1 Accumulation of LC3-Il is observedat 12 hpiin ASFV infected cells

Vero cells were either mock infectépganel A)or infected withBa71V (MOI 5) (panel B)for a
total of 4 hous or 12 hours during which cells were mstarved (NS)n complete cellmedia for
the final 2 hours. Separately, control cells (Ctrl) were eitherstarved in complete cell media or
starved (ST) in EBSS for 2 hours to induce autophagy andlIL&Xumulation. Cells were lysed
and ampleswere prepared for resolution by bigris PAGE before transfer to PVDF membrane.
Finally, samples were probed with ahiC3, antip 3 0  atubdlin antibodies followed by

appropriate HRRonjugated secondary antibodies. The positions of molecular mass markers are
indicated to the left of thgels

A greater amount of LG8 was observed in control cells that were starved compared to control
cells that were incubated in complete cell media indicating induction of autophagy (Figure 3.8.1A
and B). The intensity of LG8 bands were comparable mock infected cells at 4 hpi and 12 hpi
suggesting that levels of LABhad not increased between these time points (Figure 3.8.1A). In
contrast, an increase in LdBwas observed in ASFV infected cells at 12 hpi when compared to 4
hpi showing that LC3l accumulation was induced (Figure 3.8.1B). Comparison of the 12 hour

mock infected and ASFV infected samples to the-stanved control cell sample in each respective
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blot suggested that the levels of L@3n ASFV infected cells at this time point wegeeater than

the mock infected cells. ARf30 labelling indicated successful ASF\dation.
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Figure 3.8.2 Densitometry analysis confirms that ASFV induces an accumulation of LG3
Il at 12 hpi

Densitometry analysis was conducted using ImageJ to detetine@nelative densities of the LC3

Il bandsfrom Western blot data shown in Figure 3.8 he relative densities of the L&Bbands
were calculated byamparison to those of theonstarvedcontrol sample before normalising the
val ues t dubulinh Bhis was adrriedoout separately on the mock infe(@eaph A)and
ASFV infected sample&raph B) Data shown ighe mean of three experimerdad error bars
indicate SD.NS = nonstarved cells. ST = starved celBStatistical analysis as carried outn
Minitab using analysis of variancevith Tukey multiple compaigons test. Asterisks represent a
significant difference in value betwetre indicated cell treatmens™* = P value of <0.0Q.).

Densitometry analysis confirmed a statistically signifiagifference between the starved and-non
starved control cell samples and is shown in Figure 3.8.2A (P < 0.001) and in Figure 3.8.2B (P <
0.001) consistent with a successful induction of autophagy in these cells. No statistically significant
difference was loserved between the mock infected cells at 4 hpi and 12 hpi (P > 0.05) (Figure
3.8.2A) showing that mock infection did not induce an accumulation oflLG&lditionally, no
statistically significant difference was apparent between the 12 hour mock édhéactgle and the
nonstarved control cell sample (P > 0.05) (Figure 3.8.2A), however a statistically significant
difference between the natarved control cell sample and the 12 hour ASFV infected sample was
apparent (P < 0.001) (Figure 3.8.2B). A statadty significant increase in LGB was seen in the
ASFV infected cells at 12 hpi when compared to 4 hpi (P < 0.001) (Figure 3.8.2B). Collectively,
these results show that ASFV causes an increase ifllla€8umulation between 4 and 12 hpi that

is not olserved in mock infected cells. Furthermore, this increase coincides with the appearance of

LC3 puncta at the viral factory at 12 Igs described in section 3.2.7.
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3.3 Discussion

Manipulation of cellular processes to facilitate replication and avoid inmatedaptive immune
response are a crucial part of the virus life cycle. ASFV encodes for a number of proteins that
modulate a variety of different pathways including A179L. The A179L gene encodes foi2a Bcl
homologue that has been shown to interact viighkiey autophagy protein Becliflernaez et al.,

2013) therefore it is likely that ASFV may also modulate autophagy considering the central
importance of this pathway to so many cellular processes. The ainis dhtlstigation was to
assess the effect of ASFV on autophagy, and specifically whether ASFV promotes or inhibits the

pathway.

Initial analysis was conducted using confocal microscopy. Vero cells were used in this experiment
as they exhibit clear autopj@some staining without the interference of autofluorescence that is
often observed in primary macrophage cells suygport the growth of the Vero cellapted isolate

of ASFV, Ba71V. Confocal analysis revealed that few LC3 puncta were observed in w@unfect
mock infected and ASFV infected Vero cells incubated under nutrient replete conditions suggesting
that ASFV infection did not promote formation of autophagosomes during early stages of the
replication cycle (Figure 3.1.1). However, quantitative analg§ithe number of autophagosomes

per cell showed that under nutrient replete conditions ASFV infected cells had significantly less
autophagosomes than uninfected and mock infected cells (Figure 3.1.3), raising the possibility tha
ASFV may inhibit the famation of autophagosomes. This result is at odds with results reported by
Hernaezet al (2013) that describe similar amounts of GEP3 puncta between ASFV infected

and uninfected Vero cells at 12 hpi. This difference may be due to the different time tpstetd

or the use of an overexpression model of GER by Hernaez and colleagues. Transient
overexpression of LC3 can lead to LC3 aggregation in an autofhdepyendent manner leading

to a false representation of autophagosomes within the cytofftasma et al., 2007)

To test for inhibition of autophagy, cells were starved to induce the formation of autophagosomes
and then labelled for LC3. In uninfected and mock infected cells, a much higher number of
autophgosomes was observed after starvation (Figure 3.1.2). However, no LC3 puncta were seer
in infected cells in response to starvation suggesting that ASFV inhibits stasvatimed

formation of autophagosomes in Vero cells during the early stages of licatiep cycle.

Autophagosome formation is linked to the conversion of L@BLC3-II and therefore to confirm
the results obtained by confocal microscopy, levels of -UG8ere analysed by Western blot
(Figure 3.2).Due toa difference in immunoreactiyitof LC3-1 and LC3Il, in most caseshe
sensitivity of detection of LC3l by anti LC3 antibodies ismuch higher(Mizushima and
Yoshimori, 2007) For this reason, appropriate interpretation of LC3 blots wasedaout by
comparison of LC3l between samples rather than comparisons betweerd B8 LC3II. Under

nutrient replete conditions, comparable levels of llG8Bere detected in uninfected, mock infected
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and ASFV infected Vero cells at 4 hpi. In bothnfected and mock infected cells that had been
starved, the intensity of the LdBbands were greater than the bands seen in samples taken from
cells under nutrient replete conditions. However in ASFV infected cells this was not apparent as the
intensity d the bands were comparable between the starved arstaxwed samples. The levels of
LC3-Il in all of the samples tested corresponded to the number of LC3 puncta seen by confocal
microscopy and taken together confirmed that ASFV inhibits autophagosematitm in Vero

cells early during the replication cycle.

