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ABSTRACT

ATG16L1 has many non-canonical roles outside its classical role in autophagy. It
plays a vital role in the innate immune response LC3-associated phagocytosis (LAP).
Furthermore, it has been recently shown to be involved in lysosomal fusion to the plasma
membrane (PM), which is necessary for cholesterol transport to the PM. Our group
developed a mouse model (AWD) that expresses an ATG16L1 protein truncated at position
E230, lacking the WD domain. This mouse has increased susceptibility to the influenza A
virus (IAV), with increased viral replication in the mouse, in addition to a lethal cytokine
storm. The aim of this thesis was to investigate the mechanism by which the WD domain
protects mice from lethal IAV infection.

Initially, | investigated differences in tissues and mouse embryonic fibroblast (MEF)
cell lines isolated from wild type (WT) and AWD mice. | found that cholesterol was reduced
in the PM of AWD brain and lung tissue as well as AWD MEFs.

| then investigated whether modulation of the membrane cholesterol would affect
IAV fusion. 1AV fused more efficiently to the PM of AWD MEFs, when infected by acid
bypass, that allows the virus to fuse directly with the PM.

IAV endocytosis and fusion in AWD MEFs were measured using a differential
immunostaining assay and FACs respectively. Increased endocytosis and fusion were seen
in AWD MEFs. | showed that IAV replicated to higher levels in AWD MEFs and in precision
cut lung slices. Additionally, interferon and ISG expression were higher in infected AWD
MEFs and lung slices, mimicking the cytokine storm seen in the mutant mice. Overall, this
thesis demonstrates that the WD domain of ATG16L1 has a role in cholesterol transport to
the PM, a WD deficiency resulting in IAV entering cells more efficiently and replicating to

higher levels and causing elevated cytokine expression.
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Introduction
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1.1 LC3-Associated Phagocytosis (LAP) and Endocytosis (LANDO)

1.1.1 Overview

Macroautophagy, hereafter autophagy, is a highly-conserved fundamental cell
mechanism of degrading cellular contents by directing them to lysosomes for destruction.
All cells accumulate debris from catabolic processes and waste materials which can be
toxic. It is autophagy (derived from Greek which means ‘self-eating’) that
compartmentalises these waste materials and destroys them (1). Waste removal is one
reason but another reason for this mechanism is to recycle nutrients during periods of
starvation, however it is becoming clearer and clearer that this process has roles in the
adaptive and innate immune systems (2,3). The execution of autophagy involves a pathway
not dissimilar from the ubiquitination method of cargo degradation, with the cargo being
tagged for destruction. Portions of the cytosol are compartmentalised by an isolation
membrane, creating a double membraned vesicle called an autophagosome. This structure
then fuses with a lysosome (4). Several autophagy (ATG) proteins also play a role in another
similar but functionally different innate immune process: LC3-associated phagocytosis

(LAP).

LAP uses elements from two conserved pathways: autophagy and phagocytosis,
perhaps originating at the branching point between their two evolutionary pathways.
Crucial autophagy components are recruited to the phagosome during phagocytosis so that
some of the autophagy mechanisms are harnessed (5,6).

Both autophagy and LAP share one crucial mechanic between their processes, and
that is the conjugation of microtubule-associated protein light chain 3 (LC3) to membranes.
The most characterised of the LC3 protein subfamilies is the LC3B protein (7,8). This protein
is conjugated to vesicles containing cargo to be degraded and both autophagy and LAP
utilise it as a marker for their autophagosomes or LAPosomes respectively (7). A
fundamental difference between autophagy and LAP is that autophagosomes are double

membraned structures, whereas LAPosomes are single membraned structures (9,10).
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Initiation of LAP does not require the activation of a pre-initiation complex; also it
does not require mTOR (11,12). It is initiated by receptors on the plasma membrane. These
receptors recognise a wide variety of ligands including PAMPs and phosphatidylserine (PS)
(6). Receptors that activate LAP include Toll Like Receptors (TLRs), C-type lectin receptors
(CLRs), Immunoglobulin (Ig) receptors and TIM4 receptors (6,13—15). Once ligands have
bound, an unknown process then activates a variety of LAP effectors which are recruited

to the phagosome.

A key component that needs to be recruited to the phagosome is the class Il
Phosphatidylinositol-3 kinase (PI3K). In autophagy there are several PI3K complexes,
similar apart from the Beclin-1 interacting protein that associates to the complex.
Autophagy is positively regulated by two PI3K complexes: the ATG14L, Beclin-1, Vps34,
Vps15 complex (which aids autophagosomal formation) and the UVRAG, Beclin-1, Vps34,
Vpsl5 complex (which aids endosome maturation) (16,17). A third complex includes
UVRAG as well as the other shared components, but also incorporates Rubicon. Rubicon is
also a Beclin-1 binding protein and its involvement in the class lll PI3K transforms the
complex into an inhibitor of autophagy (17-19). However, it is this class Il PI3K complex
which is vital for LAP with Rubicon being translocated to the membrane of the LAP-engaged
phagosome (LAPosome) and then recruiting the rest of the class 1l PI3K complex, stabilising
it (Figure 1.1). The recruited PI3K then produces phosphatidylinositol-3-phosphate (PI3P)
(5,12). Additionally, Rubicon has another role in initiating LAP. LAP-activating receptor
engagement with ligands also triggers the assembly of cytosolic NADPH oxidase 2 (NOX2)
components (p40Pho%, p47Phox p67P"X Racl) at the LAPosome. These components
assemble and interact with the membrane bound p22P"*and gp91P"°* (alternatively known
as NOX2). Rubicon binds to p22phox and stabilises it (Figure 1.1) (12,20,21). Rubicon
recruitment to the LAPosome occurs first, stabilising the class Il PI3K so that it produces

PI3P which aids recruitment of p40P"** to the LAPosome membrane (22).
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Figure 1.1: The initiation of LAP at the phagosome. LC3-associated phagocytosis (LAP) is
initiated by ligand binding to LAP-activating receptors such as Toll Like Receptors (TLRs).
Ligands are recognised by these receptors which leads to the recruitment of rubicon to the
plasma membrane. This, in turn, results in the assembly of the Class Ill PI3K complex for
PI3P production. Additionally, receptor activation leads to the formation of the NOX2
complex from cytosolic and phagosomal components. Adapted from (23,24). Produced

using Biorender.
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Following the recruitment of the NOX2 components to the LAPosome, the active
NOX2 complex generates reactive oxygen species (ROS) inside the phagosome from
cytosolic NADPH. These ROS are needed for the activation of downstream ubiquitin-like
conjugation systems that both autophagy and LAP use to conjugate LC3 to the target
vesicle’s membrane (Figure 1.2). ROS have been shown to oxidise lipids with this
phenomenon leading to altered biological characteristics of the membranes (5,25,26). It is

ROS that induces the recruitment of the conjugation machinery during LAP.

For the contents of autophagosomes or LAPosomes to be successfully degraded,
the vesicle must fuse with a lysosome. This is mediated by LC3. LC3 needs to be conjugated
to the membrane of a target vesicle for lysosomal fusion to occur which is facilitated by the
ATG5-ATG12 and the LC3-PE conjugation systems, two ubiquitin-like conjugation systems.
These processes are both required for autophagy as well as LAP.

For the ATG5-ATG12 system, Atgl2 is activated by the El-like enzyme ATG7, a
thioester bond generating between ATG12’s C-terminal glycine residue and ATG7’s
cysteine residue (27). This catalyses the transfer of ATG12 and formation of a thioester
bond to the ATG10 E2-like enzyme (28,29). ATG10 then catalyses the conjugation of ATG12
to ATG5, an isopeptide bond forming between the two (27). So far, this process has
mirrored ubiquitination, with the degradation signal ubiquitin being activated by an E1
enzyme before being transferred to an E2 enzyme and then being conjugated to the target
(30). The ATG12-ATG5 complex is essential for the LC3-PE conjugation system (31) but first
the ATG12-bound ATGS interacts non-covalently with the coiled-coiled protein ATG16L1.
ATG16L1 isn’t needed for the initial ATG12-ATG5 conjugation, but instead aids recruitment
of the complex to the LAPosome (32). ATG16L1 naturally forms homodimers, with the
entire complex forming a hetero-tetrameric complex (33,34).

Conjugation of phosphatidylethanolamine (PE) to LC3 is preceded by LC3 being
primed via the ATG4 cysteine protease. LC3 is cleaved at its C-terminus (35,36) exposing a

glycine residue which is essential for PE conjugation. ATG4 also acts as a deconjugating
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Figure 1.2: The destruction of cargo via LAP. Following initiation of LC3-associated
phagocytosis by pattern recognition receptors, the active class 1l PI3K complex is recruited,
decorating the LAPosome’s membrane with PI3P. This stabilises the NOX2 complex which
is also recruited, producing ROS in the LAPosomal lumen. Both PI3P and ROS activate the
downstream conjugation systems, with ATG12 forming a complex with ATG5 and ATG16L1.
Concurrently, ProLC3 is cleaved to its active form, LC3-1. LC3-1 is then conjugated to PE via
the action of several ATG proteins including the ATG12-ATG5+ATG16L1 complex, forming
LC3-11. This is then conjugated to the LAPosome via the action of the ATG12-ATG5+ATG16L1
complex. LC3-Il positive LAPosomes are fused to LAMP-I positive lysosomes and the

contents degraded. Adapted from (23,37). Produced using Biorender.
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enzyme, recycling PE and LC3 after the LAPosome fuses to a lysosome. It is believed that
ROS may regulate ATG4, inhibiting the protease to prevent deconjugating during moments
of cellular stress when LC3 is needed for autophagy and perhaps even LAP (38). With LC3
primed (designated LC3-1), the exposed glycine binds to ATG7’s cysteine residue (the same
residue used in the ATG12-ATG5 conjugation system) (39,40). ATG7 acts once again as an
El-like enzyme, transferring LC3-1 to the E2-like enzyme ATG3 (41). The ATG12-ATG5
complex possesses E3-like enzyme activity, with ATG12 interacting with ATG3 and
catalysing the transfer of LC3-1 to PE, generating LC3-Il. The complete ATG12-
ATG5+ATG16L1 complex is needed to correctly localise and conjugate LC3-ll to the
LAPosome membrane. Specifically it is ATG16L1 which facilitates this localisation, doing so
through its WD domain. ROS induces the WD domain to bind to the LAPosome membrane.
With the conjugation machinery correctly localised, LC3-ll is conjugated to the target
LAPosome. Successful LC3-ll attachment is a prerequisite for LAPosomal expansion,
maturation and eventual lysosomal fusion to the LAPosome and destruction of the cargo

(5,12,42,43).

Another process, independent of phagocytosis, also facilitates cargo uptake in association
with LC3 and that is LC3-associated endocytosis or LANDO. This process was first noticed
when endosomal markers such as Rab5 and clathrin as well as LC3 associated to single
membraned endosomes when phagocytosis was inhibited. The mechanism may be used to
recycle cell receptors and certainly seems to play a role in the clearance of toxic B-amyloid
within the brain (44). Very little is known about the exact mechanism of LANDO however
as the LAP mechanism is specific to conjugating LC3 to single membraned vesicles, it is likely

that the similar mechanism is used for LANDO.
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1.1.2 LC3-associated phagocytosis functions

A functioning LAP system is necessary for a wide range of cellular behaviours (Figure
1.3). One of the main functions of LAP is the engulfment and destruction of pathogens.
Acidic hydrolases degrade the phagocytosed/endocytosed material and transmembrane
pumps recover nutrient molecules and pass them to the cytosol for recycling. LAP has been
shown to provide genuine defence against the pathogens Listeria monocytogenes and
Legionella dumofii (45,46). Furthermore, this defence role of LAP was explored by knocking
out LAP in mice and infecting with the fungus Aspergillus fumigatus, an infection which was
unable to be cleared in LAP" mice (5,47). LAP is also proposed to be utilised by the
commensal bacteria Bacteroides fragilis, the bacteria using this mechanism to deliver
immunomodulatory compounds into the cells to protect them from inflammatory bowel
disease (IBD) (48).

LAP plays a role in another immune response mechanism: efferocytosis. This
process oversees the removal of apoptotic cells, being conducted by macrophages. These
apoptotic cells could be themselves infected, therefore this process plays an important role
in pathogen clearance. A characteristic of efferocytosis is that it is ‘immunologically silent’
(23), meaning it doesn’t trigger any immune response and pro-inflammatory cytokines are
inhibited from being expressed (49-51). This immunological silence is facilitated by LAP. A
LAP deficiency in mice was seen to result in an accumulation of apoptotic bodies in immune
cells and tissue (52) and the development of an autoimmune lupus-like condition,
characterised by extreme inflammation (14,23).

LAP not only contributes to the capturing and degradation of pathogens and
apoptotic cells, but also cooperates with the adaptive immune system. Activation of LAP
via the non-TLR pattern recognition receptor dectin-1 (53) leads to a promotion of Major
Histocompatibility Complex (MHC) class Il presentation. Dectin-1 signalling triggers
phagocytosis and formation of LC3-Il. Furthermore, dectin-1 directs the conjugation of LC3-
Il to the LAPosomal membrane. A deficiency in LC3-Il resulted in a dysfunctional MHC class
Il system, whereby MHC class Il molecules couldn’t be recruited to phagosomes and the

antigens concomitantly presented (9,13,54). This dysfunctional MHC class Il system present
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when LAP is absent could explain why mice with a LAP deficiency have reduced capabilities
at clearing infection (23,55,56).

In addition to enhanced MHC class Il presentation, LAP also aids the immune
response by promoting type | interferon expression. LAP activation leads to type |
interferon expression through TLRs signalling through IRF7 (57,58), a regulatory factor
paramount to the immune response. Type | interferons, which include IFNa and IFNB, have
the ability to induce an antiviral state by signalling through the JAK-STAT pathway, making
them essential in fighting disease (59). LAP leads to enhanced TLR signalling, likely due to
TLRs being trafficked into LC3 marked vesicles (58,60,61). This would lead to sustained
ligand-TLR interaction and signalling, concomitantly leading to a strong immune response.

In addition to the immune response to infection and preventing inflammatory
responses, LAP is also believed to have a role in the vision cycle. LAP may aid in the
clearance of photoreceptor outer segments, which allows for the renewal of photoreceptor

disks (23,62).

These functions cannot just be attributed to LAP alone, with LANDO possibly
contributing to a functioning immune system in conjunction. Both LAP and LANDO utilise
LC3 as a marker on their vesicles meaning that LC3-associated endosomes or
‘LANDOsomes’ would be targeted for maturation and degradation as well.

LAP and LANDO are novel pathways requiring further research due to their novel
means at pathogen removal. The majority of recent literature looks at the efficiency these
mechanisms have at clearing bacterial and fungal pathogens as well as B-amyloid (44). In

my work | have investigated the role of the LAP and the ATG16L1 protein in viral infection.
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Figure 1.3: From destruction to presentation, how LAP processes its phagocytosed
cargo. Cargo phagocytosed by LAP can be processed in multiple ways. LAPosomes
decorated in LC3-1l may fuse to LAMP1 positive lysosomes and the cargo be degraded.
Alternatively, the LAPosome may fuse to pattern recognition receptor (PRR) containing
vesicles, for example TLR containing vesicles. This would lead to the expression of type |
interferons. Otherwise, degradation of the cargo would allow antigens to be recruited by
MHC class Il proteins and be expressed by the cell, allowing for recognition by the

immune system. Adapted from (2). Produced using Biorender.
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1.2 The ATG16L1 protein

1.2.1 ATG16L1 and LAP/LANDO

WIPI2b site located between | FIP200 site located between
residues 207 and 230 | residues 230 and 242

I — 0000000

L Atg5 Binding 4 L coiledcoil —l— Linker —JL— WD40 domain —

domain domain region

Figure 1.4: ATG16L1 domain layout. ATG16L1 is a 68 kDa protein arranged into four main
regions, an ATG5 binding domain, a coiled-coil domain, a linker region and a WD40
domain made up of seven WD40 repeats. Adapted from (63), binding site information

from (64). Produced using Biorender.

A protein crucial to the successful targeting of LC3-Il to autophagosomes and
LAPosomes is the coiled-coil protein called ATG16L1. It is a core component in the E3-
ligase ATG12-ATG5+ATG16L1 needed to catalyse LC3-I lipidation. One of the main reasons
for this is that it binds to the phagosomal membrane following the production of ROS by
NOX2. This secures the complex to the membrane and allows it to direct LC3-Il to the
membrane.

ATG16L1 is a 607 amino acid, 68 kDa protein (Figure 1.4) which is comprised of
three domains. The N-terminal binds to ATG5 and is responsible for complexing with
ATG12-ATG5. Adjacent to the ATG5 binding domain is the coiled-coil domain (CCD). This
domain possesses two overlapping but distinct binding sites: a binding site to WD repeat
domain phosphoinositide-interacting protein 2 (WIPI2) and a binding site to FAK family
kinase-interacting protein of 200 kDa (FIP200) which is a protein inhibitor for focal
adhesion kinase (64-66). The WIPI2 site is essential for canonical autophagy, with WIPI2
interacting with PI3P on membranes and anchoring the conjugation complex. It is here
where the dimerization occurs with a second ATG16L1 protein, producing the hetero-
tetrameric complex. Overall, the CCD is essential for recruitment of ATG16L1 due to its

intrinsic lipid binding activity (67).
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The CCD is followed by a linker region that links it to the WD domain, which is
made up of seven WD40 B-propeller repetitions (forty repetitions of tryptophan and
aspartate residues). The function of this region is uncertain. Unlike the CCD, It is not
necessary for canonical autophagy in unicellular organisms such as yeast, as they simply
do not possess it (68). It also does not appear to be necessary for canonical autophagy in
mammalian cells, as an autophagy deficiency can be corrected with an ATG16L1 protein
that does not possess the WD domain (64,69). Studies have shown that the WD domain
possesses protein binding characteristics, interacting with the transmembrane proteins
TMEMS59 and TMEM166/EVA1A (70,71). TMEMS59 is involved in controlling B-amyloid
precursor protein secretion and Wnt signalling which is crucial for stem cell maintenance
(72,73). TMEM166/EVA1a’s interaction with ATG16L1 promotes ATG12-ATG5+ATG16L1
recruitment to phagosomes, implicating it in autophagy activation. Furthermore, the C-
terminal region, which includes the WD domain, has been shown to be membrane
binding. While it is dispensable for autophagy, it is involved in lipidation and has been
shown to sustain LC3 lipidation even in the absence of a WIPI2 binding site. Interestingly,
this membrane binding region is only present in the B-isoform of ATG16L1, suggesting
that different isoforms can utilise different lipidation mechanisms under varying cellular

conditions (74).