ASFV naturally targets cells of thrmonocytemacrophage lineagend hence the ability of a field

strain of the virus to inhibit autophagy in macrophages was tested. Similar levels -¢if wW&&
observed in infected blood derived macrophages at 6 hpi as were seen in equivalent mock infectes
cells suggesting that the virus does not induce autophagosome formation in macrophages
Additionally, LC3-II did not accumulate in infected macrophages afienation with Torin2. In
macrophages, LGB accumulation was stimulated by pharmacological inhibition of mTORC1
using Torin2 whereas previously in Vero cells, LIC&ccumulation was stimulated by starvation

as macrophages did not tolerate incubatioEBSS well. This demonstrates that the inhibitory
effect on LC3Il accumulation is independent of the method of autophagy induction. The
experiment carried out in macrophages was repeated three times to account for potential variability
between cells harvesd from individual animals and densitometry analysis confirmed a consistent
outcome between replicates (Figure 3.3.2). Taken together this showed that ASFV inhibits LC3
accumulation in a biologically relevant system and that the effect of ASFV onutbphagy

pathway is independent of both the virus strain and cell type studied.

As described in the introduction, autophagosome formation is a carefully controlleestepilti
process. Recruitment of L&Bto autophagosomes is dependent on WIPI and upduction of
autophagy, WIPI forms punctate structures that can be observed by confocal microscopy. In stark
contrast to LC3 there were many more WIPI puncta in ASFV infected cells compared to mock
infected cells under both nutrient replete conditions aad/ation conditions (Figures 3.4.1 and
3.4.2). This suggested that ASFV promotes the formation of WIPI complexes at 4 hpi in a manner

unaffected by nutrient availability.

The assembly of WIPI complexes is an integral step in the generation of autophega@sam
therefore their appearance in ASFV infected cells is interesting considering that the formation of
autophagosomes is blocked by the virus. To provide clarity on autophagy status in infected cells, &
p62 degradation assay was used to assess if agiopfux is blocked by ASFV. Figure 3.5.1
demonstrates the correlation between starvatidnced activation of autophagy and a reduced
level of p62. Figure 3.5.2 shows that in mock infected cells, a reduction in p62 levels was observed
at 4 hpi and 12 hdollowing a 2 hour starvation period as would be expected. In contrast, ASFV
infected cells did not show significantly less p62 under starvation conditions as demonstrated by
the densitometry analysis of three replicate experiments shown in FigurelB\sa& therefore

78



concluded that ASFV is able to block autophagic flux during early and late infection which

suggests that ASFV does not use autophagy at any stage of its replication.

To further substantiate the aforementioned conclusion, virus replicaisrcompared by titration

of virus grown in AgS'/' autophagy deficient and autophagy competent MEF cell lines using the
attenuated Uganda strain. Despite the virus reaching a respectable titre in both cell lines after 7:
hours, the increase in titre fratme start of the experiment only represented an approximétddLO
increase. This may suggest that viral growth is in some way limited in the MEF cells. Nevertheless,
the results shown in Figure 3.6 demonstrate that no statistically significant @eicreaplication

was observed in the autophagy deficient cells which indicates that ASFV does not require the
autophagy pathway for its replication. This is in agreement with a previous study that tested the
effect of 3methyladenine (31A) on the replicabn capacity of ASFV in macrophages and found
that 3MA had relatively little influencéBasta et al., 2010B3-MA is a transient inhibitor of class

[l PI3K which forms part of the vital Vps34 autophagy compMéu et al., 201Q)

The results described in section 3.2.7 reported the appearance of viral factories that were observe
in close proximity to the nucleus in ASFV infected cells. LC3 punetie seen forming at the viral
factory from 12 hpi, becoming more numerous until 16 hpi. Western blot analysis in Figure 3.8.1
demonstrated that an accumulation of LIC® detected in infected cells at 12 hpi which coincides
precisely with the first apeance of LC3 puncta at the viral factory. Hernekeal (2013) reported

the appearance of LC3 puncta at the viral factory at 16 hpi but at 12 hpi described similar amounts
of LC3 puncta between uninfected and infected cells. The detection cLGEFRs oposed to
endogenous LC3 could explain the difference in results at 12 hpi as a low transfection efficiency of
GFPRLC3 may have limited the detection of LC3 puncta.

Confocal analysis of infected cells also revealed the appearance of WIPI puncta thatiformed
close proximity to and sometimes within the viral factory from 14 hpi becoming more evident at 16
hpi (Figure 3.7). The close association of WIPI puncta with viral factories is interesting as the WIPI
puncta that were previously observed at 4 hpi wbserved in a perinuclear location which clearly
contrasted with the diffusely located WIPI complexes in mock infected cells (Figure 3.4.2). This
could suggest that swdellular location of the WIPI complexes at 4 hpi is linked to the
requirements of viruseplication and could be important in the formation of the viral factory. The
appearance of WIPI puncta at the viral factory may also suggest that the observed LC3 lipidation in
infected cells is dependent on the formation of WIPI complexes. In the [futonelucting an
experiment to determine whether the observed LC3 and WIPI puncta colocalise around the viral

factory may point to a link in their formation.

The previously described block in starvatioduced p62 degradation is evidence of the fact that
autophagic flux is restricted at 12 hpi. This could mean that formation of autophagosomes is

induced during late infection, hence the appearance of LC3 puncta at the viral factory, but that they
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subsequently do not undergo breakdown via lysosome fusi@mtily due to a mechanism of
viral inhibition. A similar effect is seen in cells infected wittiectious bronchitis virus (IBV)n

which the virus promotes the formation of small gigstricted autophagosomes that do not
undergo autophagosorhesosomeexpansion(Cottam et al., 2014)in the case of IBV infection,

the purpose of this is unknown but it may serve to contribute membranes to sites of virus

replication.

Studies on the potential role that autophagy plays during virus infection have revealed other viruse:s
such as poliovirus (PV) that also subvert the audgghpathway to promote their own replication
(Jackson et al., 20055pecifically, PV induces formation of LC3 staining doubiembrane
vesicles resembling autophagosomes that are thought to be required-fgticainus release from
cells(Bird et al., 2014)However, formatiormf these vesicles has been shown to be independent of
the canonical ULK1 autophagy signalling complg@orona Velazquez et al., 2018) has also

been shown that the formation of L&S&ining doublenembrane vesicles in MHV infected cells
does not rely on autophagy and that MHV replication was shown to be unaffeétegbiknock

out cells(Reggiori et al., 2010, Zhao et al., 200Cpllectively, these examples reveal potential
autophagyindependent functions of proteins such as LC3 that are vital for successful virus
infection. The accumulation of LGH during late ASFV infection may therefore be a il
mechanism that uses lipidated LC3 independently of the canonical autophagy pathway. In suppor
of this, ultrastructural studies have not reported the associatidbouble-membrane vesiclesith

ASFV factories(Brookes et al., 1996, Nunes et al., 197H)e study by Hernaeat al (2013)
reported that no examples of colocalisation between mature virions labelled against p72 and LCZ

puncta were evident.

Infection with influenza A virus (IAV) causes the accumulation of HCiB perinuclear regions

and at the plasma membrafiBeale et al., 2014)urther research has revealed t#at Znduced

LC3 lipidation is driven predominantly by n@r@anonical autophagfFletcher et al., 2018)t may

be possible that the appearance of LC3 puncta during late ASFV infection is-canmmrical
autophagy response toembrane r@arrangements around the viral factory rather than avipab
mechanism. Crucially however, lipidation of LC3 during ft@monical autophagy is not dependent
on recruitment of WIP(Fletcher et al., 2018)f the observed LC3 lipidation in ASFV infection is
WIPI dependent, this would more likely point to a canonical pathway. In this regard, infecting
WIPI knockout cells with ASFV and monitoring for the appearance of LC3 puncta would provide

valuable ingght into their provenance.

Another possibility is that the appearance of LC3 puncta at the viral factory is entiredpedific.
During ASFV infection, other membrane markers such as endosomal markers like Rab7 and
lysosomal markers like Lampl are rated to the periphery of the viral facto(CuestaGeijo et
al., 2017) Interestingly, addition of the microtubediepolymerizing drug nocodazole abolished
this recruitment and also impaired formation of viral daiets pointing to a requirement of the
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microtubule network. In support of this, research has shown that ASFV infection leads to
disruption ofcentrosome assembly and functiwhich could mediate the observedamganisation

of microtubulegJouvenet and Wileman, 2005)

In summary this work has showed th&SFV negatively modulates the formation of
autophagosomes in Vero cells and primary macrophage cells. In addition, it shows that ASFV is
able to block autophagic flux and that canonical autophagy is dispensable for virus replication. The
appearance of L& and WIPI puncta at the viral factory has also been described. The fact that
ASFV modulates autophagy, a pathway that performs such an integral function in host defence,
could provide new opportunities for disease intervention. It may be possible tdt ¢éxelant
microbial nature of autophagy by suppressing or entirely abrogating the ability of vaccine strain
viruses to control it. However this approach would be reliant on a firm understanding of the
mechanisms of modulation which could guide the sieleatf viral genes for a targeted mutation
strategy. In this regard, the chapter presented next was aimed at examining the mechanisms

autophagy modulation by ASFV.
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4 Investigation of the mechanisms of autophagy modulation byVASF

4.1 Introduction

Autophagy can act either at a basal level that functions to maintain cellular homeostasis or can be
dramatically stimulated in response to externally derived stresses such as starvation, radiation an
pathogen invasion. In many cases, cidle forms of autophagy that rely on an array of autophagy
receptors which target specific cargo for lysosomal degradation are induced. Selective autophag)
includes mitophagy and pexophagy to name a few which is the selective degradation of
mitochondria ad peroxisomes respectively. In addition, a targeted-raictiobial form of
autophagy called xenophagy is an important intrinsic cell defence mechanism and can be induce
in response to immurR&ensing signalling via the action of pattern recognition receiPRR)

such as Tollike receptors (TLRs]Deretic, 2011, Gomes and Dikic, 201#8)oreover, autophagy

can promoteMHC class Il presentation and generation of antigigecific CD4+ T cell responses
(Deretic et al., 2013)With such a multifaceted and potent threat to virus infection, it becomes

unsurprising that viruses have developed very specialised ways to negatively modulate autophagy.

Some viruses have evolved gaaity to modulate the signalling pathways that regulate autophagy
whereas others directly target the host autophagy machinery. Interestinghd, Et8\ucts both of

these activities via ICP34.5 which is able to antagonize protein kinase R -(Ré&dRjted
autophagy induction and also inhibit autophagy via its interaction with Bedldniedahl et al.,

2007, Talloczy et al., 2006)ndeed, Beclin 1 seems to be a common target for viral manipulation,
perhaps due tostintegral role as part of the autophagy core machinery or perhaps due to the direct
involvement of Beclin 1 in autophagy induction in response to TLR signdlBhg and Kehrl,

2010) Exogenous expression of th&sRV Beclin tinteracting protein A179L not only protects
cells against induced cell death but also inhibits the induction of autophagy in response to
starvation(Hernaez et al., 2013, Reuvilla et al., 199)is therefore tempting to speculate that
A179L may play a role in the inhibition of autophagy by ASFV.

The PI3KAkt-mTOR axis is a major regulatory pathway. The activation of Akt effects multiple
cell functions such as cell growth, proliferation and proteindlation(Manning and Toker, 2017)
Signalling via Akt can also suppress apoptosis and modulate the induction of aut((pbagy,

2004, Sengupta et al., 20100 the case of the latter, Akt is able to phosphorylate and inhibit the
mMTORC1 inhibitor TSC2, leading to the activation of mMTORC1 and the inhibition of the autophagy
pathway. This mechanisnac be exploited by viruses, for example H$¥ncodes the Us3 kinase
protein that acts in an identical manner to Akt by activating mTORC1 via phosphorylation of TSC2

leading to stimulation of MRNA translation and viral replicaiGhuluunbaatar et al., 2010)

The aim of this study was to identify potential mechanisms that are responsible for the previously
described inhibition of autophagosome formation (see Chapter 3). These investigations initially

looked at he role that A179L might play in blocking starvatimauced autophagosomes. Whereas
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Hernaezet al (2013) conducted their studies using a model of A179L-expression which may
not accurately reflect the level of A179L expression during infection, tity sonducted here was
carried out using a mutant strain of ASFV that lacks A179L. In this way, the effect that the absence
of A179L has on the induction of autophagy could be examined in the context of infection and any

potential artefacts of transfectiand overexpression could be excluded.

The vast body of literature reporting the interaction of numerous viruses with theARtaTOR
pathway and its vital role in the induction of autophagy pointed to the potential that the block in
autophagy inductio in ASFV infected cells may be mediated via the PEK-mTOR pathway.

The activation status of mMTORC1 and Akt whsrefore analysed by Westerlotoover a time
course of ASFV infection. This also included an experiment to determine if mTORCL1 actigity wa
likely the result of a viral mechanism of action rather than constitutive activity. Following this, a
purified virus was used in experiments to analyse mTORC1 and Akt activity to rule out possible
variations of the results resulting from the method oispreparation. Finally, investigations were
carried out using pharmacological inhibitors of Akt and mTOR to determine if ASFV is able to use

Akt-mTORCL1 signalling as a mechanism to negatively modulate autophagy.

Gaining further insight into how ASF\s iable to regulate autophagy could provide opportunity to
partially disrupt the system of viral control of the host immune response. For example, a strategy of
targeted viral gene deletion may help to engineer a situation in which the cell is able & count
infection via the activation of autophagy. Considering the -eshblished links between
autophagy and innate and adaptive immunity, this could lead to viral vaccine sithimaproved

immunogenicity.