With these membrane and protein binding affinities, the WD domain was
further investigated to see whether it has a role in LAP, with it indeed having a role in the
process. Fletcher et al. (2018) demonstrated that the WD domain was required for LAP,
with a deletion of the domain resulting in less ATG16L1 recruited to phagosomes (66).
This was not due to a failure for the protein to form the E3-like ATG5-ATG12+ATG16L1
complex, as both WD deficient and full length ATG16L1 were seen to form the E3-like
complex. Specific sites on the WD domain were seen to be fundamental for ATG16L1
recruitment to membranes, these being N453, F467 and K490. Due to this inability for
ATG16L1 to recruit to membranes, LC3 was unable to conjugate to phagosomes
encapsulating apoptotic cells. Additionally, using bone marrow derived macrophages
(BMDMs) from our lab, Fletcher et al. (2018) demonstrated that lack in the WD domain

(E230) was seen to impair antigen presentation through the MHC class Il pathway. These
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data heavily implicate the WD domain as being important for a functional LAP system
(66).

Our lab has spent the last 10 years generating mice with mutations in the WD
domain of ATG16L1. Rai et al. (2019) generated mice expressing the E230 mutation
through homologous recombination in embryonic stem cells. A targeting vector installed
two stop codons at the end of the CCD, immediately following the E230 glutamate
residue (63). The N-terminal was translated as usual, allowing for autophagy, and the
mouse survived. However residues post E230 were missing, such as the FIP200 binding
region, the linker region and the WD domain. In our lab, Rai et al (2019) showed that in
E230 mice, the ATG5-binding and coiled-coil domains of ATG16L1 maintained autophagy
and tissue homeostasis in mice independently of the WD domain required for LAP. E230
mice were shown to not have any defects in liver, brain, kidney or muscle tissue
homeostasis; with similar levels of autophagosomes detected as were seen in littermate
controls. The FIP200 domain is described as being crucial for autophagy (64), however it is
clear from these mice that autophagy is still functional without the intact domain. This
could be due FIP200 being able to bind to other regions of the coiled-coil domain.
Regardless, the ability to induce autophagosome formation in this E230 mouse suggests
autophagy is still functional. In another mouse, an unexpected recombination resulted in
a STOP codon being introduced earlier and loss of the E230 glutamate residue required
for WIPI2 binding. This more severe truncation at position E226, impaired the WIPI2
binding site as it requires both the E226 and E230 glutamate residues, consequently
generating an autophagy deficiency. This mouse was designated E226. The E226 mouse
survived the postnatal lethality seen with other autophagy deficient ATG16L1 KO mice,
however these mice grow to be smaller than their littermate controls. The E226 mouse
model saw decreased survivability (average life span of 5-7 months) and increased tissue
defects, such as neurological impairment. In the E230 mouse model, LAP was not
functional, supporting the WD domain’s role in LAP (63) (Figure 1:5). This LAP deficient
mouse, hereafter the AWD mouse, is a fantastic model for investigating LAP/LANDO
further and observing the pathologies of diseases when this innate immune system is
knocked out. LAP has never been shown before to be an antiviral mechanism and this was

a focus of my thesis project.
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A point mutation in ATG16L1 is a risk allele for Crohn’s disease (75). This single
nucleotide polymorphism (SNP) at position T300A is thought to be responsible for defects
in autophagic processes and attenuated antibacterial defence (76,77). Furthermore this
mutation is found in the linker region of the protein, upstream of the WD domain. This
mutation is implicated in a dysfunctional WD domain (75) through the insertion of a
caspase 3 cleavage site. Caspase 3 is activated following inflammation and apoptosis and
upon activation would cleave the ATG16L1 protein, removing its WD domain. This implies
that individuals with the T300A mutation may suffer from a LAP deficiency through the
lack of a WD domain; but this has never been shown. This could contribute to the
increased inflammation seen with Crohn’s disease. Our lab recently generated a T300A
mouse model which is an important disease model and will be used to investigate

whether this mutation induces LAP deficiency.

WIPI2b site located between | FIP200 site located between
residues 207 and 230 | residues 230 and 242

oo [ ——0000000
: E226 E230

Atg16L 152 _— WT  L-QKE-L-AE-A-AKE-P-L-P-V-
E230 L-Q-K-E-L-AE-A-A-K-E-STOP-STOP
: E226 L-Q-K-E-L-AE-A-G-STOP

Figure 1.5: The positions of STOP codons to create the different ATG16L1 truncations.
Mouse models lacking either LAP or autophagy and LAP were generated via the insertion
of stop codons either following the E226 glutamate residue or the E230 glutamate
residue. Two stop codons were introduced following the E230 glutamate residue to
generate the ATG16L1E%3° (AWD) mouse. This mouse did not have a functioning LAP
system but autophagy was preserved. A stop codon was introduced following the E226
residue, removing the E230 residue and impairing the WIPI2 binding site, removing

autophagy function as well as LAP. Adapted from (63). Produced using Biorender.
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1.2.2 LAP is an important anti-viral mechanism

With it established that LC3-associated phagocytosis is an innate immune response
to bacteria, we asked if it was important in virus infection. The E230 mouse model was used
in our lab to investigate the role of LAP in viral infection. In work from our lab (Wang et al.
2021), we showed that the WD domain is vital in limiting the infection of the influenza A
virus (IAV) in vivo and protects mice from lethal infection (78). The mice with systemic loss
of the WD domain: AWD (LAP deficient) were sensitive to low pathogenicity IAV, that is IAV
that causes mild disease in mice. Infection of the AWD mouse resulted in the mice suffering
a severe cytokine storm, with elevated inteferon and inflammatory cytokine expression.
There was a greater infiltration of the lungs with neutrophils and the mice just after five
days following infection, whereas the littermate controls survived (Figure 1.13). These are
significant results as it demonstrates for the first time that LAP is an antiviral mechanism.
Deletion of this mechanism results in elevated interferon (IFN) and interferon stimulated
gene (ISG) expression, cytokine storm and death (78).

In this paper my work involved characterising the severe cytokine storm, resulting
from elevated IFN and inflammatory cytokine expression. In Wang et al. (2021) |
collaborated with Dr Yohei Yamauchi to produce figure 6, which showed increased fusion
and endocytosis of IAV in AWD cells (see Appendix 1). However, | have expanded my work
for this paper in this thesis where | have investigated the mechanism of this cytokine storm
following IAV infection in cells and tissues derived from the E230 mice in vitro. Recently
several non-canonical functions of ATG16L1 have been published, which may be important

in susceptibility to IAV.
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Figure 1.13: Increased inflammatory cytokine expression (IL-1B) discovered in SWD/AWD
mice as well as increased mortality of SWD/AWD mice following influenza infection. Data

taken from figures 2 and 3 of Wang et al. 2021 (79).
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1.2.3 Non-canonical functions of ATG16L1

ATG16L1 is involved in LC3 conjugation to endosomes (44) and macropinosomes
(80). In addition, ATG16L1 has many other non-canonical functions (Figure 1.6). Recent
literature also suggests a role of ATG16L1 in lysosome biogenesis with a ATG16L1 deficiency
causing irregular lysosomes (81). ATG16L1 has also been shown to interact with heavy-

chain clathrin, possibly stabilising clathrin mediated endocytosis (82).

My work has contributed to a publication showing that ATG16L1 as having a pro-
viral role and demonstrated that ATG16L1 is involved in the efficient phosphorylation of
eukaryotic translation initiation factor 2a (EIF2a) in response to Sindbis virus infection,
promoting infection (83). | demonstrated that there is a potentiation in IFNB and ISG
expression in ATG16L1 knock out (KO) cells following Sindbis virus infection (see Appendix

2).

The lack of the WD domain could attenuate the ATG161’s other non-canonical
functions, such as its role in cholesterol homeostasis which is described in more detail in
the next section. Recently, Tan et al. showed that ATG16L1 and its binding partners ATG5
and ATG12, are involved in facilitating plasma membrane repair (84,85). This plasma
membrane repair function of ATG16L1 was shown to be via a non-canonical route and
independent of autophagy. ATG16L1 was shown to be necessary for lysosomal exocytosis,
a cell mechanism needed for efficient membrane repair. Defects in this protein, such as the
T300A mutation, resulted in intracellular cholesterol accumulation and limited transport of
cholesterol to the plasma membrane. This implicates the WD domain in cholesterol
transport. These plasma membrane repair roles were examined during Listeria
monocytogenes infection. It was observed that full-length ATG16L1 was crucial in
countering L. monocytogenes infection, by limiting the membrane damage caused by its
pore forming toxin: Listeriolysin O (84). This shows the importance of ATG16L1 in
cholesterol transport and since cholesterol has a role in virus uptake and release; could this

be a mechanism why the WD domain suppresses IAV infection?
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Figure 1.6: Non-canonical functions of ATG16L1. ATG16L1 is involved in LAP, recruiting LC3
to LAPosomes. Additionally, ATG16L1 has a role in lysosome biogenesis. The T300A
mutation in ATG16L1 is a risk allele for Crohn’s disease. ATG16L1 is required for efficient
phosphorylation of EIF2a during Sindbis virus infection and interacts with heavy chain

clathrin. ATG16L1 also has a role in cholesterol homeostasis. Produced using Biorender.
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1.2.4 The role of cholesterol in virus uptake and release

Cholesterol is a sterol fundamental to the dynamic properties of membranes,
contributing to their ability to remain fluid but preventing ‘leakiness’. Cholesterol is
embedded in the biological membranes of animals, with its polar hydroxyl group
interacting with surrounding water molecules and its hydrocarbon tail integrated into the
membrane (Figure 1.7 A). Biological membranes, while inherently fluid, sit in an equilibrium
between ordered and disordered states (Figure 1.7 B) (86).

This equilibrium is facilitated by cholesterol, which in biological membranes
associates with sphingolipids to form liquid ordered regions. Cholesterol poor regions tend
to form liquid disordered regions (87). Liquid ordered zones rich in cholesterol and
sphingolipids in the outer leaflet of the bilayer form a micro domain which is slightly thicker
than the membrane proper. These zones, or lipid rafts, were first described in 1997 by
Simons & lkonen (88). Lipid rafts are small (approx. 50 nm), and enriched with an array of
distinct protein classes, including: glycosylphospatidyl inositol (GPI) anchored proteins and
transmembrane proteins. (Figure 1.7 C) (89,90). Rafts are proposed to be self-assembled

structures that float in liquid disordered regions of the membrane (91,92).

These lipid rafts are vital in many cellular functions including signal transduction
(93) but they are also manipulated by viruses to hijack exocytic machinery and bud from
host cells. One virus well characterised in its association with lipid rafts is the Influenza
virus. This virus utilises lipid raft domains to concentrate viral proteins, such as
haemagglutinin and neuraminidase during the budding process (90,94). This leads to the
promotion of infectious virus particle release. Additionally, the membranes of Influenza
viruses seem to be heavily enriched with lipid rafts, likely due to the raft-viral protein
association. HA and NA clustering causes deformation of the target membrane and
eventual budding (95-97,90). Disruption of lipid rafts within the membrane concomitantly
yields a greater release of influenza viruses from host cells through budding. Cholesterol
was depleted from cellular membranes and lipid rafts disrupted by the drug methyl-B-

cyclodextrin (MBCD) (98) and
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Figure 1.7: Cholesterol and its role in the membrane.
A) Chemical structure of cholesterol.
B) A representation of the two extreme states a lipid bilayer can exist in, the Liquid Ordered
state (Lo) state and the Liquid Disordered state (Lp). Conventional bilayers exist in an
equilibrium between the two. In the Lo state, phospholipids have regular geometry and
arrangement whereas in the Lp state the phospholipids have little to no organisation.
Adapted from (87).
C) Schematic of a membrane/lipid raft. Cholesterol condenses sphingolipids into stable and
ordered micro domains known as rafts. These rafts exist in the outer leaflet of the lipid
bilayer and are enriched with proteins, such as transmembrane and GPl-anchored proteins.

Adapted from (87,89). Produced using Biorender.
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viral release was measured using plague forming units, a protein assay and negative stain
EM. All three assays demonstrated that the release of influenza viruses increased when
cholesterol was depleted. To ensure cholesterol’s role in this, MBCD treated cells were
exposed to exogenous cholesterol which reduced the amount of virus released (99).
While these results seem clear, further literature has been published which
contradicts these results. One such study examined the action of the interferon-inducible
protein viperin which disrupts lipid rafts (100,101). Viperin expression was found to inhibit
influenza virus release (102) which conflicts with the finding that cholesterol depletion
increases virus budding. An explanation for this could be the method used to determine
raft disruption and that rafts weren’t completely disrupted in the viperin experiment (97).
Lipid rafts are not just necessary for viral budding but also viral endocytosis. The
endocytosis of adenovirus Type 2 into epithelial cells was found to be dependent on
cholesterol. This virus relies on clathrin-mediated endocytosis. When cholesterol was
reduced in cells via MBCD treatment, infection was reduced four-fold; suggesting
cholesterol has a role in clathrin-mediated endocytosis (103). Influenza also utilises
clathrin-mediated endocytosis and therefore it is possible that a similar cholesterol
depletion could affect its uptake into cells. Similar assays have been conducted to remove
cholesterol from the plasma membrane and inhibit clathrin-mediated endocytosis however
unlike with adenovirus Type 2, the uptake into cells was unaffected. Interestingly, further
blocking of the caveolae uptake pathway (which also depends on cholesterol) also resulted
in unaffected endocytosis, suggesting there is a clathrin/caveolin-independent pathway
influenza can use (104). Cholesterol is certainly required in virus membranes. Depletion of

it through MBCD treatment significantly attenuated virus fusion (105).

Cholesterol is biosynthesised as well as acquired through dietary means.
Biosynthesis of cholesterol occurs in the endoplasmic reticulum (ER), but is mostly limited
to the liver: hepatocytes producing it via a four stage process beginning with acetyl-CoA
(87). The majority of cholesterol is then transported away from the liver in the blood as
cholesterol esters within the cores of Low Density Lipoprotein (LDL) particles. LDLs are
secreted as precursor very low-density lipoproteins (VLDLs) before undergoing exchange
reactions with other lipoproteins to reduce their size and produce LDLs (106,107). LDLs

express apoB-100 which bind to LDL receptors, targeting the cholesterol to clathrin-coated
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pits whereby it is endocytosed via receptor-mediated endocytosis. Acidic conditions caused
by an influx of protons cause dissociation of apoB-100 from the receptors and, following
fusion to a lysosome, the LDLs are broken down (108).

Cholesterol egress from lysosomes is mediated by Niemann-Pick C2 (NPC2)
protein which carries cholesterol to the membrane bound NPC1 protein. Cholesterol then
ends up at one of two structures: the plasma membrane for storage and support, or the
endoplasmic reticulum for re-esterification (109-111) (Figure 1.8). From the membrane,
cholesterol dissociates and is chaperoned to different destinations, such as the endocytic
recycling compartment (ERC) for storage (112,113) or to the inner mitochondrial
membrane (114).

Additionally, cholesterol can be stored in lipid droplets (112). Lipid droplets
consist of a amphipathic phospholipid monolayer surrounding a cargo of triglycerides,
diacylglycerols and esterified cholesterol. The lipids are stored until required for energy
generation (115,116). Lipid droplets are found ubiquitously in the cytoplasm of eukaryotic
cells, including mammalian cells and are known to interact with various organelles,
including the nucleus and peroxisomes as well as endosomes and lysosomes (117).
Cholesterol within lipid droplets is thought to aid IAV infection. A recent study examined
the cellular responses of cells experiencing ER stress due to IAV infection. They noticed
that cells infected with IAV produced significantly more lipid droplets in the cytoplasm.
These lipid droplets were clearly important to viral replication as blocking their formation
through atorvastatin, which inhibits HMG-CoA reductase (responsible for cholesterol
biosynthesis) (118,119), resulted in a 90-95% reduction in viral reduction. How lipid

droplets are vital for IAV replication is the subject of much research (119).

Viral fusion to the endosomal membrane is preceded by a hemifusion
intermediate stage whereby the outer leaflets of the two membranes merge, creating a
stalk like structure. This intermediate structure eventually collapses and a fusion pore is
formed which allows entry of the capsid or, in the case of IAV, its viral ribonucleoproteins.
Development of this intermediate hemifusion structure and breakdown into a fusion pore
is reliant on several biochemical properties of the membranes and the environment,
including cholesterol. High concentrations of cholesterol in eukaryotic cell membranes

promote the formation of a fusion pore by SNARE mediated fusion, whereas less
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Figure 1.8: Cholesterol’s pathway into cells via Low Density Lipoprotein (LDL). LDLs are
endocytosed into vacuoles or endosomes and the contents broken down through the
fusion with lysosomes. Cholesterol is then transported to either the plasma membrane or

endoplasmic reticulum via the Niemann-Pick 2 protein. Produced using Biorender.
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cholesterol in the membranes prolong the hemifusion intermediate (120). This is also
seen for influenza: high membrane cholesterol levels promote more complete fusion
events whereas cholesterol deficient environments promote hemifusion, less complete
fusion and even rupture of the stalk intermediate structure (121). This does not
necessarily mean that fusion cannot occur in cholesterol absent environments, just that it
is not energetically favourable.

It has also been reported that cholesterol is vital for fusion to membranes, but
only if the membranes are zwitterionic (122). If membranes are negatively charged, or
the environment is sufficiently acidic (positively charged) then that would overpower the
requirements for membrane bending and cholesterol (123). For other viruses, such as
flaviviruses, both the addition and removal of cholesterol effectively blocked viral entry;
suggesting that a fine balance in the cholesterol composition of the cell is required for

viral entry (124).

However, viral entry is inhibited by an accumulation of cholesterol. The interferon-
induced transmembrane (IFITM) proteins are a family of interferon stimulated genes (ISGs).
One of these proteins is IFITM3 which has been demonstrated to combat a number of
viruses including HIV-1, Zika virus, vesicular stomatitis virus, West Nile virus, dengue virus
and IAV (125-128). IFITM3 expression is induced by both type | and type Il interferons
(129,130) and it has a particular role in modulating IAV virus infection with research finding
enhanced viral replication when the gene was silenced and knocked out (128,131). This is
accomplished through its interaction with vesicle-associated membrane protein (VAMP)-
associated protein A (VAP-A). VAP-A interacts with oxysterol binding protein (OSBP) which
possesses three binding domains: the Pleckstrin homology (PH) domain, the FFAT (two
phenylalanines in an acidic tract) domain and the core lipid binding ORP domain (ORD). The
PH binds phosphatidylinositol-4-phosphate (PI4P). This interaction is important as OSBPs
transport PI4P to the ER to facilitate the counter transport of phosphatidylserine (PS) (132),
a phospholipid required in the plasma membrane for cell signalling (133). The PH also aids
the protein’s recruitment to membranes such as the Golgi (134,135). The FFAT interacts
with VAP-A, targeting the protein to the ER (136), with the C-terminal ORD extracting
sterols from the membrane. The VAPA-OSBP interaction allows OSBP to transfer

cholesterol from the endoplasmic reticulum to organelles (137). When this interaction is
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inhibited, cholesterol accumulates in the ER. This leads to a build-up of cholesterol in multi-
vesicular bodies and late endosomes that originate from the ER, these organelles being
used by viruses for escape into the cytoplasm (135,138). In addition, IFITM3 also causes
enlargement of these cholesterol-rich endocytic compartments. This late endosomal
cholesterol accumulation correlates with decreased IAV entry (138).