4.2 Results

421 A mutant virus lacking A179L inhibs formation of starvatioinduced

autophagosomes

A179L, a viral Bcl2 homolog encoded by ASFV has been shown to interact with Beclin 1 via its
BH3 homology domairfHernaez et al., 2013)urthermore, it was showthat overexpression of
Al179L in Hela cells caused a reduction in the number of starvatituted autophagosomes
when compared to control cells. This suggests that ASFV could poteni@dlyhate the autophagy
response through a mechanism involving itteractionbetween A179L and Beclit. In other
studies, it was shown that A179L is able to protect cells against induced cel(Rewilla et al.,
1997)and also inhibit the activation of CHOP during the UPR resp(@aer, 2015)As part of

the work conducted by Barber, a deletion mutant of Ba71V was engineered in which the A179L

gene was removed and re@dowith a reporter gene using homologous recombination.
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To address the question of whether an A179L krmgkvirus (A179L KO) is able to inhibit the
formation of starvatiofinduced autophagosomes, an experiment was carried out essentially in the
same wayas described in section 3.2.1. Using the A179L KO virus described @ahevaimber of
autophagosomes in ASFV infectgéro cells (MOI 5) was visualised by confocal microsgogand
compared tomock infected cellsn either nutrient replete conditions (Figu4.11) or sarved
(Figure 4.1.2) conditions. In this way, any modulation of autophagy by the virus could be analysed.
Cells were infected for a total period of 4 hours during which cells were incubated for the last 2
hours in either complete cell medfaonstarved) or EBSS (starved) prior to being fixed and

labelled for immunofluorescence.

LC3 labelling in mock infected cells (Figure 4.1.1A) showed a mostly diffuse cytoplasmic pattern
with a small number of sporadic puncta that would be expected oattemt replete conditions. A
similar pattern of LC3 staining was observed in ASFV infected cells (Figure 4.1.1B). Labelling of
viral protein p30 (Figure 4.1.1C) identified cells expressing ASFV genes and interestingly, very
few puncta were apparent inege cells. This demonstrates that the A179L KO virus does not

induce the formation of autophagosomes under nutrient replete conditions.

Mock infected cells under starvation conditions (Figure 4.1.2A) showed a comparably higher
number of LC3 puncta when mpared to mock infected cells under rstarved conditions (Figure
4.1.1A) indicating that autophagy had been induced in these cells. In contrast, cells that had beel
infected with the A179L KO virus (Figure 4.1.2B) demonstrated a predominantly diffusenpat

LC3 staining with very few puncta under starvation conditions. Labelling of viral protein p30
(Figure 4.1.2C) showed that LC3 puncta were mainly observed in cells that were not expressing
ASFV genes. Collectively these results reveal that the AXOLvirus is able to inhibit starvatien

induced formation of autophagosomes.

Imaris analysis was used to enumerate the total number of autophagosomes per cell in 30 cells fc
each experimental condition (Figure 4.1.3). The number of autophagosomes [rereaied in

mock infected cells following starvation (P < 0.001). There was no difference in the number of
autophagosomes between rgiarved and starved cells that had been infected with A179L KO (P

> 0.05). Similar to what was observed with wiyghe vrus there were less autophagosomes in
resting cells infected with A179L KO when compared to mock infected cells (P < 0.05) and also
significantly less autophagosomes in cells infected with A179L KO under starvation conditions
when compared to starved moicifected cells (P < 0.001). This confirms the inhibitory effect of

the A179L KO virus on the formation of starvatiomluced autophagosomes.
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Figure 4.1.1 A179L KO virus does not induce the formation of autophagosomes at 4 hpi

Vero cells were mock infeetl (Panel A) or infected with A179L KO virus (MOI 5) (Panels B and

C) for a total of 4 hours during which cells were ysdarved in complete Vero cell media for the

last 2 hours. Cells were then fixed and permeabilised in methanol before labelling LG8ishow
green, viral protein p30 shown in red and nuclei shown in blue. Panels A and C were stained with
antip30 antibody and Panel B shows the same infected cells as Panel C but with the red channe
removed to allow for clearer observation of LC3 stain¥cale bars represent 10 uM.
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Figure 4.1.2 A179L KO virus has an inhibitory effect on the formation of darvation-
induced autophagosomes at 4 hpi

Vero cells were mock infected (Panel A) or infected with A179L KO virus (MOI 5) (Panels B and
C) for a totalof 4 hours during which cells westarved inEBSSto induce autophagy for the last 2
hours Cells were then fixed and permeabilised in methanol before labelling LC3 shown in green,
viral protein p30 shown in red and nuclei shown in blue. Panel B showsie infected cells as
Panel C but with the red channel removed to allow for clearer observation of LC3 staining. Scale
bars represent 10 pM.
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Figure 4.1.3 Imaris analysis confirms that an A179L KO virus inhibits induction of
autophagosomes in respae to starvation

Imaris analysis was carried out on confocal images to quantify the number of LC3 puncta per cell
for 30 individual cells per indicated experimental condition. Vero cells were either mock infected
or infected with the A179L KO virus for athl of 4 hours. Prior to fixation, cells were either non
starved in complete cell media or starved in EBSS for 2 hours to induce autophagy. Centre lines
show the medians. NS = Natarved cells. ST = Starved cel®atistical analysis as carried out

in Minitab usinganalysis of variancevith Tukey multiple compagons test. Asterisks represent
significant differencein value betweeS and ST conditions and between the indicated infection
status of the cell§ = P value of <@5, *** = P value of <0.00).

4.2.2 mTORC1 remains active during ASFV infection

Deleting A179L, the only identified ASFV autophamyeracting protein, did not abrogate the
ability of the virus to block starvatiemduced formation of autophagosomdzargeting host
pathways could invek several viral encoded modulators and thus exhibit some redundramcy
example, at least four apoptosis modulators have been des(Dixed et al., 2017)One could

therefore predict that autophagy is alseljkto be modulated by ASFV in a number of ways.

MTORC1 is a master nutrient sensing kinase that is activated in nutrient rich conditions which
serves to halt the downstream initiation of autoph@@ng and Klionsky, 2009)This is mediated
by mTORCZdependent phosphorylation of ULK1 which supresses the kinase activity of the ULK1
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complex. In this way, phosphorylation of ULK1 can be used as aowtafibr mTORCL1 activity.
Similarly, mTORCZdependent phosphorylation of pBBK and 4EBP1 can be used as further
evidence to demonstrate the activation status of mMTORCL1. To gain insight into whether mTORC1
might be involved in the inhibition of autophagosome formation by ASFV, analysis was cartried o

to determine its activation status in infected cells.

Vero cells were either mock infected or infected with the Ba71V strain of ASFV (MOI 5). Virus
was added to cells and incubated for 1 hour to allow virus entry. Cells were washed to remove
residual vius at which stage cells were harvested for the first time point (O hour time point).
Remaining cells were incubated in nutrient replete conditions and harvested at multiple time points
over a 16 hour course of infection. In addition, control cells wanebiated in complete cell media

or starved in EBSS for 3 hours to demonstrate starvataunced reduction in phosphorylation of
MTORC1 substrate proteins. Samples weepared from cellfor analysisby immunaoblottingand

probed using ariJLK1, antip70-S6K, anti4E-BP1, antip30 viral protein and anti t ubul i
antibodies. Total protein levels and the phosphorylation status of ULK1S@RO0and 4EBP1

wereanalysed.