The drug U18666A is an NPC1 inhibitor and like IFITM3, causes an accumulation of
cholesterol in lysosomes/late endosomes. U18666A interacts with a binding site,
independent of the cholesterol binding site, called the sterol-sensing domain. This results

in NPC1 being unable to transport cholesterol (139).

In addition, specific oxysterols present in the endosomal membrane restrict virus
entry. The ISG cholesterol oxidase (CH25H) catalyses the oxidation of cholesterol to 25-
hydroxycholesterol (25HC) an oxysterol thought to be involved in the response to
enveloped viruses such as HIV. 25HC modulates cholesterol in cholesterol-containing
membranes, altering its position and orientation in the membrane, moving it to the water
interface. This makes cholesterol more accessible to external receptors for its removal,
decreasing available cholesterol within the membrane for use by viruses (140).
Additionally, 25HC orients itself differently within the membrane, having an off-parallel
arrangement that increases the space between phospholipid head groups. Furthermore,
this membrane expansion, hydrophilic interactions between the 25-hydroxyl groups of

25HC may cause aggregation within the membrane which could inhibit viral fusion (141).

Possible reasons why cholesterol has this antiviral effect have been suggested. Late
endosomal cholesterol accumulation disturbs the back fusion of intralumenal vesicles
within the limiting endosomal membrane. This disturbance was enough to reduce infection
of vesicular stomatitis virus, meaning that cholesterol accumulation disrupts intra-
endosomal membrane dynamics (142); this could also be the same reason as to why IAV
fusion is inhibited. Alternatively, excess endosomal cholesterol could move into the
membrane of IAV, which would reduce the proximity of the viral and endosomal
membranes due to the cholesterol enriched membranes being thicker, therefore the
cooperation between haemagglutinins wouldn’t be as enhanced and they would be less

effective at generating fusion pores (143,144).
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Research on lipid transfer proteins (LTPs) such as OSBPs and NPC1 is applicable to
a clinical environment. Functional LTPs are needed for efficient viral replication, with
inhibition of them potentially stalling entry. The drug U18666A interacts with the luminal
loop of NPC1 which perturbs cholesterol transport from late endosomes (145). This causes
an accumulation of endosomal membrane cholesterol similar to the effects of IFITM3,
which would inhibit virus fusion. These LTPs are therefore an attractive target for novel

antiviral therapeutics.
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1.3 The Influenza A virus (IAV)

1.3.1 Overview

Influenza is a widespread disease which is characterised by the rapid onset of fever,
dry cough, malaise, sore throat, headaches and joint/muscular pain. These symptoms can
be severe and generally last for multiple weeks before recovery, however the disease is
culpable for 290,000 to 650,000 deaths all around the world (146). In the US alone there
are 3000-49,000 respiratory deaths relating to influenza annually (147,148). The effects of
seasonal influenza are not just limited to clinical concerns, but also cause broader economic
consequences (149).

The causative agent of influenza is the influenza virus, which belongs to the
Orthomyxoviridae family of viruses. There are many genera of influenza viruses, but of
main concern are the influenza A viruses (IAV). Constant surveillance of 1AV is needed to
monitor the antigenic drift of the virus, which is the cause of regular outbreaks of seasonal
influenza. Antigenic drift is when a small mutation induces variation in the glycoprotein
receptors of influenza (150-152). Of more concern is antigenic shift: the replacement of
influenza glycoproteins with novel subtypes that haven’t been present in human
populations for a long time, via significant genetic alterations (153,154). This generally
occurs when the virus passes through an animal reservoir such as a swine or avian host,
before infecting humans (155). Antigenic shift was the cause behind the emergence of the
Highly Pathogenic H5N1 Influenza virus, more commonly known as avian influenza. This
lineage is thought to have arisen from multiple reassortments between H5 viruses in
migratory birds and N1 viruses in terrestrial poultry (156). This virus has enhanced virulence
(157) and the threat of it causing an epidemic is an example of why surveillance and

research into the influenza viruses is always essential.

Influenza A viruses share several common structural elements. Influenza A virions
are either spherical or filamentous, their spherical forms being approximately 100 nm in
diameter. The core of an IAV is a viral Ribonucleoprotein (VRNP) complex. These complexes

comprise of the viral RNA (VRNA) bound with nucleoprotein (NP). The NP binds without any
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sequence specificity to the vVRNA, with an association frequency of approximately one NP
to 24 nucleotides. NP binds at a high affinity to the phosphate sugar backbone of VRNA,
leaving the bases exposed for replication. The ends of the VRNA are not associated with NP
but instead fold back on itself and coil in a double helix configuration. The viral polymerase
complex binds to the 5’ and 3’ ends, with these terminal sequences acting as a promoter
region (158-160) (Figure 1.9).

IAV possesses a genome comprised of eight negative sense VRNA segments. They
are numbered according to their decreasing length, with segment 1 being the largest.
Segment 1 codes for the polymerase basic 2 subunit (PB2), with segment 2 coding for the
polymerase basic 1 subunit (PB1). Segment 3 codes for the polymerase acidic subunit (PA),
all three subunits of which form the heterotrimeric polymerase complex that associates
with each VRNP (161). Segment 4 codes for one of the key glycoproteins utilised in 1AV
infection, haemagglutinin (HA) (162) while segment 5 codes for the main structural player
in VRNPs: NP (163). Segment 6 codes for neuraminidase (NA), another significant
glycoprotein for IAV (162). Segments 7-8 code for more than one protein each, with
segment 7 coding for the M1 and M2 structural proteins and segment 8 coding for NS1 and
NS2 (164) (Figure 1.9). These segments arrange themselves in a ring-like structure, with
seven segments on the outside and one in the centre (165).

Also contained within the virion core is the Nuclear Export protein (NEP), otherwise
known as NS2. This protein’s main function is to facilitate the export of newly synthesised
VRNPs from the nucleus (166). Surrounding the genome and NS2 protein is a matrix of M1
proteins which forms the protein capsid. M1 is necessary for maintaining the structural
integrity of the viral structure and also binds the vRNPs within core (167). Surrounding the
M1 protein layer is a host cell derived lipid membrane which is studded with several
significant glycoproteins: haemagglutinin, neuraminidase as well as the M2 channel protein

(168) (Figure 1.9).
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Figure 1.9: Overview of the basic structure of IAV (left). The genetic material of IAV (VRNA)
(middle) is complexed with nucleoprotein to form viral ribonucleoproteins (VRNPs) (right).
The vRNA within vRNPs takes a double helical form, binding terminally to a polymerase
complex comprised of PA, PB1 and PB2. The genome of IAV is contained within a capsid
made of the M1 protein which is surrounded by a lipid membrane. Studding this membrane
are two glycoproteins: haemagglutinin (HA) and neuraminidase (NA) as well as the
transmembrane channel: M2. vRNP schematic adapted from (159). Produced using

Biorender.
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1.3.2 Replication cycle of IAV

The replicative cycle (Figure 1.10) of human IAV begins with haemagglutinin (HA)
interacting with sialic acid with a a-2,6-linkage to galactose. This type of expressed sialic
acid is common on the surface of tracheal epithelium (169). For avian IAV strains, the sialic
acid target differs in that it possesses an a-2,3-linkage (170,171) and is more abundant in
the avian gut. Once HA binds to sialic acid, the virus is internalised via endocytosis. The
exact uptake mechanism varies, with 1AV utilising both receptor-mediated and clathrin-
mediated endocytosis as well as macropinocytosis (172-174).

Sialic acid binding to haemagglutinin (Figure 1.10 A) appears to be the trigger for
the de novo synthesis of clathrin coated pits (CCPs) around the bound virus, an unorthodox
mechanism as usually receptors are initially targeted to CCPs. Once these CCPs form they
evolve into clathrin coated vesicles (CCVs) and the virus is internalised (175). Once
endocytosed (Figure 1.10 B), the influenza virus would find itself within an early endosome
which soon matures to a late endosome. Endocytosed biological cargo has two fates. The
first is to be recycled back to the plasma membrane. Otherwise, the material (often
including invading pathogens) migrates further into the cell to the perinuclear region via
microtubule assistance (176,177). It is here that influenza conducts its escape from

endosomal confinement.

Acidic conditions are required for late endosomal escape (178). Within the late
endosome IAV encounters a low pH (approx. 5-6) which causes large-scale irreversible
conformational change to the haemagglutinin glycoprotein, converting it from its prefusion
state to a low pH hairpin structure. Consequently, its fusion peptide is exposed (170,179).
This fusion peptide interacts with the endosomal membrane, mediating a merger between
the virion membrane and it. This generates a fusion pore in the membrane of the late

endosome (180,181).
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Figure 1.10: The replication cycle of the Influenza A virus (IAV). Upon random interaction,
IAV binds to sialic acid (A) via its haemagglutinin glycoprotein receptor, initiating receptor-
mediated endocytosis which can be clathrin dependent or independent (B). IAV enters the
cell in an early endosome which matures to a late endosome. Acidic conditions within the
endosome allow IAV to fuse with the endosome membrane, the vRNPs within thereby
escape into the cytosol (C). The vVRNPs are transported to the nucleus (D) where they are
transcribed for protein translation (E) and replicated for new vRNPs (F). All the components
are eventually shuttled back to the cell membrane (G) and a new virus exits the cell by

budding (H). Produced using Biorender.
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Prior to HA activation though is another important step in IAV’s replication. Endosomal
acidic conditions prime the viral core for uncoating, by opening the M2 channel proteins.
When the endosomal pH reaches approximately 6 the channels open, allowing protons and
potassium ions to flow into the capsid interior (182). This renders the viral core uncoating
competent (183,184). A characteristic of this is that the membrane envelope of the virion
undergoes structural change, become more pliable and predisposed for fusion as the
interaction between the M1 protein layer and the membrane weakens (185). Acidification
also weakens the M1 protein’s ability to interact with itself and vRNPs. The pH drop to
approximately 5.5 results in an irreversible softening of the protein core, a process that can
be blocked by inhibiting M2 with amantadine, proving it is due to internal acidification
(186,187). An influx of potassium ions likely then weakens M1-vRNP interactions, as
potassium ions have been seen to influence the secondary structures of single stranded
RNA (188). Now that the vRNPs have dissociated from their tether, the integrity of the M1
coat compromised and successful HA mediated fusion between the endosomal and virus

membrane, the VRNPs gain access the cytosol (189,190) (Figure 1.10 C).

Access to the nucleus is restricted with acceptable cargo possessing nuclear
localisation signals which enable translocation. These signals direct cellular proteins to
shuttle cargo into the nucleus. It is here that the NP, which provides the skeleton for the
VRNPs, plays a considerable role in aiding IAV in establishing infection. vVRNPs alone surpass
the maximum size for passive transport into the nucleus. Proteins belonging to the family
known as karyopherins recruit cargo tagged with nuclear localisation signals (NLS) and
chaperone them across the nuclear membrane (191). While all the proteins in the vVRNP
complex possess NLSs, it is the NLSs on NP which appear to significantly aid the complex’s
movement into the nucleus (192). NP possesses two NLSs, one at the N-terminus and one
at the middle of the protein, with some evidence pointing to a possible third NLS (193). NP
interacts with two karyopherins via these NLSs: karyopherin al and karyopherin a2. These
proteins are NLS-binding proteins, conventionally recognising ‘classical’ NLSs, which are
likely to be two clusters of basic residues, and binding to them (191,194,195). However,
karyopherin al predominantly interacts with the N-terminal NLS which is considered a
nonclassical NLS (196). Karyopherin al then interacts with karyopherin B, forming a

trimeric complex which interacts and docks at the nuclear pore complex (NPC) (197).
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Following NPC docking, translocation of the vVRNP into the nucleus is facilitated by p10
which is a cytosolic nuclear transport factor and the GTPase Ran which is a regulator of

protein transport (198) (Figure 1.10 D).

Replication of influenza within the nucleus begins with the generation of mRNA
from the negative sense VRNA. The vRNA cannot itself be used directly as mRNA for
translation and must be transcribed first. Synthesis of mRNA from vRNA is conducted by
the RNA-dependent RNA polymerase (RdRp) which is comprised of the PA, PB1 and PB2
subunits (168,181). Transcription (Figure 1.11 (1)) is initiated via a process known as ‘cap
snatching’ whereby the polymerase subunits cannibalise host cell mMRNAs. The PB2 subunit
recognises 5’ terminal methylated caps (cap 1 structures) and binds them, with the PA
subunit possessing the endonuclease activity needed to cleave the 10-14 nucleotide stretch
off (199-202). These mRNA fragments behave as primers to initiate mRNA synthesis. The
RdRp would then transcribe the VRNA, transcribing a poly(A) tail on the mRNA via a chain
of five to seven uracil residues already encoded on the vRNA (203). Finally, host cell splicing
machinery is utilised to splice the viral mRNA. For segments 7 and 8, this allows two
proteins to be translated; segment 7 coding for both M1 and M2 and segment 8 coding for
NS1 and NS2, depending on whether the spliced or unspliced mRNA is read (204).
Transcription of the VRNA occurs at quite a high rate early in infection however at later
time points (post 3.5 hpi) the transcription rate slows down considerably while vVRNA
replication remains high, however export rates of either RNA type are unaffected (205).
Export of the mRNA is facilitated by the NS1 protein which is thought to interact with the
NXF1 export apparatus. This apparatus is used to export its late gene transcripts (206,207).
Additionally, the hnRNP proteins have a role in mRNA export. These are abundant in the
nucleus and shuttle rapidly between the nucleus and cytosol. These proteins bind mRNA
and pre mRNA, including viral mRNA, and possess nuclear export signals (NESs) needed to

vacate the nucleus (208,209).
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Figure 1.11: IAV genome replication in the nucleus. After vRNP import the VRNA is
transcribed into viral mRNA (1) which is then exported from the nucleus and translated by
cellular ribosomes (2). The original vVRNA template is replicated via a cRNA intermediate to
form more VRNA of a (-) sense (3) with the assembly of the vVRNP occurring simultaneously

to VRNA synthesis (4). Adapted from (210). Produced using Biorender.
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There is a dramatic change in translation following the infection of a cell with IAV.
Viral mRNA leaving the nucleus is translated by ribosomes (Figure 1.10 E) (Figure 1.11 (2))
but in infected cells, host cell mMRNA translation appears to be inhibited while viral mRNA
translation seems to be upregulated. Investigation into this has found that it is not due to
a ribosomal preference to the 5’ untranslated region that IAV mRNAs possess (211) but
could be due to the NS1 protein. The NS1 protein, encoded by the unspliced segment 8,
not only appears to reduce host mRNA translation but also amplifies the synthesis of
several viral proteins. NS1 has been shown to amplify the translation of both NP and M1
(212) possibly due to the presence of specific regulatory sequences on these mRNAs which
NS1 interacts with (213). IAV also inhibits host cell mRNA translation, interfering with the
initiation and elongation steps of translation (214). Additionally, NS1 interacts with several
proteins to inhibit host mMRNA polyadenylation which would lead to an inability for the
MRNA to be exported and eventually translated (215). With host cell translation impaired,
translation is optimised for IAV with the PB1, PB2, PA NP, NS1, NS2 and M1 proteins all
being produced in the cytosol for vRNP assembly. The envelope proteins: HA, NA and M2
are all produced by ribosomes bound to the ER. These newly synthesised envelope proteins
are inserted into the ER, glycosylated and delivered to the Golgi for further post-
translational modification. Following that they are transported to the membrane of the

host cell (210).

At some point in the replicative cycle, a switch occurs from transcription to genome
replication in the nucleus (Figure 1.10 F) (Figure 1.11 (3)). Genome replication involves
producing VRNA copies of the original vVRNAs via a complementary RNA (cRNA)
intermediate. This process is a two-stage primer independent process, unlike transcription
(216). This switch is thought to be due to small viral RNAs (svRNAs) which are believed to
be generated by the RdRp, with these svRNAs interacting with the replicative machinery to
transition it from transcription to replication (217).

The RdRp initiates replication just in from the 3’ terminus of the vRNA to generate
a primer which realigns with the 3’ terminus. The cRNA product then assembles into a vRNP
like structure, known as a complementary ribonucleoprotein (cRNP) complex. Just like
VRNPs, the viral RdRP is bound to the 5’ and 3’ termini and NP associates with the cRNA

strand (218). Replication of the cRNA then proceeds however, unlike with the first stage of
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replication, a second polymerase in addition to the complexed polymerase needs to be
present. Interestingly, this polymerase doesn’t need to be functionally active meaning that
it is trans-activating. Possibly this second polymerase induces a conformational change in
the complexed RdRp which allows efficient initiation of replication at the cRNA’s 3’
terminus (216,218). These polymerases are bridged by the host protein ANP32A, which
stabilises the polymerase dimer and promotes template realignment (219). With the two

stages of replication complete, a perfect copy of the original vRNA should result.

Following vVRNA replication, new vRNPs need to be constructed and exported from
the nucleus (Figure 1.11 (4)). The matrix protein M1 appears to be a significant driving force
in this process, with the protein interacting with newly synthesised vRNPs. M1 then aids
VRNP export from the nucleus and prevents the import of them back into the nucleus
(192,220). Nuclear import of the M1 protein following its synthesis in the cytosol appears
to terminate VRNA replication (221) however M1’s presence appears to support the
assembly of NP and vRNA into a helical configuration not dissimilar from a completed vRNP
(222). M1 interacts with completed VRNPs directly, the exact nature of which is uncertain
due to conflicting literature. Studies have shown that the N-terminal of M1 interacts with
NP (223) however it has also been shown that the C-terminal domain of M1 binds to vVRNPs
(221). Regardless, this interaction alone is not sufficient for nuclear export, with the vRNPs
relying on another protein in influenza’s arsenal: the NS2 protein otherwise known as the
nuclear export protein (NEP). This protein is highly important due to it possessing a leucine
rich nuclear export signal (NES) which is identified by the NPC for translocation out of the
nucleus. This nuclear export activity was found to be heavily dependent on the
chromosome region maintenance 1 (CRM1) protein mediated pathway, which aids in
shuttling the complex (224,225). The NS2 protein binds to M1 via its C-terminal domain,
and the whole complex is transported (226,227).

Recently exported vRNPs are prevented from being imported back into the nucleus
via the action of the M1 and NP proteins. M1 is a known inhibitor of vVRNP import, hence
why its dissociation from the original virion’s VRNPs is necessary for nuclear import.
Because of this, and its collated export from the nucleus with new vRNPs, it would likely
prevent them from being translocated back. M1 does this by inhibiting interactions

between vVRNPs and NPCs (228,229).
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NP has been shown to bind to actin and this interaction is thought to facilitate a
second method of cytoplasmic retention. RNPs interacting with F-actin would likely be
unable to then be imported back into the nucleus, allowing them to continue to the cell

membrane and be assembled into a new virion (230).

With all IAV components now having been produced by the cell, they all need to be
brought to a single point at the plasma membrane for assembly (Figure 1.10 G). vRNPs
loitering in the perinuclear region after recent nuclear export will localise at the recycling
endosome (RE) which is adjacent to the proximally located microtubule organising centre
(MTOC). These recycling endosomes are the platforms which IAV then uses to deposit its
components at the plasma membrane (231-233) (Figure 1.12). An interaction between
VRNPs and the REs is required for IAV to hijack the transport system, with Rab11 being the
facilitator of this. Rab11 is a GTPase and marks the envelopes of vesicles operating in the
recycling endosome pathway. These recycling endosomes deliver endocytosed cargo, or
cellular cargo, to the perinuclear recycling endosome compartment before it is sent to the
plasma membrane for removal (234).

The PB2 subunit of the VRNPs is what interacts specifically with Rab11 (231). This
interaction impairs the function of the recycling endosome due to PB2 directly competing
with cellular host factors that also need to bind. A result of this is that there is clustering of
single and double membraned vesicles in the cytosol which creates hotspots of vVRNPs
(235). These hotspots could arise due to the collision of Rab11 vesicles and may be sites
where VRNPs can interact via RNA-RNA interactions to assemble themselves so that all

eight VRNPs are present (236,237).
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recycling endodomes (REs). These compartments express Rab11 and are shuttled to the
plasma membrane. VRNPs interact with Rab11 via their PB2 subunit and they ‘piggyback’

their way to the cell periphery. Adapted from (231). Produced using Biorender.
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The final part of IAVs replicative cycle is genome packaging and the assembly of a
new virion (Figure 1.10 H). Post-translational modification of the envelope proteins NA and
HA appear to be the possible means for the proteins to target sites of budding (238,239).
Not just any region of the plasma membrane is suitable for budding. The envelopes of IAV
particles require high concentrations of cholesterol (240) which leads to IAV assembly at
cholesterol rich membrane domains known as lipid rafts (96,241). HA and NA are directly
targeted to these lipid rafts, embedding themselves in the plasma membrane at raft sites.
HA’s transmembrane domain associates with the lipid rafts, its binding to the membrane
initiating the budding process. This is because HA appears to modulate plasma membrane
curvature (242). Removal of HA doesn’t completely abolish this (243), which suggests NA
plays a role in this as well and may explain why they are both recruited at this initiation
stage.

M1 recruitment into the developing virion is then the next step. Both the
cytoplasmic tails of NA and HA facillitate this, with there likely being a dual redundancy in
their methods of interaction due to how important the interaction is for virion assembly
(244). With M1 recruited, the high concentrations of the protein allows it to mulitmerise
(167); this recruitment conveniently influencing membrane curvature and virion overall
morphology (245). M1 also plays a role in binding the assembled vVRNPs and NS2, binding
to NP and grouping them together at the bud site (96).

M2 is recruited to the boundaries of budding sites via binding between its
cytoplasmic tail and the already recruited M1 protein (246). Its incorporation is not its only
action here, it may also aid membrane scission (247) (the act of severing a budding
structure’s membrane and re-sealing the membranes of the now two structures). M2
possesses an amphiphilic a-helix which induces negative membrane curvature. This
facilitates neck formation on the budding virus and concomitant scission (248).

With the virus now having budded, it has only one final obstacle to overcome: which
incidently is sialic acid, the receptor that granted IAV initial access. NA possesses sialidase
activity, catalysing the hydrolysis of the glycosidic link which attaches sialic acid to
galactose. With NA removing proximal sialic acid residues, the virus is free to detach
without problematic HA-sialic acid interaction (249). In the airways of its host, proteases
would then cleave HA, converting it from its precursor (HAO) state to its cleaved (HA1/HA2)

state, allowing it to participate in fusion and enabling the virion to be infectious (250).
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1.3.3 IAV and cytokine storms

In humans, severe influenza is uncommon. Complications in influenza disease
progression usually arise from the hyperinduction of proinflammatory cytokines. This
response is initiated in the respiratory cell targets of influenza. 1AV proliferates in
respiratory cells and then invade neighboring cells such as alveolar macrophages.
Eventually these cells die from necrosis or apoptosis and inflammatory responses are
triggered due to the release of death factors (251). Blood flow to the affected site is
increased, raising the local temperature and bathing the site in leukocytes. Additionally,
the induction of pro-inflammatory cytokines and chemokines expression occurs.

Cytokines are a diverse group of proteins which regulate cell proliferation,
differentiation and chemotaxis. They also regulate angiogenesis and inflammatory
responses. Within this group of cytokines are inteferons and interleukins, but the largest
group are chemokines. Chemokine expression results in the recruitment of pro-
inflammatory cells such as neutrophils and macrophages, which further increase cytokine
expression but also invades and damages tissue. Interferons, interluekins and chemokines
are all contributors to cytokine storms. A cytokine storm occurs when localised
inflammation overflows into systemic circulation. Inflammatory cells and cytokines are
circulated to other sites causing sepsis, hypotension and attenuated temperature
homeostasis. Multi-organ dysfunction can occur in extreme cirucmstances. Understanding

what causes cytokine storms is important (251).
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1.4 Signalling pathways

1.4.2 TLR Signalling

Virus infection is countered by the innate immune system which utilises various
signalling mechanisms to achieve this. Viruses can be detected by a range of receptors
expressed by cells, but by far the most utilised would be the Toll-like receptors (TLRs).
These receptors, originally identified in Drosophila (252), are found in many organisms
including mammals. These receptors are essential at initiating an immune response to
pathogens, with a range of different TLRs recognising an array of pathogen associated
molecular patterns (PAMPs). The vast amount of research conducted into these receptors
show that while most signal through a common adaptor protein, several do not and they
all seem to elicit unique responses to the PAMPs they recognise (253). TLRs are type |
membrane proteins, with there being thirteen different TLRs in mammals. These receptors
are found ubiquitously in cells, including on the cell surface and within endosomes. Their
unique structure comprises a leucine rich repeat (LRR) ectodomain which is vital for PAMP
recognition, and a cytoplasmic domain necessary for downstream signalling. This domain
is homologous to the interleukin-1 (IL-1) receptor family, resulting in the domain being

designated the Toll/IL-1 receptor (TIR) domain (253-256) (Figure 1.14).

TLRs are employed by both innate immune cells (255) as well as other cells such as
epithelial cells and fibroblasts (257-259), making them an effective detection system for
foreign particles and pathogens. They also recognise a variety of PAMPs, with these target
ligands generally being based on where the specific TLR is found. All TLRs are generated in
the ER (260) but are then transported to their location of function and proteolytically
cleaved to enable them to optimally detect PAMPs (261,262). One key function of TLRs are
as activators of LAP. Pathogens are recognised by TLRs, following which they would be
taken up by phagocytosis and the LAPosome decorated with PI3P which preceeds LC3

conjugation (263).
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Figure 1.14: TLR signalling pathways in response to viral infection. Inflammatory cytokine
and Type | IFN expression is triggered in response to viral infection by TLR3 (recognising
dsRNA) or TLR7 and TLR9 (recognising ssRNA and DNA unmethylated at CpG motifs
respectively) in pDCs. These three TLRs localise to endosomes. TLR7 and TLR9 signal
through the traditional MyD88 adaptor protein. MyD88 is recruited following TLR
engagement and following IRAK4 recuitment to MyD88. This MyD88 complex also recruits
IRAK1 to form the Myddosome, which either directly or indirectly recruits IRF7. Once IRF7
is recruited, it is phosphorylated and enters the nucleus to modulate Type | IFN expression.
TLR3 is unique to TLRs in that it solely signals through the TRIF adaptor protein. TRIF
activates both TRAF6 and TRAF3, TRAF6 interacting with RIP-1 which goes on to interact
with the TAK1 complex. This leads to activation of NF-uB and inflammatory cytokine
expression. TRAF3, on the other hand, interacts with IKKi and TBK1. These aid in
phosphorylating IRF3 which leads to Type | IFN expression. Adapted from (264). Produced

using Biorender.
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The location of TLRs specifies which subfamily it belongs to, these being whether
they localise to the cell surface or are intracellular. TLRs on the cell surface include: TLR1,
TLR2, TLR4, TLR5, TLR6 and TLR10 with these recognising adjuvants such as lipids and
proteins. Intracellular TLRs include: TLR3, TLR7, TLR8, TLR9, TLR11, TLR12 and TLR13, with
these recognising nucleic acids. The most important for virus detection would be TLR3
(recognising dsRNA), TLR7 (recognising ssRNA) and TLR9 (recognising dsDNA unmethylated
at CpG motifs); all of which localise to endosomes (255,265,266). While TLR3 is specific for
dsRNA, it has been shown to sense some ssRNA viruses, such as West Nile virus (267),

Cytomegalovirus (268) and IAV (269,270).

TLRs recruit adaptor proteins to facillitate signal transduction (Figure 1.14). These
adaptor proteins contain a TIR domain which interacts with the TLR TIR domain. All TLRs,
except TLR3, recruit the MyD88 adaptor protein. MyD88 goes on to activate the
transcription factor NF-uB, which in turn leads to inflammatory cytokine production
(271,272). However in plasmacytoid dendritic cells (pDCs) the virus-sensing TLR7 and TLR9
proteins signal through MyD88 to trigger type | Interferon (IFN) production (264,273-276).

TLR3 recognises dsRNA and when engaged by an adjuvant, recruits the TRIF adaptor
protein instead of MyD88. TRIF interacts with either the TRAF6 or TRAF3 kinases, with
those kinases going on to activate either inflammatory cytokine expression or type | IFN
expression respectively. TRAF3 interacts TBK and IKKi, IKK-related kinases which
phosphorylate IRF3. Following that, IRF3 forms a dimer which enters the nucleus and
upregulates type | IFN gene expression. In contrast to TRAF3, TRAF6 interacts with RIP-1, a
kinase involved in the inflammatory signalling pathway. RIP-1 interacts with TAK1, an
upstream kinase of NF-uB. This interaction leads to NF-uB’s activation and subsequent
inflammatory cytokine expression (255,264,265). The pellino-1 E3 ubiquitin ligase
promotes both the inflammatory and type | IFN expression pathways. Pellino-1 recuits RIP-
1, aiding NF-1B activation as well as binding to DEAF-1, a transcription factor that mediates
IRF3-DNA binding (264,277-279).

TLR7 or TLR9 recruit MyD88. The kinase IRAK4 is firstly recruited to MyD88, with
the complex being recruited to the TIR domain of the activated TLR. MyD88 forms a larger
complex, referred to as a Myddosome, upon IRAK1 kinase recuitment. During the

formation of the Myddosome, IRAK4 activates IRAK1 leading to IRAK1 autophosphorylating
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(264,280) concomitantly causing it to either directly interact with Interferon regulatory
factor 7 (IRF7) or indirectly interact through the TRAF6/TRAF3 kinases. IRF7 is then
phosphorylated by IKKa kinase if indirectly recruited to the MyD88 complex via TRAF6 and
TRAF3, or directly by activated IRAK1. IRF7 then enters the nucleus and binds to type | IFN

promoters to upregulate gene expression (264,281).

Type | IFNs, an example being IFNB, are secreted cytokines which bind to IFN
receptors and trigger an immune response in cells which generates an antiviral state. This
‘antiviral state’ encompasses a range of different protein expressions and cellular effects
that limit viral propagation (282). Genes upregulated that produce proteins necessary for
this antiviral state are known as interferon stimulated genes (ISGs) and include ISG15 and
ISG56 (IFIT1). ISG15 directly antagonises infection by partipating in I1SGylation, a process
whereby the protein binds to newly translated viral proteins and impairs their function
(283). IFIT1 has RNA binding characteristics, binding to mRNA to prevent the binding of

eukaryotic translation inititaion factors and preventing translation (284).

1.4.2 cGAS-STING-mediated type | IFN response

LAP is also connected to another pathogen recognition receptor pathway, the
cyclic GMP-AMP synthase (cGAS) - stimulator of interferon genes (STING). The cGAS-
STING pathway detects foreign DNA, with cGAS binding to double stranded DNA (dsDNA)
which produces the STING agonist 2,3’ cyclic GMP-AMP (cGAMP) (285). STING comprises
of a cytosolic N-terminal segment, a transmembrane domain that spans the membrane
four times, a connector region and a C-terminal cytosolic ligand binding domain (LBD). At
the ER, STING forms homodimers and cGAMP binds to the LBD. This binding results in
conformational change including a 180° untwisting of the LBD before inwardly rotating.
Finally, the LBD is covered by an ordered B-sheet. Altogether, this restructuring supports
oligomerisation of adjacent STING dimers. Disulphide bridges form between the dimers,
and exposed cysteine residues covalently tagged with fatty acids by palmitoylation. This

completes the transition of STING dimers into the activated STING unit. The activated
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STING unit is liberated from the ER, being incorporated into coatomer protein complex Il
(COPII) vesicles. These pass through the endoplasmic reticulum-golgi complex, with the C-
terminal of STING recruiting TANK-binding kinase | (TBKI). TBKI phosphorylates a serine
residue (Ser366) at the C-terminal of STING, which allows it to recruit IRF3. TBKI then
phosphorylates IRF3. This then leads to the expression of type | IFNs (286). LAP is involved
in engulfing and destroying apoptotic cells (efferocytosis). This method is an efficient way
of disposing of extracellular DNA and prevents the activation of cGAS-STING pathways,
preventing unwanted cytokine expression. A deficiency in LAP promotes cGAS-STING
activation in myeloid cells and the expression of pro-inflammatory genes. This aids the
regulation of tumours, with a LAP deficiency creating a tumour suppressive environment
(23,287). This demonstrates that LAP has both detrimental and advantageous roles in the

innate immune system.

1.4.4 RIG-I Signalling

Viruses are also detected within the cytoplasm, with many receptors on stand-by
to detect viral genomes. One of these receptors is retinoic acid inducible-gene-1 (RIG-I),
which is an RNA helicase whose activation by ssRNA and dsRNA triggers downstream
kinases, IRF3 and IRF7 phosphorylation and eventual type | IFN production (281). RIG-, like
TLRs, is found in dendritic cells and fibroblasts (288,289). To discriminate from host ssRNA,
RIG-I detects ssSRNA with a 5’-triphosphate, preventing any autoimmune reactions to host
MRNA (290,291). Virus recognition by the immune system relies heavily on RIG-I just as it
does on TLRs, with numerous viruses being detected by the helicase, including 1AV,
Japanese encephalitis virus, Sendai virus as well as the SARS and MERS coronaviruses (292—
295).

The multidomain structure of RIG-1 is conserved among vertebrates (296). At the N-
terminal end of RIG-I are two caspase activation and recruitment domain (CARD) repeats.
These CARDs are essential for initiating the signalling cascade that leads to type | IFN
expression (297) (Figure 1.15). Following the tandem CARD signalling domain is the RNA

binding helicase domain, terminating with a repressor domain at the C-terminus. This
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repressor is implicated in RIG-I autorepression, interacting with both the signalling and
helicase domains (298,299). This repressor domain maintains RIG-I in a ‘closed’ structure
whereby it is inactive. The CARD signalling domain is masked in this conformation,

preventing downstream signalling (298,300).

The C-terminal RNA-binding domain recognises cytoplasmic viral RNA. This binding site-
RNA interaction and ATP binding leads to a conformational change in the protein. An ATP-
driven switch causes the structure to ‘open’ revealing the CARD signalling domain
(301,302). Additionally, RNA binding promotes polyunbiquitination of RIG-I (303) and
subsequent multimerisation of the protein (304). With RIG-I CARDs now exposed, they are
free to interact with another CARD expressing protein, interferon B promoter stimulator 1
(IPS-1) also labelled mitochondrial antiviral signalling (MAVS) protein. IPS-1 is found
expressed on the outer membrane of mitochondria, a location required for some of the
cell responses it modulates (305,306). Evidence suggests that the interaction between both
RIG-I and IPS-1 is facilliated by their CARDs, even proposing that there is significant
oligomerisation of their respective CARDs to aid IPS-1 nucleation to form a filament,

enabling downstream signalling (307).

Further to the CARDs interaction, IPS-1 concomitantly activates TRAF3 via its TRAF-
interacting motif (TIM) for subsequent IFN expression (308). IPS-1 can also signal for
inflammatory cytokine production by instead interacting with TRAF6 (309). TRAF3 signals
to downstream TBK1 and IKKi which activates them and leads to IRF3/7 phosphorylation.
This signalling facillitated by TANK, NAP1 and NEMO, which play a role in the TBK1/IKKi
activation of IRFs (310-312). IRF3/7 is then phosphorylated and forms homodimers or

heterodimers and enter the nucleus for type | IFN upregulation (313,314).
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Figure 1.15: RIG-I signalling pathway in response to viral infection. Cytoplasmic viral
sensors include the RIG-I, which recognises dsRNA and 5’-triphosphate ssRNA. The C-
terminus of RIG-| interacts with RNA to cause conformational change that opens the CARD
signalling domain to be revealed for downstream signalling. These CARDs interact with the
CARD containing IPS-1 protein. IPS-1 signals through either TRAF6 (for the inflammatory
response) or TRAF3, which is needed for IFN expression. Adapted from (314). Produced

using Biorender.
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1.5 Specific Aims

Investigate the role of the WD domain of ATG16L1 in cholesterol transportation to the
plasma membrane in cells and tissue from mutant mice.

e The cholesterol content in the plasma membranes of wild-type (WT) cells and WD
deficient cells will be investigated. Cholesterol will be assayed from subcellular
membrane fractions using a biochemical fluorometric assay.

e Cholesterol will be localised in WT cells and WD deficient cells by bioimaging using

probes such as filipin Il and D4H mCherry, which specifically bind to cholesterol.