Western blot analysis in Figure 4.2 showed that p30 expression was apparent in ASEd infe
cells from 4 hpi, increasing as infection progressed towards 16 hpi as would be expected. A lower
level of phosphorylation of ULK1 @®LK1), p70-S6K (Pp70-S6K) and 4EBP1 (R4E-BP1) was

seen in the starved control cells when compared to controlimelibated in complete cell media.

This demonstrates that starvation induced inactivation of mTORC1 leads to reduced
phosphorylation of mTORC1 target proteins. No major difference -iWLIR1L was observed
between mock infected cells and ASFV infected caildl ¢ hpi at which stage phosphorylation in
virus infected cells became marginally elevated until 16 hpi. Initially, a greater amowm76f P

S6K was seen in virus infected cells at 0 hpi when compared to mock infected cells but this was nc
longer appanet at 1 hpi. From 4 to 16 hpi-#70-S6K was dramatically increased above the level

of mock infected cellsLevels of PAE-BP1 were unchanged between mock infected and ASFV
infected cells up to 4 hpi, after which phosphoigiatincreased in infected cell&nalysis of total

protein levels of ULK1, p7{66K and 4EBP1 consistently demonstrated equivalent levels between

mock infected and ASFV infected cells for the duration of the time course.

Phosphorylation of ULK1, pA#36K and 4EBP1 was therefore evidetiiroughout a 16 hour time
course of ASFV infection and was at certain times elevated above the background levels seen i
mock infected cells. This analysis presents a clear indication that mTORC1 remains active during
ASFV infection.
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Figure 4.2 MTORC1 remains active during ASFV infection

Vero cells were either mock infected or infected with Ba71V (MOI 5) for 1 hr before residual virus
was washed off and the O hr time point was harvested. The remaining cells were thoul28te
media and harvested at multiple time points over a 16 hour time course of infection. Control cells
were either incubated in complete cell media (NS) or starved (ST) in EBSS for 3 hours to induce
inactivation of mMTORCL1. Cells were lysed and samplepared for resolution Qdyis-Tris PAGE

before transfer to PVDF membrane. Finally, samples were probed with ULK-BEGRK04EBP1,

p30 viral protein and anti  t u dntibbdiesiollowed by appropria HRRconjugated secondary
antibodiesThe positions bmolecular mass markers are indicated to #fiedf the gels
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Figure 4.2 mMTORC1 remains active during ASFV infection
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4.2.3 Starvationinduced inactivation of mMTORCL1 is inhibited by ASFV

The serine/threonine kinase p%6K that targets the S6 ribosomal photés important in the
control of translation initiation and one of the most well characterised mTORCL1 substrates along
with 4E-BP1 (Ma and Blenis, 2009)Under nutrient replete conditions, phosphorylation of-p70
S6K by active mTORCL results in the promotion oftgio translation. However, under starvation
conditions, multiple signals are relayed to mTORC1 in response to nutrient and energy sensing
ultimately resulting in its inactivation and the decrease in cell translation via rapid
dephosphorylation of p786K.

The resultan Figure 4.2show that p7866K phosphorylation levels are not only mainéairbut
actually increaseluring the 16 hour period of infection, indicating the maintenance or possible
elevation of the active state of mMTORCIhis experiment wasoaducted under nutrient replete
conditions such that even in the absence of infection, mMTORC1 would be expected to be active. Ir
this way the aforementioned experiment was more suited to testing for potential inactivation of
MTORC1 by ASFV. This raises thgossibility that the observed active state of mMTORCL1 in
infected cells is simply the result of its resting state remaining unchanged although this would seerr
unlikely because mTORC1 would usually be inactivated in response to cell stress resulting from
infection. Alternatively, the active state of mMTORC1 may be the result of a targeted mechanism by
the virus. To investigate this further, phosphorylation of-88& was analysed in infected cells

that were placed under starvation conditions to inactivate RO Vero cells were infected with

the Ba71V strain of ASFV (MOI 5) and harvested at multiple time points over a 16 hour time
course of infection. Prior to harvest, cells were starved for 1 hour in EBSS to induce inactivation of
MTORC1 and the dephosphaiibn of p76S6K. In addition, cells were mock infected and
harvested at a single 16 hour time point, prior to which cells were either incubated in complete cell
media or starved in EBSS for 1 hour to demonstrate a reduction ¥ (phosphorylation.
Sanples wereprepared from cellfor analysisby immunoblottingand probed using aAhi70-S6K,
antip30 viral proteinandanrtt t ubul i n anti bodi e sS6K Weretanalyseg r ot

in addition to analgis of phosphorylation levels.

Samples from mock infected cells that were analysed by Western blgsiandemonstrated
dramatically less phosphorylated p36K (Pp70-S6K) after 1 hour starvation when compared to
nonstarved conditions at 16 hpi (Figure 4.3). This indicates that 1 hour of starvation is sufficient to
reduce mTORCHependent phosphorylaticof its substrate proteins. Slightly greater levels -of P
p70-S6K were apparent in ASFV infected cells at 1 hpi and 2 hpi relative to mock infected cells
that were incubated under starvation conditions. Fh&@PS6K levels increased in ASFV infected
cellsover time, peaking at 4 hpi and 8 hpi before decreasing again at 16 hpi. Levels of tetal p70
S6K were similar between mock infected and ASFV infected cells and also remained unchangec

throughout the time course of ASFV infection. Labelling of viral pro30showedincreasing
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levels of protein expression in ASFV infecteglls from 4 hpi indicating thaeplication proceeded

as expected during the experiment.

This data demonstrates that ASFV is able to circumvent standgipendent signals that lean t
MTORC1 inactivation. However, this effect is observed in a-tlegendent manner, becoming

more evident as infection progresses.
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Figure 4.3 Starvation-induced inactivation of mMTORCL1 is inhibited by ASFV

Vero cells were infected with Ba71V (MOI 5) ahdrvested at multiple time points over a 16 hour
time course of infection. Prior to harvest, cells were starved for 1 hour in EBSS. Separately, cells
were mock infected for a total of 16 hours and either incubated in complete cell media or starved
for 1 haur in EBSS prior to harvest. Cells were lysed and samples prepared for resolutiisn by