Investigate the mechanism of the WD domain of ATG16L1 in limiting fusion of IAV with
cell plasma membranes using an acid bypass assay.

e By inhibiting cholesterol transport to the PM in WT and WD deficient cells with

U18666A (an NPC1 inhibitor) and measuring IAV NP entry into the cytoplasm by

immunostaining.

Investigate the entry of IAV into WD deficient cells by endocytosis and fusion.
e Using antibody staining that distinguishes between internal and external virus.

e Using IAV labelled with R18/SP-DioC18 to monitor fusion.

Investigate the role of the WD domain in suppressing viral replication and cytokine
storms in MEFs and a 3D lung organ model.
e By titrating IAV secreted from MEFs and lung slices by TCIDso, gPCR and plaque
assay.
e By measuring IFN and ISG expression by gPCR.
e By inhibiting IFN signal transduction through TLR3 inhibition.

e By inhibiting IFN signal transduction through Rig-I knock out.
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CHAPTER 2

Materials and Methods
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2.1 Tissue Culture

2.1.1 Primary cell line preparation

Wildtype (WT) and AWD mouse embryonic fibroblasts (MEFs) were obtained from
embryos harvested from WT and AWD mice grown in the University of East Anglia
Biomedical Research Centre Disease Modelling Unit. Embryos were macerated before
being placed through a cell-strainer into Dulbecco’s Modified Eagles Medium with
GlutaMAX (DMEM) (Gibco) with 1% penicillin/streptomycin (p/s) (Gibco), kanamycin and
10% Foetal bovine serum (FBS) (Gibco). Cells were spontaneously immortalised through
aggressive passaging to create MEF cell lines. Cells were incubated at 37°C 5% CO- unless
otherwise stated.

WT and AWD mouse bone marrow derived macrophages (BMDMs) were obtained
from the bone marrow of mouse femurs. Mouse leg bone marrow was flushed through a
cell-strainer with Roswell Park Memorial Institute (RPMI) medium (Gibco). BMDMSs were
then plated in RPMI with 1% p/s and 10% FBS and 25 ng/mL macrophage colony stimulating
factor (M-CSF) (Cell Signaling Technology) and incubated at 37°C 5% CO; for 7 days.

Madin Darby Canine Kidney cells (MDCKs) were obtained from the European
Collection of Authenticated Cell Collections. MDCKs were grown in DMEM with 1%

penicillin/streptomycin and 10% FBS and incubated at 37°C 5% CO,.

Table 2.1: Cell seeding numbers for tissue culture plates.

Tissue culture vessel Growth area (cm?) Cell density (per well) Total well/plate media (mL)

96-well plate 0.5 5000 0.1
24-well plate 2 20000 0.5
6-well plate 9.5 250000 2
100mm plate 44 1000000 7
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2.1.1.1 RIG-1 KO MEF preparation

WT and AWD RIG-I KO cell lines were created using custom CRISPR gRNA lentivirus
transduction particles (Sigma Aldrich) (Table 2.2). WT and AWD MEFs were seeded and
infected with the CRISPR gRNA lentiviruses in Opti-Minimal Essential Medium (Opti-MEM)
at an MOI of 1, to introduce the KO sequence. To increase the possibility of a successful
transformation, a flask was infected with each construct as well as a double construct
infection. Cells were incubated with the virus and 16 pug/mL hexadimethrine bromide
(Sigma Aldrich) for two days before removing the infection media and replacing with
DMEM + 10% FBS. Cells were grown to confluency and then selected for with 10 ug/mL
puromycin, which selects for cells expressing the KO sequence. Transformed cells were
passaged in puromycin-containing DMEM three times before growing again in DMEM +
10% FBS + 1% (p/s) to confluency. Successful gene knock out was investigated by Western

blotting using the Rabbit RIG-I/DDX58 antibody (Abcam).

Table 2.2: Custom CRISPR gRNA lentiviral transduction particle information.

Vector Clone ID Plasmid sequence verified
LVO5 MMPD0000132807 GCATCTCCAACGCCGACGG
LVO5 MMPD0000132808 CCGCAAATGTGATGTGTAC

2.1.2 Lung Slice preparation and culture

The protocol for developing lung slices was adapted from Lui et al. (2014) (315). WT
and AWD mouse lungs were harvested and inflated with 1% low melting point agarose
(Thermofisher) in Hanks Balanced Salt Solution (HBSS) (Gibco) to inflate them. Lungs
inflated with agarin DMEM F12 (Gibco) were allowed to set before being cast in 2% agarose
blocks in HBSS for sectioning with a vibrating microtome. Slices were cut at a thickness of
300 um and incubated in DMEM F12 + penicillin/streptomycin + kanamycin, overnight at
37°C 5% COa.
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2.1.3 Tissue Culture Media and Additives

DMEM and Opti-MEM were used to culture WT and AWD cells and tissue in various

experiments. Final working concentrations of chemicals used are detailed in Table 2.3.

Table 2.3: Tissue culture additives and their working concentrations. * prepared in dH:0,

** prepared in ethanol, *** prepared in DMSO, **** prepared in PBS.

Compound/drug/additive = Manufacturer Catalogue# Working concentration
Penicillin/streptomycin Gibco 15070063 1%
Foetal bovine serum Gibco 10082147 10%
Kanamycin * Sigma Aldrich 60615 100 pg/mL
M-CSF * Invitrogen RP-8615 25 ng/mL
TPCK-treated Trypsin * Sigma Aldrich 4370285 0.5 pug/mL
Puromycin * Sigma Aldrich P8833 10 pg/mL
Hexadimethrine bromide * Sigma Aldrich H9268 16 pg/mL
TLR9 ligand ODN 1585 * InvivoGen Tirl-1585 5uM
U18666A * Sigma Aldrich U3633 3 pg/mL
Cholesterol ** Sigma Aldrich C8667 80 uM
25-hydroxycholesterol ** Sigma Aldrich H1015 5uM
Dynasore *** Sigma Aldrich 324410 80 uM
Bafilomycin A1 *** Sigma Aldrich B1793 50 nM
TLR3 inhibitor *** Sigma Aldrich 614310 100 uM
Poly [:C**** Sigma-Aldrich P1530 10 pg/mL
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2.2 Antibodies and fluorescent compounds

Table 2.4: Antibodies and their working dilutions.

Antibody Clone Manufacturer  Catalogue # Working Dilution
Mouse anti-IAV NP AASH Abcam Ab20343 1:1000
Mouse anti-IAV NP AASH GeneTex GTX40343 1:500

Rabbit anti-HA (PINDA) - Yamauchi lab - 1:500
Mouse anti-HA1 - Yamauchi lab - 1:100
Donkey anti-mouse IgG - Abcam Ab150105 1:1000
Alexa Fluor® 488
Goat anti-rabbit IgG - Abcam Ab150080 1:1000
Alexa Fluor 594
Rabbit anti-sodium EP1845Y Abcam Ab76020 1:1000
potassium ATPase
Rabbit anti-ERP60 - Wileman lab - 1:1000
Mouse anti-B-actin AC-15 Sigma Aldrich A5441 1:10000
Rabbit anti-Rig- - Abcam Ab45428 1:500
|/DDX58
IRDye 680 Donkey anti- - Li-cor 925-68072 1:10000
Mouse
IRDye 800 Donkey anti- - Li-cor 925-32212 1:10000
Mouse
Mouse anti-Cadherin-1 36/E- BD Biosciences 610181 1:1000
cadherin
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Table 2.5: Fluorescent compounds and their working concentrations.

Compound Manufacturer Catalogue # Working concentration
Filipin 11l Sigma Aldrich F4767 0.5 mg/mL
WGA 647 Invitrogen W32466 5 ug/mL
DAPI Thermo Scientific D1306 0.2 ug/mL

2.3 Influenza A virus

2.3.1 IAV strains

Infection of cells were with either of two mouse-adapted Influenza A viruses:
A/Puerto Rico/8/1934 (PR8 (316)) and A/X-31 (H3N2) (X31 (317)). PR8 belongs to the HIN1
IAV subtype, with X31 expressing the NA and HA proteins of H3N2 in the genetic
background of PR8. High titre virus stocks were kindly provided by John McCaulay at The
Crick Institute but also grown in-house in eggs and MDCK cells. X31 virus for endocytosis
and fusion assays was kindly provided by Yohei Yamauchi while collaborating at the

University of Bristol. PR8 and X31 stocks were 10% ml* and 10° mlI! respectively.

2.3.2 Growing IAV

IAV was harvested both from egg allantoic fluid and cell media. For growing IAV in
eggs, fertilised eggs were incubated for 9-10 days. The airspaces of the eggs were injected
(using a sterile 18G needle) with 100 pL 103 ml* PR8/X31 (diluted in phosphate buffered
saline (PBS) before being resealed with candle wax. Eggs were incubated at 37°C 0% CO;
for 72 hours for viral growth. Following incubation, eggs were euthanised by chilling at 4°C

overnight. Allantoic fluid was then collected and frozen (-80°C) for titration.
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For growing IAV in cells, MDCK cells were grown to confluency in a T175 flask with
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were incubated
overnight. At confluency, cells were washed and infected with 2 mL PR8/X31 (diluted in
PBS) for 1 hour. Cell infection media was then made up to 15 mL with Opti-MEM with 0.5
ug/mL N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin and incubated
for 72 hours post infection (hpi) under usual conditions. Media was then carefully removed,

cell debris pelleted via a 1000 xg spin for 5 min and supernatant frozen (-80°C) for titration.

2.4 IAV replication experiments

2.4.1 IAV challenges

WT and AWD MEFs were seeded onto 24-well plates to ensure confluency the
following day. Plates were incubated overnight. Cells were washed with PBS then infected
at an approximate multiplicity of infection (MOI) of 0.1 in Opti-MEM supplemented with
0.5 pg/mL TPCK-treated trypsin. Cell challenges were incubated for various time points (24
hpi, 48 hpi and 72 hpi) before the cell media was collected and frozen (-80°C) for titration.
Two methods of titration were employed for determining virus concentration: Tissue
Culture Infectious Doseso (TCIDso) and plaque assay.

For lung slice challenges, each slice was infected with 5 x 10* X31 particles;
determined from plaque assay of stocks, and suspended in DMEM F12 for 2 hours.
Following this, infection media was removed and slices were washed in PBS before being
incubated in fresh DMEM F12 + TPCK-treated trypsin, for various time points (24hpi, 48hpi,
72hpi). At each timepoint, media was removed and frozen (-80°C). Virus concentration in

each sample was determined by plaque assay.
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2.4.2 IAV Titration: TCIDsp assay

For the TCIDso assay, MDCKs were seeded onto a 96-well plate and grown to a
confluent monolayer. Wells were infected with a serial 10-fold dilution of the collected cell
secreted virus and incubated for 48 hours. Afterwards, cells were washed with PBS and
fixed with 4% paraformaldehyde (PFA) before the cells were washed again and blocked in
blocking buffer (5% goat serum (Gibco), 0.3% Triton™ x100 (Sigma-Aldrich), 1xPBS) for 30
min. Anti-Influenza A virus nucleoprotein antibody (GeneTex) was diluted in blocking buffer
and used to stain the infected MDCKs for 2 hours at room temperature (RT). Plates were
then washed with PBS + 0.5% Tween® 20 (PBST) (Sigma-Aldrich). Donkey anti-mouse 1gG-
Alexa Fluor 488 (Abcam) was then diluted in blocking buffer and used to stain the MDCKs.
Cells were incubated at RT for two hours, in the dark. Cells were washed one final time with
PBST and then viewed using a Zeiss Axiovert 40 CFL with x20 magnification. Viral titre was
determined from the dilution of the last well where fluorescence is detected and

determined using the Spearman Karber formula and the following calculator (318).

2.4.3 IAV Titration: Plaque assay

For the plaque assay, MDCKs were seeded onto 6-well plates and grown to a
confluent monolayer. A 10-fold dilution series was made up of the virus samples and 1 mL
of the dilutions 101-10° were used to infect the MDCKs for one hour at 37°C 5% CO..
Following this infection, inoculum was removed and cells carefully overlaid with 4 mL
overlay media (2.4% Avicel (Sigma-Aldrich) is mixed 1:1 with plaque maintenance media.
50 mL plague maintenance media consists of 10 mL 10x MEM (Sigma-Aldrich), 2 mL 1M
HEPES (Gibco), 1 mL 200mM L-glutamine (Gibco), 1 mL 75% NaHCOs (Gibco), 1 mL p/s, and
70 mL H;0. TPCK-treated trypsin was added at a concentration of 0.5 pug/mL). Infections
were incubated for 72 hours. Afterwards, overlays were removed, cells carefully washed
with PBS before fixing in ice-cold 60:40 acetone/methanol solution. Fixed monolayers were
then stained with crystal violet (Sigma-Aldrich) to reveal plaques. Viral titre was then

determined from the stock sample via the following equation (319):
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Avg. # of plaques
DxV

D = Dilution V = Volume of diluted virus added to plate

PFU/mL =

2.5 Cytokine analysis

2.5.1 Poly I:C transfection

WT and AWD MEFS were seeded onto P100 plates, to provide a confluent
monolayer the next day.

Polyinosinic:polycytidylic acid (Poly I:C) (Roche) was dissolved in PBS and sheared
through a 25G needle to 200-800 bp fragments. Cells were transfected with Poly I:C using
Lipofectamine LTX with Plus reagent (Invitrogen) according to the manufacturer’s
instructions. In brief, separate mixtures of OptiMEM + Lipofectamine LTX and OptiMEM +
Poly I:C + Plus reagent were created and then combined and incubated at RT for 5 min. The
transfection mixture was placed on cells in media and incubated for 4 hours. After 4 hours,

cells were processed to isolate RNA.

2.5.2 IAV challenge

Cells were infected with X31 at a MOI of 2. Cells were infected in OptiMEM + 0.5
ug/mL TPCK-treated trypsin and incubated for various time points (4 hpi, 6 hpi, 8 hpi, 12
hpi). Plates were processed for RNA isolation after incubation time elapsed.

For lung slices, each slice was infected with 5 x 10* X31 particles suspended in
DMEM F12 for two hours before removing infection media and replacing with DMEM F12
for 16 hours. Dissociation of cells from slices was achieved through an adapted protocol
published by Niehof et al. (2017) (320). Slices were incubated in a digestion solution
(DMEM + 1% p/s, 100 U/mL DNase | (Roche), 2.4 U/mL Dispase Il (Roche), 150 U/mL
collagenase Ill (Roche)) for 30 minutes at 37°C at 300 rpm. Slices were rinsed through a 70

um cell strainer with ice-cold PBS, spun by centrifugation for 3 min at 1000 x g to pellet
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cells before 1 mL TRIzol® was added and an RNA extraction was carried out identically to

cell RNA extraction protocol.

2.5.3 RNA extraction, cDNA synthesis and quantitation by qPCR.

RNA was extracted by lysing cells in TRIzol® (Thermofisher). Chloroform was added
to TRIzol® lysate, vortexed and then incubated at RT for 10 min before being separated by
centrifugation at (15 min/9660 xg/4°C). The upper phase was then removed and RNA
precipitated from it using isopropanol on ice for 10 min. RNA was pelleted via centrifuging
(10 min/9660 xg/4°C) and the pellet re-suspended in 1 mL 75% ethanol and vortexed briefly
before centrifuging (5 min/3875 xg/4°C). Supernatant was discarded and pellet air dried
before being dissolved in H;0. A separate clean-up step was then performed with an
RNeasy MinElute Cleanup kit (Qiagen) according to the manufacturer’s instructions. Final
concentration of eluted RNA was measured using a Nanodrop spectrophotometer.

Reverse transcription was used to synthesise cDNA. RNA (1 pg) in 10 uL dH,0 was
incubated with 1 pL aliquots of 10mM dNTPs (Invitrogen), 3 pg/uL random primers
(Invitrogen) and RNase OUT (Invitrogen). Primers were annealed at 65°C for 5 min before
adding 4 pL 1X FS buffer (Invitrogen), 2 uL 0.1M DTT (Invitrogen) and 0.5 plL Superscript™
Il reverse transcriptase (Invitrogen). The reaction was incubated for 2 hours at 42°C and
then incubated for 15 min at 70°C to denature the RNA/enzymes. The reaction volume was
made up to 200 pL to make a final cDNA concentration of 5 ng/uL and stored at -20°C.

Quantitative PCR (qPCR) was carried out on a QuantStudio 3. For one 20 pL reaction,
the following mixture was made: 10 pL 2X Bioline Immomix™ (Meridian Bioscience), 2 uL
10 mg/mL bovine serum albumin (BSA) (New England Biolabs), 0.2 uL MgCl, (Meridian
Bioscience), 0.4 uL ROX Reference dye (Invitrogen), 0.12 pL SYBR green and 0.28 uL dH,O0.
To this, 2 uL primer (see Table 2.4) and 5 pL 1 ng/uL cDNA was added before sealing and
analysing by gPCR using the standard curve thermal cycle protocol. Relative quantity of
gene mRNA was determined using the Pfaffl method (321) and normalised to the 18S

values for each sample.

72



Table 2.6: List of primers used in gPCR analysis. All primers were prepared in dH,0.

Gene/target Catalogue # Geneglobe ID Company
18S 249900 QT02589300 Qiagen
IFNB1 249900 QT00249662 Qiagen
IFIT1 249900 Q701161286 Qiagen
ISG15 249900 QT00322749 Qiagen
IFITM3 249900 Q700140189 Qiagen
IL-6 249900 QT00098875 Qiagen
Ddx58 249900 QT00123515 Qiagen
Primer Sequence Company
IAV M2 segment GACCRATCCTGTCACCTCTGAC Sigma Aldrich
forward
IAV M2 segment AGGGCATTYTGGACAAAKCGTCTA Sigma Aldrich
reverse

2.6 MEF IAV entry experiments

2.6.1 Endocytosis assay

Purified X31 was used for this assay at MOI: 10. WT and AWD MEFs were seeded
onto coverslips prior to infection and grown to 75% confluency. Dynasore, a dynamin
inhibitor, was used to pre-treat the cells as an endocytosis control. Dynasore (Sigma
Aldrich) (80 uM), in infection medium (DMEM, 50 mM HEPES, pH 6.8, 0.2% BSA (VWR Life
Science)), was used to pre-treat the cells 30 min before the bind warm up stage. All cells
were then infected with purified X31 diluted in infection medium and incubated on ice (4°C)
for 1 hour. Unbound particles were removed in a wash stage with ice cold infection medium

before bound virus was allowed to internalise through a treatment of warm (37°C) infection
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medium. Dynasore containing infection media was also used to treat cells after bind warm
up until fixation.