Tris PAGEbefore transfer to PVDF membrane. Finally, samples were probed witB8§i(p30

viral protein and antdb t u hntidodiesfollowed by appropria@ HRPRconjugated secondary
antibodiesHours post infection (hpi) are indicated at the top of theTged. positions of molecular

mass markers are indicated to tbft bf the gels

4.2.4 Akt remains active during ASFV infection

Akt is a critical upstream metor of mMTORC1. The activation of Akt leads to the activation of
MTORC1, a mechanism that occurs either directly via thenfddiated phosphorylation and
suppression of the mTORCL1 negative regulator, TSC2 or via the negative regulation of AMPK
which is anactivator of the TSC complgahnWindgassen et al., 2005)he complete activation

of Akt is accompanied by its phosphorylation on residues T308 and(8#4&3i et al. 1996) This

is triggered following the binding of Akt to phospholipids produced by class | PI3K at the plasma
membrane, a process that can be blocked using the PI3K inhibitor LY2g2@0&e et al., 1995,
Klippel et al., 1996, Vlahos et al., 19943lass | PI3K is activated following growth factor and
insulin stimulation and conversely, the absence of growth factor stimulation can lead to the

downstream inactivation of AKtiao and Hung, 2010)
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The previous results described in sections 4.2.2 and 4.2.3 revealed that mTORC1 was active it
ASFV infected cells. To investigate if mMTORC1 activity could be linkedthtat of Akt, an
investigation was conducted to determine if Akt is also active during infection. Vero cells were
either mock infected or infected with the Ba71V strain of ASFV (MOI 5). Virus was added to cells
and incubated for 1 hour to allow virus gnt€ells were washed to remove residual virus at which
stage cells were harvested for the first time point (O hour time point). Remaining cells were
incubated in nutrient replete conditions and harvested at multiple time points over a 16 hour course
of infection. In addition, control cells were either incubated in complete cell media or starved in
EBSS for 3 hours to demonstrate the reduced phosphorylation of Akt following removal of growth
factors. Another set of control cells were incubated in media ioimgeDMSO (solvent control) or

50 nM LY294002 for 3 hours to demonstrate an additional means of Akt dephosphorylation.
Samples wer@repared from cellfor analysisby immunoblottingand probed using anfikt, anti

p30 viral protein and arti t ubul i n anti bodi es. Tot al prot

addition to analysis of phosphorylati at the T308 and S473 sites.

Western blot analysis in Figure 4.4 showed a substantlattien of phosphorylated Akt at T308

and S473 in starved control cells when compared to cells incubated under nutrient replete
conditions. Control cells that were treated with DMSO showed similar levels of phosphorylated
Akt to nonstarved cells indicatm that DMSO alone had no effect on Akt phosphorylation.
Comparison of the nestarved cells to the cells treated with LY294002 demonstrated a dramatic
reduction in phosphorylation at T308 and S473 in the latter. Phosphorylated Akt bands under
LY294002 tretment were also less intense when compared with cells that were starved.
Collectively, these results indicate that while starvation leads to a moderate reduction in Akt
phosphorylation, using the PI3K inhibitor LY294002 induces greater levels of dephgagibar

Phosphorylation of Akt at S473 in ASFV infected cells was at an equivalent level to mock infected
cells up to 1 hpi but from 2 to 8 hpi, an increase above mock was observed. This increase wa:
however no longer apparent at 16 hpi when insteadasindlels of S473 phosphorylation were
seen between mock infected and ASFV infected cells. Phosphorylation at T308 remained
comparable between ASFV and mock infected cells throughout the time course of infection.
Additionally, no differences in total Aktelels between mock and ASFV infected cells were
apparent over the duration of the time course. Taken together these results indicate that Ak
remains active throughout the ASFV replication cy8immce AKT is upstream of mTORC], the
maintenance of the ae# state of AKT is consistent with the maintenance of active mTCQ&@1

the downstream inactivation ofimphagy.
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Figure 4.4 Akt remains active during ASFV infection

Vero cells were either mock infected or infected with Ba71V (MOI 5) for 1 hr beésidual virus

was washed off and the 0 hr time point was harvested. The remaining infected cells were incubatet
in 2% media and harvested at multiple time points over a 16 hour time course of infection. Control
cells were either neatarved (NS) in compte cell media, starved (ST) in EBSS, incubated in
media containing DMSO or incubated in media containing 50 nM LY294002 for 3 hours. Cells
were lysed and samples prepared for resolutionbilsyTris PAGE before transfer to PVDF
membrane. Finally, samplesve probed with Aktp30 viral protein and arti  t u éntibbdies
followed by approprisd HRRconjugated secondary antibodid$e positions of molecular mass
markers are indicated to theftl of the gels
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4.2.5 Purification and electron microscopy analysis of ASFV

The results dscribed in sections 4.2.2 to 4.2.4 revealed that mTORC1 and Akt remain active
during ASFV infection, however the mechanism by which this occurs is unknown. Vaccinia virus
(VACV) has also been shown to activate the RISK pathway at early and late times the
infection cycle (Soares et al.,, 2009)Further research showed that this was important for
endocytosigdependent virus entry but more specificallythat PBKt acti vati on wa
integrin mediated entrgizmailyan et al., 2012)ASFV has also been shown to use the endocytosis
pathway for virus entry, however the cell receptor is currently unkri@uastaGeijo et al., 2012)
Interestingly, a separate study implicated macropinocytosis in virus(&atnghez et al2012)and

it was later described that ASFV is internalized into macrophages by both clatdiated
endocytosis and macropinocytofiiternaez et al., 2016However, it was found that in the case of

the latter, macropinocytosis was not specifically stimulated by ASFV but rather that the
internalisation of virions in macropinosomes was the result of constitutive macropinocytosis for
example via natural sampling of the cells microenvironmgtdrnaez et al., 2016)in the
aforementioned study, the authors hypothesised that the use of a clarified virus inoculum as
opposed to a purified virus inoculum may influence the stimulation of macropinocytosis due to the

presence of sigificant amounts of contaminant cell and viral debris in-porified virus stocks.

The previous experiments in sections 4.2.2 to 4.2.4 were conducted using clarified Ba71V virus
inoculum. As the activation of Akt in VACV models has been shown to be edffdnt the virus

entry mechanism, purification of ASFV was undertaken here with the intentioregingining the
activity of Akt and mTORCL1. Clarified cell supernatant containing Ba71V was either concentrated
by ultracentrifugation or concentrated and theurified in a double round of Percoll purification.

A detailed method of virus purification is described in section 2.2.5. The concentratpdrifu

and concentrated purified virus stocks were then fixed using glutaraldehyde and examined by

negativestain electron microscopy. Electron microscopy methods are described in section 2.9.
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Figure 4.5 Electron microscopy analysis of nospurified and purified virus inocula

Vero cells were infected with Ba71V (MOI 1) and incubated| waimplete cell detachment. Cell
supernatants were harvested and clarified bydpeed centrifugation. Supernatants were either
concentrated using ult@entrifugation or concentrated and purified using a double round of Percoll
purification. Concentratenonpurified (Panel A) and concentrated purified stocks (Panel B) were
then fixed using glutaraldehyde and analysed by negative stain electron micr@stopss point

to ASFV virus particles. Scale bars are represented below each panel.