After a 30 min incubation at 37°C, cells were fixed in 4% paraformaldehyde (PFA).
Plasma membranes were stained with wheat germ agglutinin (WGA 647) before cells were
washed and blocked for 30 min (Blocking solution: 1% BSA, 5% FCS, 1 x PBS). External
influenza HA epitopes were immunostained with the primary antibody PINDA (named for
the rabbit it was raised in) (Yamauchi lab) (1:500) in blocking solution and incubated
overnight at 4°C. PINDA was then stained with the secondary antibody anti-rabbit IgG-Alexa
Fluor 594 (Abcam) (1:1000) in blocking solution for 1 hour at RT, in the dark. Cells were
fixed again in 4% PFA and washed before being permeabilised (Permeabilisation solution:
0.1% Triton™X100, 1% BSA, 5% FCS, 1 x PBS). They were then incubated for 2 hours at RT
with the HA1 antibody (Yamauchi lab) (1:100), a mouse monoclonal also specific to the HA
epitope. As PINDA will have bound external HA, HA1 will be able to bind internal HA. Cells
were washed and stained with the donkey anti-mouse IgG Alexa Fluor 488 (1:1000) in
permeabilisation solution for 1 hour at RT. Cell nuclei were stained with DAPI (1:5000)
before coverslips were mounted onto slides using Fluoromount-G® (SouthernBiotech).
Slides were viewed using a Zeiss Axio Imager 2 microscope with the x63 oil objective.

Internalised and external IAV could be distinguished and internalised IAV were counted.

2.6.2 Fusion assay

Purified X31 was dual-labelled with fluorescent dyes 3,3-
dioctadecyloxacarbocyanine (DiOC18: ex. 480 nm em. 510 nm ) and octadecyl rhodamine
B (R18: ex. 558 nm em. 586 nm), protocol adapted from (322). DiOC18 and R18 in ethanol
were mixed at respective concentrations of 33 uM and 67 uM. This mixture was added to
100 ug X31 protein suspended in 1 mL PBS and the reaction mixture mixed for 1 hour before
passing through a 0.22 um pore filter (Millipore).

WT and AWD MEFs were seeded onto 24-well plates prior to infection and grown
to 90% confluency. Bafilomycin A (BafA) (a viral fusion inhibitor) was used to pre-treat the
MEFs as a fusion control. Infection medium (DMEM, 50 mM HEPES, pH 6.8, 0.2% BSA) with

BafA (50 nM) was used to pre-treat the MEFs 30 min prior to infection. Labelled X31 was
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diluted in infection medium and aliquoted onto cells so that each well received
approximately 3.3 pg X31 protein. Cells were incubated on ice (4°C) for 1 hour to bind the
virus, then internalised via the addition of warm (37°C) infection medium and incubated at
37°C; the fusion control medium containing 50 nM BafA.

At 30 and 60 min post infection, cells were washed with PBS and incubated with
trypsin. After a couple of minutes incubation, cells were liberated and suspended in DMEM
+10% FCS. This cell solution was fixed in 4% PFA for 20 min. Cells were spun down (419 xg,
4 min) and then re-suspended in 100 pL fluorescence-activated cell sorting (FACS) buffer (1
X PBS 1% BSA). This was then added to a optical 96-well FACS plate (Thermofisher) and cells
sorted using a Novocyte Advanteon flow cytometer. Data was analysed using Flowlo

software, with cell distribution gates being determined from the non-infected controls.

2.6.3 Nuclear entry assay

PR8 was used in this assay (MOI: 4) and diluted in OptiMEM. WT and AWD MEFs
were seeded onto coverslips and grown to 75% confluency. OptiMEM PR8 mixture was
added to wells and cells were incubated on ice (4°C) for 1 hour to enable the virus to bind.
Virus was allowed to internalise through incubating at 37°C. Cells were fixed in 4% PFA at
the following time points: 2, 3, 4 and 5 hpi. Cells were permeabilised with 0.1% triton x100
before blocking in 0.1M glycine and 2% BSA solutions. Coverslips were then immunostained
with mouse anti-IAV NP (Abcam) in 2% BSA blocking solution overnight at 4°C. Coverslips
were then washed with PBS before being stained with donkey anti-mouse IgG Alexa Fluor®
488 in 2% BSA blocking solution for 2 hours at RT. Cells were stained with DAPI for 10 min
before being mounted in Fluoromount on slides. Coverslips were viewed using a Zeiss Axio

Imager 2 microscope with the x20 objective. NP positive nuclei were counted.
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2.7 IAV acid bypass experiments

The protocol for synchronising the fusion of the viral membrane to the cell plasma
membrane (hereafter acid bypass) has been adapted from Banerjee et al. (2014) and
Miyake et al. (2019) (323,324). WT and AWD MEFs were seeded onto coverslips (NP entry
assay) or 6-well plates (IFNB assay) and grown to 75% confluency or 100% confluency
respectively. X31 was used in these assays, at an MOI of 100 for the NP entry assay and 10
for the IFNB assay. Virus was bound to pre-cooled MEFs for 1 hour on ice (4°C), unbound
virus being washed off in cold infection medium (DMEM, 50 mM HEPES, pH 6.8, 0.2% BSA).
Cells were incubated for 2 min in FUSION medium (DMEM, 50mM citric buffer adjusted to
pH 5.0) before being cooled, washed in cold infection medium and incubated at 37°C in

STOP medium (DMEM, 50mM HEPES, 20mM NHaCl, pH 7.4) for the appropriate time points.

2.7.1 Acid bypass NP assay

Purified virus was used to infect MEFs. MEFs were fixed in 4% PFA at 10, 30 and 50
min post infection. Cells were permeabilised in 0.1% Triton X100 before being blocked in
0.1M glycine and 2% BSA blocking solutions. Cells were immunostained with mouse anti-
IAV NP (Abcam) in 2% BSA blocking solution overnight at 4°C. Cells were then washed with
PBS before staining with donkey anti-mouse 1gG Alexa Fluor® 488 in 2% BSA blocking
solution for 2 hours at RT. Coverslips were then washed with PBS before finally being
stained with DAPI for 10 min and mounted onto slides with Fluoromount. Coverslips were
viewed using a Zeiss Axio Imager 2 with the x40 oil objective. Puncta were counted and

sized using Imagel software. Images are representative of three independent experiments.

76



2.7.2 Acid bypass IFNB assay

MEFs were lysed and RNA extracted as described in 2.5.3 via TriZOL at 10, 30 and
50 min post infection. RNA was converted to cDNA via reverse transcription and analysed
via qPCR as described in 2.5.3; 18S and IFNB1 being targeted for amplification using the
appropriate primers. Non-infected MEFs were also analysed for IFNB expression, and these

basal levels were subtracted from the total relative quantity of IFNP expression.

2.8 Plasma membrane isolation and cholesterol quantification

2.8.1 Plasma membrane isolation

Brains and lungs from WT and AWD mice were weighed and then minced using a
razor blade and the pieces re-suspended for 1 min in ice-cold hypotonic buffer (10 mM
tris/HCl in dH,0, pH 7.4) to induce osmotic swelling of cells. Cells were then disrupted in
homogenisation buffer (10 mM tris/HCI, 1 mM EGTA, 0.5 mM EDTA, 0.25 M sucrose, 1 x
cOmplete™ ULTRA, Mini Easypack protease inhibitor cocktail tablet (Roche), pH 7.4) on ice,
via a Dounce homogeniser (approx. 20 passes with each A and B pestles). Lysates was
sonicated twice for 20 seconds each. Whole cells and nuclei were pelleted at 67 xg for 10
min at 4°C. Fatty residue above supernatant was discarded and the post nuclear
supernatant (PNS) salvaged. The PNS was sonicated twice for 20 seconds each.

A Nycodenz® (Progen) gradient was made up from a 50% stock (50% Nycodenz® in
10 mM tris 1 mM EDTA). A 1.2 mL aliquot of PNS was layered on the bottom of a 14 x 95
mm polypropylene Beckman Coulter® ultracentrifuge tube and a step gradient from 25%
to 0% Nycodenz® was layered on top. Tubes were placed into a SW 40.1 rotor and
membranes were then fractionated at 86578 xg at 4°C for 1.5 hours in a Beckman Coulter

ultracentrifuge. Fractions of 2 mL were then stored at -80°C for analysis.
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2.8.2 SDS-PAGE and Western Blot

Fractions were made up in 1X Laemlli sample preparation buffer (6X stock: 8 mL 1.5
tris, 0.4% SDS pH 6.8; 6 mL glycerol; 2 g SDS; 1.2 mg bromophenol blue; 60 mL 2-
mercaptoethanol; make up to 100 mL with dH,0) and boiled at 93°C for 4 min. Samples
were loaded onto Bolt 4-12% Bis-Tris plus gels (Invitrogen) and ran in 1X Nupage running
buffer at 150 V for 90 min. Protein was transferred to an Immobilon® PVDF membrane via
wet transfer in 1X transfer buffer (39 mM glycine, 48 mM tris, 1.3 mM SDS , 20% methanol
in dH,0) at 200 mA for 1 hour at 4°C. Membranes were then blocked for 1 hour in 0.5%
milk in tris buffered saline (50 mM tris, 150 mM NaCl, pH 7.5) + 0.5% Tween 20 (TBST). Blots
were immunostained with rabbit anti-sodium potassium ATPase (Abcam), mouse anti-E-
cadherin (BD Biosciences), rabbit anti-ERP60 and mouse anti-actin overnight at 4°C. Blots
were then washed thoroughly in TBST before staining with rabbit 800 and mouse 670 in
0.5% milk TBST for 2 hours at 4°C. Blots were washed in TBST before viewing on a Licor

Odyssey CLx imaging system using the 785 nm and 685 nm lasers.

2.8.3 Cholesterol quantification

Protein concentrations of fractions were measured using a Pierce™ BCA protein
assay kit (Thermo Scientific™) according to the manufacturer’s instructions.

Cholesterol concentrations of fractions were measured using a Amplex® Red
cholesterol assay kit (Invitrogen). This assay consisted of mixing the cholesterol fraction
with a working Amplex® red solution (300 uM Amplex® red reagent, 2 U/mL horseradish
peroxidase, 2 U/mL cholesterol oxidase and 0.2 U/mL cholesterol esterase). Amplex Red®
reagent reacts with H,0; to make fluorescent resorufin. Mixtures were then incubated for
30 min at 37°C before the resorufin fluorescence was measured on a SpectraMax M2
microplate reader (excitation: 545 nm, emission: 590 nm). These cholesterol
guantifications were then normalised to both the protein concentration of the sample and
the mass of the organ post harvesting.

For total cell cholesterol quantification, MEFs were grown to confluency in P100

plates before washing with ice-cold PBS. Cells were lysed in ice-cold lysis buffer (50 mM
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Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1% TritonX-100 + protease inhibitor tablet and
phenylmethylsufonyl fluoride (PMSF)). Lysates were then measured using the Amplex® Red

cholesterol assay kit.

2.9 Cholesterol localisation using D4H mCherry probe and filipin

2.9.1 D4H mCherry plasmid purification

D4H mCherry pGEX plasmid was a kind gift from Gregory D. Fairn. Plasmid was
chemically transformed into competent Escherichia coli (DH5a) by incubating plasmid and
bacteria together at 4°C before briefly heat shocking at 42°C for 30 seconds. Bacteria and
plasmid were then returned to 4°C for 5 minutes. Bacterial mixture was then added to
super optimal broth with catabolite repression (SOC) medium and incubated at 37°C for 30
minutes at 250rpm. Bacteria were plated onto LB + Ampicillin plates overnight at 37°C to
select for transformed bacteria. A transformed colony was grown in LB + Ampicillin
overnight at 37°C at 250rpm. Bacteria were pelleted at 6000 x g at 4°C for 15 minutes.
Plasmid was purified using a NucleoBond® Xtra Midi prep kit (Machery Nagel). Firstly cells
were resuspended in buffer RES before lysing with buffer LYS at RT for 5 minutes. Buffer
LYS was neutralised using buffer NEU, mixing until the lysates became colourless. Lysates
were then loaded onto equilibrated NucleoBond® Xtra column filters and washed with
buffer EQU. Filters were removed and columns washed with buffer WASH. Plasmid was
then eluted from column using buffer ELU. DNA was precipitated using isopropanol before
centrifuging (15000 x g, 4°C, 30 minutes). DNA pellet was washed with 70% ethanol before
centrifuging (15000 x g, RT, 5 minutes) before air drying for 15 minutes. Pellet was

reconstituted in dH20to 1 pg/mL and stored at -20°C.
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2.9.2 D4H mCherry transfection and microscopy

D4H mCherry was transfected into WT and AWD MEFs on a 24-well plate using
Lipofectamine 2000. Lipofectamine reagent was added to OptiMEM medium at a 1:1
dilution with plasmid DNA and incubated at RT for 5 minutes. DNA-lipofectamine complex
was then added to MEFs and incubated at 37°C for 24 hours. Cells were then fixed using
4% PFA for 20 minutes, before permeabilising in 0.1% Triton X100 for 10 minutes and
blocking in 0.1M glycine and 0.5% BSA solutions for 20 and 30 minutes respectively.
Transfected cells were stained with either anti-Rab7, anti-LAMP1 or anti-EEA1 to visualise
late endosomes, lysosomes or early endosomes at 4°C overnight. Antibodies were stained
with 1gG 488 before mounting with fluoromount and visualising using a Zeiss M2 Imager
using oil immersion with the x63 lens. Images were processed on Imagel, correlation
between D4H mCherry and the antibodies was measured using the JACoP plug-in, which
generates a Pearson correlation coefficient. The closer the coefficient is to 1.0, the more

colocalised the datasets are. Images are representative of three independent experiments.

2.9.3 Lung slice/MEF filipin staining and confocal microscopy

Lungs were covered in optimal cutting temperature compound (OCT) and snap
frozen in liquid nitrogen chilled isopentane for 30 seconds. Frozen tissue was kept at -80°C.
Samples were fixed to the pre-chilled cryostat chuck using OCT. Specimen temperature was
set to -24°C, cryostat blade was set to -26°C and placed into a cryostat. Specimens were
sliced to a thickness of 10 um. Samples were mounted onto a microscope slide and allowed
to air dry for 2 hours before washing in PBS and staining. Slides were fixed in 4% PFA and
stained with 0.5 mg/mL filipin 1ll (Sigma-Aldrich) in PBS + 1% BSA for 2 hours at RT. Lung
slices were also stained with anti-rab7 (Abcam).

MEFs were fixed with 4% PFA and stained in 0.5 mg/mL filipin Ill in PBS + 1% BSA
for 2 hours at RT. Coverslips were mounted with fluoromount and visualised using oil
immersion on the x63 lens of a Zeiss LSM980-Airyscan confocal microscope with the 405

nm laser. Images were processed on Imagel.
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2.10 Statistics

Statistical analysis was conducted either on SPSS statistics or Imagel. Where
possible, the more conservative statistical test, the Mann Whitney U test, was used to
compare the ranks between two data groups. Otherwise an independent samples t-test
was performed to compare the mean averages. Where more than one group was being

compared, a two-way ANOVA test was performed.
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CHAPTER 3

The WD domain of ATG16L1
modulates cholesterol in the
plasma membrane
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3.1 Introduction

Cellular cholesterol is synthesised in the endoplasmic reticulum or internalised in
low density lipoprotein (LDL). Once LDL is endocytosed, the cholesterol is released from
the lipoprotein in lysosomes via lipolysis where it is then redistributed within the cell. It is
transported to the plasma membrane and then onwards to endoplasmic reticulum. At the
ER, internalised cholesterol can regulate the cholesterol synthesis pathway, preventing
over-production of cholesterol and subsequent steroid hormones. The pathway
cholesterol takes to the plasma membrane and then onwards to the ER involves the
proteins NPC1 and NPC2. Liberated cholesterol in lysosomes is bound to the iso-octyl
group of NPC2. NPC2 then transfers the cholesterol molecules to the N-terminal domain
of NPC1 which shuttles the cholesterol to the lipid bilayer of membranes (325). Mutations
in these proteins result in lysosomes overloaded with cholesterol.

Cells contain esterified cholesterol and unesterified cholesterol. Esterified
cholesterol does not participate in membrane formation. It is, however, the predominant
form of cholesterol found within lipoproteins such as LDL. Unesterified cholesterol is
found in membranes, such as the plasma membrane (326), and can be stained for using

filipin (327).

The enzyme PTDSS1 is thought to have a role in cholesterol transport. PTDSS1
synthesises phosphatidylserine (PS). Knocking out the gene has been shown to reduce
cholesterol movement to the ER from the plasma membrane, resulting in a cholesterol-
laden plasma membrane (328). Tan et al. (2018) demonstrated that cholesterol is also
delivered to the membrane through lysosomal exocytosis, with the cholesterol rich
lysosomal membrane fusing with the plasma membrane via the action of autophagy
proteins such as ATG16L1. Defects in this protein, such as through the T300A mutation,
have resulted in attenuated plasma membrane repair; with deficiencies of ATG16L1
resulting in cholesterol being held up in lysosomes (84). In this thesis the action of
ATG16L1 and its WD domain, with respect to cholesterol homeostasis, have been
investigated. This chapter aims to investigate the cholesterol content of membranes in

WT and AWD cells. Tan et al. (2018) showed that ATG16L1 has a role in cholesterol
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homeostasis and membrane repair, with the T300A mutation inhibiting this process. This
implicates the WD domain in cholesterol transport. | investigated whether cholesterol
transport is modulated within AWD MEFs. WT and AWD MEFs immortalised MEF cell lines
were used for these experiments. A truncated and dysfunctional ATG16L1 protein may

reduce cholesterol trafficking to the plasma membrane (Figure 3.1).
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Figure 3.1: Graphical hypothesis- the WD domain has a role in cholesterol transport. The
WD domain of ATG16L1 is required for lysosomal fusion-mediated transport of cholesterol
from late endosomes/ lysosomes to the plasma membrane (PM). Removal of the WD
domain attenuates cholesterol transport to the PM, resulting in less cholesterol in the
endosome when |AV infects. This reduced cholesterol promotes IAV fusion, resulting in
increased IAV replication. Increased viral entry results in increased receptor activation and
greater cytokine expression, explaining the cytokine storms seen in Wang et al. (2021).