Figure 4.5 Electron microscopy analysis of norpurified and purified virus inocula
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EM analysis of concentrated npurified Vero cell supernatant containing Ba71V (Figure 4.5A)
revealed the presence of dark staining geometrisaifyped particles that were either gralipe
together or in isolation. Particle size was estimated by visual inspection to be approximately 200
nM across. The shape and size of these particles was therefore consistent with ASFV virus
particles. Large amounts of lighter staining material was diegetisroughout the image. This
material was of varying size and shape and was therefore inconsistent with virus particles and mor
likely consisted of cell and viral debris. Identical analysis of purified cell supernatant containing
Ba71V shown in Figure 8B also indicated clusters of particles that were consistent in both shape
and size of ASFV virions. However, evidence of cell and viral debris was no longer apparent
suggesting that purification of the supernatant successfully removed this material.r@hédte
therefore revealed that the purified virus was suitable for use in downstream experiments in which
the potential influence on Akt and mTORCL1 activity by the presence of cell debris could be

excluded.
4.2.6 Purified ASFV inhibits starvatiemduced acamulation of LC3lI

The investigation carried out in section 3.2.2 showed that at 4 hpi, starvation of mock infected Vero
cells induced an increase in LA3vhen compared to cells under nutrient rich conditions and that
the same effect was observed innfacted cells. In contrast, starvation did not induce any increase

in LC3-ll relative to norstarved conditions in cells infected with a clarified stock of cell
supernatant containing Ba71V suggesting that the induction of autophagy by starvationtidinhibi

by ASFV. Part of the same experiment but not previously described were cells that were infected
with purified Ba71V virus (MOI 5). This was aimed at facilitating sigeside comparison of the
effects of infection on LG3l levels between using nepurified and purified virus inocula and
results from this analysis are described below. Cells were either incubated in complete cell medis
or starved in EBSS for 2 hours prior to harvest at 4 hpi ampkes were then prepared from cells

for analysisby immuroblotting Finally, samples were probed using du@i3, antip30 viral

proteinandantb t ubul i n anti bodi es.

Figure 4.6 shows the same Western blot analysis that was previously carried out on uninfected
mock infected and nepurified ASFV infected cellsn Figure 3.2 but with additional analysis
indicated of cells infected with purified ASFV. Labelling of p30 revealed comparable levels of
virus protein expression between Amurified and purified viruses. In similarity to what was
previously seen using nepurified virus, comparable amounts of L@3were also observed
between starved and nstarved conditions using purified virus. These results therefore
demonstrate that purified virus acts in the same way apuafied virus by inhibiting starvaticn
induced accumulation of LCGIB. Consequently, the presence of cell and viral debris inpurified

virus does not seem to be responsible for the block in autophagy induction but rather points to &

virus specific mechanism.
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Figure 4.6 Purified ASFV inhibits starvation-induced accumulation of LC3Il in Vero
cells

Vero cells werancubated with media alone (uninfected)ockinoculum (mock infected non

purified Ba71V (MOI 5) or purified Ba71V (MOI 5jor 1 hour. Inocula were removed and cells
were incubatd for a total of 4 hours during which cells were either-stanved (NS) in complete

cell media or starved (ST) in EBSS for the final 2 hours. Cells were then lysed and samples
prepared for resolution bis-Tris PAGE before transfer to PVDF membrane. &lg, samples

were probed with anliC3, antip 3 0  atubudlin antibodiesfollowed by appropriat HRP
conjugated secondary antibodigége positions of molecular mass markers are indicated tefthe |

of the gels

4.2.7 Akt and mTORCL1 are active in cells infed with purified ASFV

In section 4.2.2 it was hypothesised that the observed active state of mTORCL1 in infected cells
could be a means by which ASFV negatively modulates the autophagy pathway. The results in
section 4.2.4 further established that Akt a&ms active over a time course of infection which may
lead to downstream mTORC1 activation. The aforementioned experiments were carried out using
non-purified Ba71V and in section 4.2.6, Western blot analysis revealed that purified virus acted in
the sameway as norpurified virus with regard to inhibition of starvatieamduced LC3II
accumulation. It could therefore be expected that Akt and mTORC1 are likely be active in cells
infected with purified ASFV as was demonstrated usingmaified virus. To tessthis, Vero cells

were either mock infected or infected with purified cell supernatant containing Ba71V (MOI 5) and
incubated under nutrient replete conditions for a total of 4 hours. Sampleprepaeed from cells

for analysisby immunoblotting Finally, samples were probed using afskit, antip70-S6K, antt

p30 viral protein and ani t ubul i n anti bodi es. ToSéKlwergpr ot

analysed in addition to analysis of phosphorylation of these proteins.
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Figure 4.7 Akt and mTORCL1 are active in cells infected with purified ASFV

Vero cells werancubated withmockinoculum (mock infectedor purified Ba71V (MOI 5)for 1

hour. Inocula were removed and cells were incubated for a total of 4 hours. Cells were then lysec
and samples preparéat resolution bybis-Tris PAGEbefore transfer to PVDF membrane. Finally,
samples were probed with a#tkt, antip70-S6K, antip 3 0  dubudin amtibodiedollowed by
appropriae HRRconjugated secondary antibodidhe positions of molecular mass markers are
indicated to thedft of the gels

Western blot analysis of viral protein p30 in Figure 4.7 showed the presence of ASFV gene
expression in cells infected with purified Ba71V but not in cells that were mock infected. Greater
amounts of phosphorylated pBBK and phosphorylated Alat S473 were evident in ASFV
infected cells when compared to mock infected cells, however a similar level of phosphorylated
Akt at T308 was observed between mock infected and ASFV infected cells. Analysis of total Akt
and total p7656K did not reveal anglifferences between mock infected and ASFV infected cells.
Taken together these results demonstrate that Akt and mTORCL1 are active following infection with

purified ASFV which corresponds to the previous result using thepuodgfied virus. It can
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therefae be concluded that the presence of cell and viral debris in thpunidied virus does not

induce the activation of Akt and mTORC1 and that this is more likely a virus specific effect.

4.2.8 Analysis of the effects of MR206 and Torinl on Akt and mTORC1 stiate
phosphorylation

The investigation in section 4.2.2 revealed that an active state of mMTORC1 was maintained during
ASFV infection. Additionally, it was shown in section 4.2.3 that mTORC1 was activated in
infected cells despite attempting to itigate it under starvation conditions. Taken together, these
results suggest that ASFV exerts a modulatory effect on mTORCL. Following the results in section
4.2.4 that demonstrated the active state of Akt over a time course of ASFV infection, it was
hypothesised that perhaps the virus drives the activation of mMTORCL1 via the activity of Akt. This
model is based on the fact that Akt mediates the activity of mMTORCL1 via the phosphorylation of
TSC2, an inhibitor of mMTORC1. However, mMTORCL1 can also be reguladegendently of Akt

via AMPK, a TSC complex activator.

To provide a potential means of inactivating mTORC1 and Akt, the phosphorylation of Akt and
MTORC1 substrate protein pBBK was analysed in the presence of pharmacological inhibitors,
Torinl and MK2206. Research on Torinl has revealed that it offers a more potent inhibition of
MmTORC1 when compared to rapamycin treatment and that it also inhibits mTORG2en et

al., 2009) In similarity to mTORC1, mTORC% a large protein kinase comprising the catalytic
subunit mMTOR. However, some of the protein partners of mTORC2 and mTORC1 are different
(JhanwatUniyal et al., 2019)Whereas mTORC1 acts on the ULK1 autophagy complex and the
translation factors p786K and 4EBP1, mTORC2 directly phosphorylates Akt d®473
facilitating phosphorylation on T308 by PDK1 and the eventual activation ofSskbassov et al.,
2005) MK-2206is a highly potent and selectiatiostericAkt inhibitor that blocks its activation

and kinae activity preventing the downstream phosphorylation and inactivation of T%&®
2009)

In this experiment, Vero cells were either mock infected or infected with Ba71V (MOI 5) for a total
of 4 hours.During the final 2 hours of infection cells were incubated in conventional 2% media or
in 2% media containing either 200 nM Torinl or 5 UM RR06 or a combination of both drugs.
Separately, cells were also incubated in EBSS containing both drugs tohttbemvstarvation

alters the effects of the drugs. A 4 hour period of infection was chosen as previously it was at this
stage of the replication cycle that Akt and mTORC1 demonstrated obvious activity in ASFV
infected cells. Samples wepeepared from cedlfor analysisby immunoblotting Finally, samples

were probed using anfikt, antip70-S6K, antip30 viral protein and ani t ubul i n an

Total protein levels and the phosphorylation status of Akt aneB6FOwere analysed.
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Figure 4.8 Analysis d the effects of MK-2206 and Torinl on Akt and mTORC1substrate
phosphorylation

Vero cells werancubated withmock inoculum (mock infectedor Ba71V (MOI 5)for 1 hour.
Inocula were removed and cells were incubated for a total of 4 hours. During thdass, cells

were incubated in regular 2% media or in 2% media containing 200 nM Torinl or 5 [HZRIKK

or a combination of both drugs. Separately, cells were starved in EBSS in the presence of bott
drugs. Cells were then lysed and samples prepareddoltution bybis-Tris PAGEbefore transfer

to PVDF membrane. Finally, samples were probed with-Akiti antip70-S6K, antip 30 and
tubulin antibodiedollowed by approprisd HRRconjugated secondary antibodigse positions of
molecular mass markerseaindicated to theeft of the gels

Western blot analysis in Figure 4.8 showed the expression of viral protein p30 in ASFV infected
cells only. In conventional 2% media, a greater amount of phosphorylateS657(Rp70-S6K)
and phosphorylated Akt on SB{P-Akt S473) and T308 Akt T308) was evident in ASFV
infected cells compared to mock infected cells. This shows that Akt and mTORCL1 were active in
ASFV infected cells as previously reported. Almost a complete lossA@&t B473 and FAkt T308
was obsered in mock infected cells in the presence of &IR06. Interestingly, under the same
conditions only a moderate loss ofARt S473 was observed in ASFV infected cells and a near
complete loss of Akt T308. This could suggest that while MX06 alone is dticient to
inactivate Akt in mock infected cells, it is only able to partially inactivate Akt in ASFV infected
cells at the concentration used. Mock infected cells incubated in the presence of Torinl
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demonstrated a loss off70-S6K and a loss of-Rkt S473 but phosphorylation on Akt T308 was

still apparent. This shows that Torinl is able to inactivate mMTORC1 preventing the downstream
phosphorylation of p7@6K and is also able to inhibit the activity of mTORC2 which
phosphorylates Akt on S473. Torinl tresant of ASFV infected cells led to dramatic reductions of
P-p70-S6K, RAkt S473 and FAkt T308 compared to untreated cells however sordkiPS473

and RAkt T308 was still apparent. Treatment of mock infected or ASFV infected cells with both
MK-2206 and ®rinl facilitated the greatest loss ofplP0-S6K, RAkt S473 and FAkt T308
compared to untreated cells or cells treated with drugs in isolation. Incubating the cells in EBSS
rather than 2% media did not make any difference to phosphorylation leveldoAdltlt analysis

of total p70S6K and total Akt did not indicate any differences between mock infected and ASFV
infected cells or between cell treatments.

Collectively these results suggest that using-RBB06 and Torinl in combination provides the
most efective means of reducing the activity of Akt and mTORC1 in mock infected and ASFV
infected cells.

4.2.9 Low numbers of autophagosonmea® evident at 4 hpn ASFV infected cells in the

presence oforinl and Mk2206

Both Ba71V and Ba71V A179L KO virus werelalio inhibit starvation induced formation of
autophagosomes at 4 hpi (see sections 3.2.1 and 4.2.1). Adding to this, the results in section 4.2.
demonstrated that Akt and mTORC1 can be sufficiently inactivated in ASFV infected cells at 4 hpi
using a comimation of Torinl and MK2206. This provides an opportunity to explore whether
Akt-mTORC1 activity is a means by which ASFV negatively modulates the induction of
autophagy. In this respect, a confocal microscopy experiment was conducted using starvatior
conditions as described in sections 3.2.1 and 4.2.1 but with Torinl anr@2d& included. Vero

cells were mock infected or infected with either Ba71V (MOI 5) or the Ba71V A179L KO virus
(MOI 5) for a total period of 4 hours during which cells were incub&tedhe final 2 hours in

EBSS alone or EBSS containing 200 nM Torinl and 5 pM-B206. Cells were then fixed and

labelled for LC3 to detect autophagosomes and viral protein p30 to detect infected cells.
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Figure 4.9.1 Starvation-induced formation of autophagosomes is inhibited in ASFV
infected cells at 4 hpi

Vero cells were incubated with mock inoculum (Panel A) or Ba71V (MOI 5) (Panels B and C) or
Ba71V A179L KO (MOI 5) (Panels D and E) for 1 hour. Inocula were removed andweiks
incubated for a total of #ours during which cells were starved in EBSS mdadiathe final 2

hours Cells were then fixed and permeabilisadnethanol before labelling LCshown in green,

viral protein p30 shown in red and nuclei shown in blue. PanelsdCEaare stained with p30.
Panels B and D show the same infected cells as Panels C and E respectively but with the re
channel removed to allofer clearer observation of LGRaining. Scale bars represent 10 uM.



Figure 4.9.1 Starvation-induced formation of autophagosomes is inhibited in ASFV
infected cells at 4 hpi
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Figure 4.9.2 Low numbers of autophagosomes are evident at 4 hpi in ASFV infected cells
in the presence of Torinl and Mk2206

Vero cells were incubated thi mock inoculum (Panel A) or Ba71V (MOI 5) (Panels B and C) or
Ba71V A179L KO (MOI 5) (Panels D and E) for 1 hour. Inocula were removed andweiks
incubated for a total of Bours during which cells were starved in EBSS mediztaining 200 nM
Torinl and 5uM MK-2206 for the final 2 hoursCells were then fixed and permeabilised i
methanol before labelling LCshown in green, viral protein p30 shown in red and nuclei shown in
blue. Panels C and E are stained with p30. Panels B and D show the sated o#ls as Panels C
and E respectively but with the red channel removed to ditowclearer observation of LC3
staining. Scale bars represent 10 uM.



Figure 4.9.2 Low numbers of autophagosomes are evident at 4 hpi in ASFV infected cells
in the presenceof Torinl and MK -2206
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