Produced using Biorender.
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3.2 Aims

Investigate the role of the WD domain of ATG16L1 in cholesterol transportation to
the plasma membrane (PM) in cells and tissue by subcellular fractionation.

o The cholesterol content of WD deficient cells and the PMs of WT and WD
deficient cells will be investigated. A fractionation protocol will be
developed to isolate the PM subcellular membrane fraction and the
cholesterol content of it will be measured by the Amplex red biochemical
fluorometric assay.

o Cholesterol will be localised in WT and WD deficient cells by bioimaging
using cholesterol binding probes such as filipin Il and D4H mCherry which

specifically bind to cholesterol.
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3.3 Results

3.3.1 Measurement of total cell cholesterol in WT and AWD MEFs.

The Amplex Red cholesterol assay was used to measure cholesterol in WT and
AWD cell lysates. This assay relies on the oxidation of cholesterol to form cholest-4-en-3-
one and hydrogen peroxide. This hydrogen peroxide then oxidises the Amplex Red
reagent in the presence of horseradish peroxidase to make fluorescent resorufin.
Resorufin has a specific absorption and fluorescence emission maxima at 571 nm and 585
nm respectfully, and this fluorescence is proportional to the cholesterol present. The
addition of cholesterol esterase in the reaction allows for the detection of esterified
cholesterol, which is found in lipid droplets. In this initial experiment, the total cholesterol
content of cells was quantified.

There was no difference seen in the total cholesterol (esterified + unesterified)
between the two cell lines, with both lysates having cholesterol concentrations of
approximately 40-42 ng/mL (Figure 3.2). However, for unesterified cholesterol,
significantly more was detected in AWD MEFs compared to WT MEFs. Unesterified
cholesterol was measured at approximately 33 ng/mL in AWD MEFs in contrast to only 28
ng/mL in WT MEFs. These data suggests that either more unesterified cholesterol is
synthesised or more accumulates in these cells. Overall, these data suggests the WD

domain has a role in cholesterol homeostasis.
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Figure 3.2: Total cell cholesterol and unesterified cholesterol in WT and AWD MEFs
WT and AWD MEFs were lysed and total cell cholesterol and cell unesterified cholesterol
levels were measured by Amplex Red cholesterol assay (+SD). Cholesterol values were
normalised to 1 ug sample protein. Mann Whitney U test shows ranked increase in

unesterified cholesterol in AWD cells: ** = p<0.01, n=6 (technical replicates).
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3.3.2 Unesterified cholesterol is decreased in brain, lung and MEF

plasma membranes lacking the WD domain of ATG16L1.

This experiment aimed to isolate the plasma membranes of WT and AWD brain
and lung tissue as well as MEFs to see if cholesterol transport to the plasma membrane is
attenuated in mice lacking the WD domain of ATG16L1. WT and AWD mice brains and
lungs were harvested and homogenised. WT and AWD MEFs were grown in T175 flasks
(ten flasks per cell line), pelleted and homogenised. Tissue and cell homogenates were
fractionated on a Nycodenz step gradient. This Nycodenz step gradient is a density
gradient and was used due to its non-toxic nature, its ability to easily dissolve into
solution and because it does not interfere with the assays afterwards. The samples were
separated on the Nycodenz gradient using ultracentrifugation and six fractions were
collected and analysed by Western blot: using plasma membranes and endoplasmic
reticulum (ER) markers, to identify the membrane-containing fractions. The plasma
membrane was found within fractions of 5-10% Nycodenz using the marker Na/K ATPase
in brain and MEFs. E-cadherin was used as a marker for lung PMs. Figure 3.3 shows the
fractionation process, with a 113 kDa Na/K ATPase band in fractions 3 and 4 in all brain
and MEF homogenates, showing that these fractions contain the plasma membrane. The
E-cadherin 105 kDa band was seen in fractions 3-6 in lung homogenates, which indicates
a less successful fractionation. The ER marker ERP60, at 60 kDa, was mainly found in
fractions 5 and 6, and very little in fractions 3 and 4. Due to the lack of ER contamination
in fraction 3 of all homogenates, this fraction was used for analysis.

Fraction 3 was analysed for tissue and MEFs using the Amplex Red cholesterol
biochemical assay. Figure 3.4 demonstrates decreased total and unesterified cholesterol
in the AWD plasma membrane fractions of brains, lungs and MEFs. This difference was
significant in all measurements. For brains and MEFs, WT unesterified cholesterol was
approximately 2-fold greater than AWD. These data provide clear evidence that the WD

domain of ATG16L1 has a role in cell cholesterol transport.
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Western blot representative of brain and MEF fractions (Na/K
ATPase) and Lung fractions (E-cadherin).

iy Fractions: 1 2] 3 4 5 6
Ll
S )
< | 100kDa = . |1 r == Na/K ATPase:
'E 113 kDa
2 v ™ — crpoo:
e 60 kDa
; 50 kDa -_— PR w
s Fractions: 1 2] 34 5 6 — _
Ll
= 1 0%
= | 100kDa — i ) == Na/K ATPase: .
'E 113 kDa , L2 5%
o
ERP60: =
(] L ‘. -
60 kDa | =0
S Plasma 3 5%
50 kDa — . o L,
< o — - membrane -
detected
r10%
Fractions: 1 2 | 3 |4 5 6 7
- o,
o0 100 kD == E-cadherin: i 15%
3 2 105 kDa A
- r25%
= " -" == ERP60: -
50 kD3 60 kDa
= —— Homogenate
ultracentrifuged on
S a Nycodenz step
Fractions: 1 2 |3 |4 5 6 gradient
o0 - == E-cadherin:
(o]
= w' W W — ERP6O:
< 50kDa 60 kDa

Figure 3.3: Brain, lung and MEF cell membranes were fractionated using a Nycodenz
step gradient and plasma membrane fractions were validated by Western blot. Brain
and lung tissue, and MEFs, were homogenised and fractionated by ultracentrifugation on
a Nycodenz step gradient. A Na/K ATPase antibody was used to identify plasma
membrane fractions for the brain and MEFs where as an E-cadherin antibody was used
for the lung fractions. An ERP60 antibody was used to identify the endoplasmic reticulum

fractions.
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Figure 3.4: Decreased total fraction and unesterified cholesterol concentration in the
plasma membranes of brain, lung and MEFs from AWD mice. Plasma membrane
fractions for brain, lung and MEFs were analysed using an Amplex red cholesterol assay
for total cholesterol and unesterified cholesterol. Cholesterol was normalised to 1 ug
protein and 1 mg original organ/pellet weight. Concentrations are presented (+SEM) and
a Mann Whitney U test was conducted: * = p<0.05, ** = p<0.01, n=6 (biological replicates

for tissue, experimental replicates for MEFs).
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3.3.3 Intracellular cholesterol aggregates detected in AWD MEFs
compared with WT MEFs when visualised with filipin.

The cellular localisation of cholesterol in AWD and WT MEFs was investigated using filipin
Il and examination using confocal microscopy. Filipin Ill is a fluorescent polyene antibiotic
which binds to unesterified cholesterol within membranes. It does not binds to esterified
cholesterol, as found in lipid droplets.

WT MEFs had filipin/cholesterol localisation at the plasma membrane (annotated
with arrow on Figure 3.5) which could not be clearly seen in AWD MEFs. Small
cytoplasmic puncta of cholesterol were seen in WT MEFs, however in AWD MEFs larger
cytoplasmic filipin-positive aggregates were seen (annotated with arrows in figure 3.5).

Immunohistochemistry was used to investigate the subcellular localisation of these

puncta.

Figure 3.5: Increased size and frequency of cholesterol aggregations in AWD MEFs
compared with WT MEFs. WT and AWD MEFs were fixed and stained with filipin llI

before cells were viewed using a Zeiss LSM980-Airyscan confocal microscope.
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3.3.4 Localisation of cholesterol with Rab7 (late endosomes) in WT

and AWD slices.

As the previous experiments demonstrated that cholesterol is reduced in AWD
lung plasma membranes, | investigated the cholesterol localisation within AWD lungs to
see if there was any alteration. WT and AWD lungs were removed, frozen in liquid
nitrogen-cooled isopentane and sliced into 10 um slices before fixing.

Slices were stained with either filipin Ill or Rab7 and DAPI to see if cholesterol or
late endosome distribution across the native cells of the lung was altered in AWD tissue
compared to WT tissue. No clear difference was noted between WT and AWD lung
cholesterol (Figure 3.6) or late endosome (Figure 3.7) distribution. Lung slice structures
showed possible morphological differences between WT and AWD lung tissue over three
individual mice, with alveolar spaces appearing to be more constricted in AWD, however
this could be an artifact of the slice preparation procedure. Overall, more investigation is
needed into the cholesterol distribution in WT and AWD lung slices.

As it was not possible to use immunohistochemistry with filipin staining to
investigate the subcellular localisation of puncta further work was conducted to
investigate cholesterol localisation in cells. Cells were transfected with the fluorescent
probe D4H mCherry which binds specifically to cholesterol (329) and then immunostained

with organelle specific antibodies.
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Figure 3.6: Cholesterol localisation in WT and AWD lung slices. WT and AWD lungs were

frozen and sliced using a cryostat. Slices were stained with filipin to localise cholesterol.

Slices were viewed using a Zeiss LSM980-Airyscan confocal microscope.
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Figure 3.7: Late endosomal (Rab7) localisation in WT and AWD lung slices. WT and AWD
lungs were frozen and sliced using a cryostat. Slices were stained with anti-rabbit rab7
antibodies and visualised with anti-rabbit Alexa Fluor 488 (green) to stain for late
endosomes. Nuclei were stained with DAPI. Slices were examined using a Zeiss LSM980-

Airyscan confocal microscope.
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3.3.5 There is increased colocalization of cholesterol to late

endosomal membranes in AWD MEFs compared with WT MEFs.

Filipin 1l is a fluorescent polyene antibiotic widely used as a cholesterol stain.
However it suffers from an impracticality in that it is easily photobleached which makes
microscopy difficult. Another protein that can be used to localise cholesterol in cells is
domain 4 (D4) of perfringolysin O, a theta-toxin produced by Clostridium perfringens
(330). This domain has lipid binding properties, binding the hydroxyl group at position 3
of cholesterol. Scientists have produced an array of cholesterol biosensors using D4,
increasing its affinity for cholesterol such as with D4H, a modified D4 protein that is able
to bind cholesterol within intracellular membranes (329).

WT and AWD MEFs were transfected with the D4H mCherry plasmid. After 24
hours, cells were fixed and stained with either anti-EEA1 (early endosomes), anti-LAMP1
(lysosomes) or anti-Rab7 (late endosomes). Antibody was visualised with a secondary
antibody labelled with Alexa Fluor 488. D4H mCherry was seen in vesicle-like structures in
both WT and AWD cells (Figure 3.8 A, B, C). This organelle colocalised significantly more
with Rab7/late endosomes and LAMP1/lysosomes than EEA1l/early endosomes (Figure
3.8 D). D4H mCherry was seen to colocalise significantly more to Rab7/late endosomes in
AWD MEFs than WT MEFs, indicating that cholesterol accumulated more in late
endosomes in AWD MEFs (Figure 3.8 E). While not statistically significant, greater
colocalization of D4H mCherry to LAMP1 stained lysosomes and EEA1 stained early

endosomes was also seen in AWD MEFs (Figure 3.8 F, G).
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B) WT MEFs

LAMP1 - Lysosomes D4H mCherry - Cholesterol

Merge + DAPI

AWD MEFs
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C) WT MEFs

EEAL - Early Endosomes D4H mCherry - Cholesterol Merge + DAPI

AWD MEFs

EEA1 - Early Endosomes D4H mCherry - Cholesterol Merge + DAPI

99



L)

Summary E)

Late endosomes -
Kkk

cholesterol colocalization
0.8 * ‘ *% *¥k
- — B Rab7 = 0.8 —_—
& *k T B Lavet 8 =
(3] | —
= EEA1 =
£ 0.6+ T - S
(o] [e]
o (3]
[ = c
2 o
S 0.4 L g
° 8
g 0.2+ g
g o
o 3
o
0.0~ T T T
WT AWD AWD
) Lysosomes - ) Early endosomes -
cholesterol colocalization cholesterol colocalization
0.8+ 0.8
S 'S
% 0.6 % 0.6- T
8 8
s S
T 0.4+ T 0.4
© [
8 8
5 0.2 S 0.2
o 2
© ©
[7] [
o o
0.0 T 0.0~ T
WT AWD WT AWD

Figure 3.8: There is increased cholesterol colocalization in late endosomes in AWD MEFs
compared to WT MEFs. WT and AWD MEFs were transfected with D4H mCherry for 24
hours before staining with either anti-Rab7 (A - Late endosomes), anti-LAMP1 (B -
Lysosomes) or EEA1 (C - Early endosomes). Images of D4H mCherry and antibody datasets
were correlated using a Pearson correlation and the average Pearson coefficients are
presented (+SEM) (D). A two-way ANOVA with Bonferroni corrections was conducted for
the summary graph: * = p<0.05, ** = p<0.01, *** = p<0.001. Panels E-G demonstrate the
differences in cholesterol co-localisation between WT and AWD with Mann Whitney U

tests: ** = p<0.01, n=15 over 3 coverslips.
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3.4 Discussion

In order to investigate the role of the WD domain in cholesterol localisation this
chapter used a biochemical assay to quantify cholesterol in subcellular fractions and
cholesterol-specific probes to image it in cells and tissue. Firstly the total cell cholesterol
was measured for WT and AWD MEFs, with higher levels of unesterified cholesterol
detected in AWD MEFs (Figure 3.2). This suggested that there is more cholesterol localised
in membranes within AWD MEFs, however the replicates for this experiment were
technical, which does limit this conclusion. The localisation of this cholesterol was further
investigated with the plasma membranes being successfully isolated from brain and lung
tissue as well as MEFs (Figure 3.3). Total and unesterified cholesterol were again measured
for the plasma membrane fractions and it was shown that there were lower levels of
unesterified cholesterol found in AWD brain, lung and MEF plasma membranes (Figure
3.4). This was in contrast to the cell unesterified cholesterol levels, which were higher in
AWD MEFs. The fractionation data show the plasma membrane alone, suggesting that
cholesterol may be distributed elsewhere in AWD cells. Cholesterol would be found within

lysosomal or late endosomal membranes before it is transported to the plasma membrane.

Cholesterol localisation within cells was visualised using cholesterol probes such as
filipin Il and D4H mCherry. When filipin was used to stain for cholesterol in MEFs,
cholesterol was found to localise to the plasma membrane in WT MEFs and found
aggregating into large cytoplasmic structures in AWD MEFs (Figure 3.5). Within lung slices,
no clear difference in cholesterol distribution could be seen between WT and AWD tissue
(Figure 3.6) or late endosome distribution (Figure 3.7).

Cholesterol localisation was further investigated using D4H mCherry which is a
cholesterol-binding probe. Cholesterol was found to localise with late endosomes and
lysosomes more than early endosomes. Additionally, cholesterol localised to late
endosomes significantly more in AWD MEFs than in WT MEFs. While not significant, it also
was seen to localise more to lysosomes in AWD MEFs than WT MEFs (Figure 3.8). This
explains the high cholesterol content of AWD MEFs. Cholesterol enters cells through the

endocytic pathway of LDL, but lysosomal exocytosis is blocked due to the absence of the
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WD domain, therefore less cholesterol is able to reach the plasma membrane. In addition,
less cholesterol is able to reach the endoplasmic reticulum and switch off cholesterol
synthesis pathways. This would lead to an accumulation of cholesterol within AWD cells,

but also results in decreased levels of cholesterol at the plasma membrane.

ATG16L1 has many non-canonical functions, with Tan et al. (84) demonstrating that
a deficiency in the protein prevents lysosomal exocytosis and a failure in cholesterol to
supplement the plasma membrane. This chapter has shown that the WD domain of
ATG16L1 has arolein cholesterol transportation, with a build-up of cholesterol within AWD
MEFs. Cholesterol is held up in the membranes of late endosomes and lysosomes, with this
cholesterol unable to be transported to the plasma membrane. The conjugation of LC3 to
single membranes is crucial for them to fuse with lysosomes. For LAP this process relies on
the WD domain of ATG16L1 (66), and it is required to conjugate LC3 to other single
membraned organelles. This conjugation may well be needed to support lysosomal-plasma
membrane fusion, which allows for effective transport of cholesterol from the late
endosome/lysosome to the plasma membrane. In these unique experiments | have shown
that this does not occur in AWD cells and there is decreased cholesterol in the plasma
membrane. AWD mice are very susceptible to IAV (78) and this could be because IAV is
able to more efficiently enter AWD cells. Cholesterol homeostasis may be the mechanism
as to why the WD domain is able to suppress infection. This thesis will investigate whether
IAV can more efficiently fuse with cholesterol deficient membranes in AWD cells. The
subsequent chapter will investigate if IAV can enter cells by endocytosis and fusion more
efficiently due to the biochemical differences in cells lacking cholesterol in their

membranes.
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CHAPTER 4

The WD domain of ATG16L1
limits the entry and fusion of
IAV in MEFs
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4.1 Introduction

In Chapter 3 the results demonstrated that the plasma membrane (PM) of AWD
MEFs contain less cholesterol than WT MEF PMs. In this chapter | investigate how alteration
in PM cholesterol affects fusion and endocytosis of 1AV into cells. Banerjee et al. (2013)
developed assays for quantifying seven sequential events in the early infection of IAV (331).
These steps are: virus binding, endocytosis, acidification of HA, fusion, nucleocapsid
uncoating, nuclear import and expression of nucleoprotein. In this chapter | have used
three of these assays to measure the efficiency of virus entry between WT and AWD MEFs.
The first measures endocytosis using two antibodies that compete for HA, thereby when
used before and after permeabilisation can discriminate between external and internal
IAV: PINDA and HA1L. Cells are infected with IAV for 30 min and then fixed in PFA. The HA
epitopes of the external virus are masked with PINDA, a rabbit polyclonal antibody.
Following this, the cells were fixed again and permeabilised. Internalised viruses were then
stained with HA1, a mouse monoclonal antibody. PINDA and HA1 were then stained with

Alexa Fluor 594 and 488 respectively (Figure 4.1).

3) Fix and incubate with
PINDA antibody (only binds
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k 2) Internalise virus at 37°C for
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""" / ﬁ) HA1 tagged
with alexa
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B ' \/ ' -'

4) Fix again,
permeabilise and
treat with HA1
antibody

Figure 4.1: Schematic of the endocytosis assay. Produced using Biorender.
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In a second series of experiments, IAV was labelled with two lipophilic fluorescent
dyes: R18 (red) and SP-DiOC18 (green). The fluorescence of SP-DiOC18 is attenuated by
self-quenching and through fluorescence resonance energy transfer (FRET) to R18, but only
when in close proximity to it. R18, on the other hand, is only slightly suppressed by self-
guenching when in close proximity. IAV is labelled with this dye combination and used to
infect cells. When fusion occurs, the lipophilic dye is spread across the membrane of the
late endosome the virus fuses to, as well as the original virus membrane. This separates
the dyes, dequenching SP-DiOC18 and allowing for green fluorescence. Fusion events
would then be quantified using fluorescence activated cell sorting (FACS) by measuring the

shift from red to green fluorescence (Figure 4.2).

R18 and SP-DiOC18 are  R18 and SP-DiOC18 are

in close proximity: not in close proximity:

SP-DiOC18 is quenched  SP-DiOC18 is

and membrane dequenched and

fluoresces red. membrane fluoresces
R18/SP-DiOC18 green.

labelled IAV

SP-DiOC18 dequenched
following fusion

Quantification of fusion
events by Fluorescence
activated cell sorting (FACS)

Fusion

Figure 4.2: Schematic of the fusion assay. Produced using Biorender.
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The third assay | used was the nuclear entry assay. This assay relies on monitoring
the migration of NP to the nucleus, which would be measured using an anti-NP antibody.
When NP is stained with a secondary antibody (Alexa Fluor 488), the nucleus will fluoresce

green.

Entry of IAV into cells can be categorised into four distinct phases: binding to sialic
acid, endocytosis, acidification of IAV’s core and viral membrane fusion to the endosomal
membrane. Furthermore, the genome then migrates to the nucleus for successful gene
delivery and infection. The primary route for IAV to enter the cell, is by clathrin-mediated
endocytosis, although IAV can also enter by clathrin-independent entry mechanisms such
as macropinocytosis (173).

Once in the cell, the low pH of the late endosome activates the M2 protein of 1AV
and causes conformational change to the HA protein. Two fundamental pre-fusion events
then occur allowing for fusion. The first concerns HA, where lowering the pH of the
endosome causing conformational change to the protein that exposes its fusion peptide.
When near the endosomal membrane, the fusion peptide inserts itself into the membrane.
The second event involves M2, M2 being an envelope embedded ion-channel that, upon
activation, allows entry of protons into the capsid core. This lowers the pH causing the
interactions between the M1 protein (which lines the inside of the capsid) and the capsid
membrane to weaken and M1 to dissociate: liberating the vRNPs (188,332).

The endosomal membrane IAV fuses to during its fusion stage may have a similar
constitution to the PM due to the PM donating the membrane by invagination during
endocytosis. The previous chapter demonstrated that there is a reduction in unesterified
cholesterol within the plasma membranes of AWD MEFs, brains and lungs. Additionally,
monitoring of intracellular cholesterol showed that there is a build-up of cholesterol in
late endosomes and lysosomes in AWD MEFs. Therefore the WD domain has a role in
cholesterol transport, with a potential lack of lysosomal exocytosis preventing cholesterol
reaching the plasma membrane.

In this chapter, the effect of cholesterol on IAV fusion is studied using a process
known as acid mediated bypass, or acid bypass (Figure 4.3). This is where reducing the pH
of the extracellular environment forces the insertion of the fusion peptide of IAV into the

plasma membrane resulting in viral fusion and entry of IAV’s nucleoproteins directly into
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the cytoplasm, effectively bypassing endocytosis of the virus. This work asks if entry of
IAV by fusion at the plasma membrane is altered in AWD cells due to the changes in

cholesterol content described in Chapter 3.

/ g Influenza
nucleoprotein released
into the cytoplasm

Influenza's membrane
fuses to plasma
membrane

Figure 4.3: Fusion between the membrane of IAV and host plasma membrane to deliver

the genome directly to the cytoplasm. Produced using Biorender.
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4.2 Aims

Investigate the mechanism of the WD domain of ATG16L1 in limiting fusion
of IAV with cell plasma membranes using acid bypass. Does inhibiting
cholesterol transport to the PM with U18666A treatment affect IAV fusion?
o | set out to determine whether cholesterol and IAV fusion were
linked, forcing fusion at the PM using acid bypass infection and
measuring entry of IAV NP by immunostaining and microscopy.

Using U18666A (an NPC1 inhibitor), the cholesterol content of the

PM in cells was reduced to see the effect on fusion.

Investigate the role of the WD domain in limiting IAV entry using an antibody

staining assay that discriminates between internalised and external IAV.

Investigate the role of the WD domain in limiting IAV fusion using IAV
labelled with R18/SP-DioC18, a lipophilic dye that fluoresces when fusion

occurs.
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4.3 Results

4.3.1 Increased IFN8 mRNA expression following IAV uptake by acid
bypass.

| first investigated whether the cholesterol content of membranes affects the
efficiency of viral fusion to them. IAV infection by acid bypass allows for the infection
process to bypass the endocytosis stage, forcing acid-mediated fusion at the plasma
membrane (PM). The ability to fuse at the membrane was investigated. | next investigate
the differences in IAV entry during normal infection at the endocytosis, fusion and
nuclear entry stages.

WT and AWD MEFs were infected on ice with IAV PR8 for one hour before pulsing
with warm medium at pH 5 or 7 for 3 minutes. Cells were then incubated in STOP
medium for 10, 30 and 50 minutes and RNA was extracted and reverse transcribed to
form cDNA. IFNB mRNA levels in samples was quantified by qPCR using specific primers
and normalised to 18S and with the negative controls. Increased levels of IFNB were
observed in AWD MEFs at all three time points (Figure 4.4), this difference being
significant at 30 and 50 minutes post infection. At 30 and 50 minutes post infection, cells
where the WD domain was deleted expressed approximately 20-fold higher IFNP levels.
These values were lower than in the control seen during normal infection in Chapter 5
because of the early time course. Alternatively, the difference could be due to the isolate
used. This difference is not due to differences in the ability of IAV to bind to WT and AWD
cells. IAV binding to WT and AWD MEFs has been performed prior and no significant
difference was detected (Appendix 1 Figure 6B).

These elevated IFNP transcript levels could be due to increased receptor
activation in AWD MEFs which could be due to increased IAV entering cells and triggering
cell viral receptors such as TLR3 or Rig-I. IAV hasn’t been mentioned directly in this assay,

however the next experiment measures |AV entry directly and supports these data.
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Figure 4.4: Increased IFNB1 mRNA detected by qPCR at 10, 20 and 50 minutes post
infection of AWD MEFs compared with WT MEFs by acid bypass.

WT and AWD MEFs were infected with influenza (MOI: 10) at 4°C before pulsing with
warm media at pH 5.0 (acid bypass) and infecting for 10, 30 and 50 minutes. At each time
point, cells were lysed and RNA isolated, reverse transcribed and IFNB1 transcripts
measured by qPCR using specific primers. Transcript levels relative to 18S are shown on
the top chart (+SEM). An independent samples t-test was conducted: * = p<0.05, *** =
p<0.001, n=3 technical replicates.

Control cells were also infected as normal, IFNB1 transcript levels relative to 18S are

shown on the bottom chart (+SEM).
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4.3.2 Increased frequency of IAV PR8 nucleoprotein (NP) in AWD

MEFs on infection by acid bypass.

In this experiment, the entry of IAV nucleoprotein (NP) was measured using
fluorescence microscopy. WT and AWD MEFs were infected by acid bypass and cells were
fixed at 10, 30 and 50 minutes post infection. IAV PR8 NP was visualised using a mouse
anti-NP and stained with IgG 488 anti-mouse. Cells were viewed using a Zeiss Axio.M2
imager and NP puncta counted. Figure 4.5 demonstrates a significant increase in
frequency of cytoplasmic NP puncta of AWD MEFs as well as an increased size of the
puncta, at all 3 time points. At 30 and 50 minutes post infection, AWD NP puncta were
two-fold more frequent than WT NP puncta. In addition, AWD MEF NP puncta were, on
average, three-fold greater in size compared with WT NP puncta. An increased frequency
of NP puncta suggests more IAV PR8 was able to enter AWD MEFs by direct fusion with
the plasma membrane. This is also supported by the data in figure 4.4, with more IAV NP
leading to an increased pathogen recognition receptor activation and activating the IFN

signalling pathway. The increased size of NP puncta also supports the greater frequency.

111



A) | Thresholded image

Count Average size
180 0.317

Uninfected control
B)

Thresholded image

AWD

112



B)

pH 5 (Acid bypass)

pH 7 (Control)

10 minutes post infection

113



B)

pH 5 (Acid bypass)

pH 7 (Control)

AWD

30 minutes post infection

Thresholded image

114



pH 5 (Acid bypass)

pH 7 (Control)

50 minutes post infection

Thresholded image

115



C)

pH 5 - Acid bypass pH 7 - Acid bypass ctrl
. *kk 600-
000 - Wt
>
g ] o 3 AwWD
S 400 S 400
4 *kk ]
o *kok E‘
Z 2004 — Z 200
C Ll c I
0__III T T 0“.-ilr_l;I iilrEI IIn
10 30 50 10 30 50
Time post infection (min) Time post infection (min)
pH 5 - Acid bypass pH 7 - Acid bypass ctrl
0.6
0.6+
£ dokk T Il WT
3 X _I *okok > 3 AwD
Nosad [ e N 0.4-
i (]
3 ©
8 2
t
S 0.2- § 0.2+
2 .0 Il B
0.0 W, ., . 0-0--| -. .
10 30 50

10 30 50

Time post infection (min) Time post infection (min)

Figure 4.5: Increased frequency and size of IAV NP puncta detected at 10, 30 and 50
minutes post infection, using fluorescence microscopy.
WT and AWD MEFs were infected with influenza on ice before pulsing with warm acidic
media (acid bypass) and allowing to infect for 10, 30 and 50 minutes. Cells were fixed and
stained with a mouse anti-NP antibody to view IAV NP.
A) Cells were viewed using a Zeiss Axio.M2 Imager with the contrast increased and
particles counted and sized using Image J.
B) IAV NP size and frequency was counted for 10, 30 and 50 min post infection. A
control at pH: 7 was also used.
C) NP particle frequency and size displayed (+ SEM). A Mann Whitney U test was

conducted: *** = p<0.001 n=50 per coverslip; three coverslips.
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4.3.3 Increased frequency of IAV PR8 NP in MEFs treated with
U18666A but not in MEFs treated with cholesterol or 25HC.

Cholesterol transport from lysosomes to the PM is perturbed using the cationic
sterol U18666A (333). U18666A directly inhibits NPC1 by binding to its sterol-sensing
domain. Cholesterol egress from lysosomes therefore does not occur (139). WT and AWD
MEFs were pre-treated with either U18666A (24 hours), 25HC (16 hours) or cholesterol
(12 hours) before infecting with 1AV at pH 5. Cells were fixed at 90 minutes post infection.
IAV PR8 NP was immunostained for using mouse anti-NP and stained with IgG 488 anti-
mouse. Cells were viewed using a Zeiss Axio.M2 imager and NP puncta counted. For both
WT and AWD MEFs, U18666A treatment significantly increased IAV NP frequency seen
within cells (Figure 4.6). In contrast, 25HC treatment significantly reduced IAV NP
frequency seen in cells. This is interesting as 25HC is known to reduce available
cholesterol in membranes to viruses, yet viral reduced entry is seen. This could be due to
25HC having other effects on cell membranes. 25HC inserts itself into membranes at
unorthodox angles, increasing the space between phospholipid molecules and effecting
the stability of these membranes (334).

Interestingly, cholesterol treatment reduced IAV NP frequency in both WT and
AWD, but this reduction was significant only for AWD MEFs. This supports the data in
Figure 4.4 and 4.5 that IAV fuses more efficiently with PMs containing decreased
cholesterol. IAV NP entry was inhibited by supplementing cell membranes with
exogenous cholesterol or 25HC. These data suggest that fusion of IAV is more efficient at
the PM of AWD MEFs. During normal infection IAV enters via endocytosis, the IAV-
containing endosome is formed from the invaginating PM. The endosomal membrane
would have a similar constitution to the PM, meaning that IAV is able to fuse more

efficiently to them.
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Figure 4.6: Increased frequency of IAV NP in cells treated with U18666A. Decreased NP
detected in cells treated with 25-hydroxycholesterol (25HC) and cholesterol for both
WT and AWD MEFs.

WT and AWD MEFs were treated with U18666A, 25HC and cholesterol prior to infecting
with IAV on ice before pulsing with warm media at pH 5 and infection for 90 minutes.
Cells were fixed and stained with a mouse anti-NP antibody and visualised with an 1gG488
anti-mouse antibody. IAV NP puncta were counted using Image J and presented (+SEM). A
Mann Whitney U test was performed: ** = p<0.01, *** = p<0.001, n=50 per coverslip;

three coverslips.
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4.3.4 Increased endocytosis of IAV in AWD MEFs compared with WT
MEFs.

Chapter 3 demonstrated that the WD domain has a role in cholesterol homeostasis
and Figures 4.4-4.6 showed that the cholesterol content of the PM affected IAV entry.
These next three experiments aimed to investigate whether the WD domain of ATG16L1
has a role in the entry of IAV under normal infection, as opposed to acid bypass. Firstly, the
endocytosis of IAV was monitored using an assay that relies on two IAV Haemagglutinin

(HA) antibodies that discriminate between external and internal IAV.

IAV X31 was bound to WT and AWD MEFs for 60 minutes on ice before internalising
and incubating at 37°C to internalise virus for 30 minutes. Cells were fixed and stained with
PINDA, which binds and masks HA epitopes on external virus. Cells were then fixed again
and permeabilised before staining with HA1, which binds to HA epitopes on internal virus.
PINDA and HA1 were stained with the secondary Alexa Fluor 594 and 488 antibodies
respectively. Additionally, cells were counterstained with WGA647 (purple) and DAPI
(nuclei) to stain for cell membranes and nuclei respectively. Red and yellow puncta
(coloured yellow due to both PINDA and HA1 colocalising to external virus) represent
external viruses and were counted. Green puncta, which represent internal virus were
counted, see white arrows on figure 4.7 A. Dynasore is a drug that inhibits dynamin and
effectively attenuates endocytosis (335). Uninfected cells and cells treated with Dynasore
for 30 minutes, were used as controls. In the uninfected control panels, no virus puncta
were seen. In the Dynasore controls no green (internalised) puncta were observed, which
suggests that PINDA has effectively bound all external virus and that the green puncta seen

in the experimental conditions is due to endocytosis of the virus (Figure 4.7B).

The internalised virus was counted and presented as a percentage of the total virus
that was used to infect the cell (Figure 4.7C). As can be seen from the chart, the WT MEFs
mean average of virus internalised by the cell was 13.5% whereas for the AWD MEFs, 17.5%
of the virus was internalised. This is an increase of 4% which is also statistically significant.

This increase suggests that IAV more efficiently enters AWD MEFs by endocytosis.
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A) Infected AWD MEFs

Merge External IAV (Red) Internal IAV (Green)
(PINDA + HA1 + WGA + DAPI) (PINDA + DAPI) (HA1 + DAPI)

123



B) Uninfected contol MEFs

Merge External IAV (Red) Internal IAV (Green)
(PINDA + HA1 + WGA + DAPI) (PINDA + DAPI) (HA1 + DAPI)

Dynasore treated control MEFs

Merge External IAV (Red) Internal IAV (Green)
(PINDA + HA1 + WGA + DAPI) (PINDA + DAPI) (HA1 + DAPI)




C) 20-

% virus internalised
—-—
o
|

T
WT AWD

Figure 4.7: Increased endocytosis of IAV X31 in AWD MEFs compared with WT MEFs.

A) WT and AWD MEFs were infected with IAV X31 and incubated for 30 min before fixing
and immunostaining external influenza haemagglutinin (HA) using the PINDA antibody.
Cells were then permeabilised and fixed again and internal influenza HA were
immunostained. Primary antibodies were then secondary Ab stained, PINDA with Alexa-
Fluor 594 (red) and HA1 with Alexa-Fluor 488 (green). Cells were also stained with
WGA647 and DAPI. Cells were visualised using a Zeiss M2 Imager on a x63 oil objective.
Internalised virus can be seen as green puncta that do not co-localise to red external virus
puncta. White arrows point to these internalised virus puncta.

B) Uninfected controls for WT and AWD MEFs were used to demonstrate the
effectiveness of the assay at visualising virus. Dynasore controls were set up by pre-
treating cells with Dynasore for 30 minutes and were used to demonstrate that the assay
measures endocytosis.

C) The percentage of virus infecting a cell that are internalised is presented (+SEM). A

Mann-Whitney U test was conducted: * = p<0.05 n=6 experiments of 50 cells.
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4.3.5 Increased fusion of IAV in AWD MEFs compared with WT MEFs

when measured by the fusion assay.

The fusion of IAV to the endosomal membrane during normal infection was
investigated next. This was measured using a lipophilic dye called R18/SP-DiOC18 that
emits a green signal when fusion occurs.

X31 was labelled with the lipophilic dyes: R18 (red) and SP-DiOC18 (green).
Labelled X31 was bound to WT and AWD MEFs on ice for 60 minutes before internalising
the virus at 37°C for 30 and 60 minute time points. Cells were then fixed and analysed via
FACS. Cells with fusion events fluoresce green and side-scatter (SSC Y-axis) was plotted
against the dequenching of SP-DiOC18 (X-axis) to visualise the infected population. Side
scatter was plotted instead of forward scatter to identify cells based on internal
complexity, side scatter height (SSC-H) being plotted to discriminate between single cells
and doublets. R18 fluoresces red and would give an indication of infected cells, but this
was not measured for this experiment as an uninfected control was used to demonstrate
the results were due to infection. Gates were placed using the uninfected controls to see
the shifts in populations. As can be seen in figure 4.8A, more cells were fluorescing green
due to more dequenched SP-DiOC18 across both WT and AWD conditions and at both
time points. This is seen by the increased amount of cells in the gate set-up in the
uninfected controls. At the 30 minute time point, 41.4% of WT and 61.8% of AWD had a
fusion event occurring within them, with a difference of 20.4%. At the 60 minute time
point, the percentage of cells with fusion events increased to 60.4% in WT and 76.8% in
AWD, with a difference of 16.4% between them. These differences are statistically
significant (Figure 4.8C).

Bafilomycin A (BafA) controls were set-up to inhibit virus fusion. BafA inhibits
vacuoloar-type H*-ATPase, preventing the endosome from becoming acidified. With BafA,
the percentage of cells with fusion events occurring was reduced, with an average of
17.9% in WT and 11.32% in AWD (Figure 4.8B). BafA did not entirely stop fusion with
fusion levels not being as low as the uninfected control. This could be due the BafA stocks

themselves possibly being poor quality.
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The population count (Y-axis) was plotted against the dequenching SP-DiOC18 (X-

axis), the resulting histograms were used to determine the median fluorescence intensity

(MFI) of the two cell lines. Figure 4.8D presents these findings, with AWD having a higher

MFI compared with WT. This corresponds to more fusion events occurring in each cell in

AWD MEFs. This increase in IAV fusion in AWD MEFs suggests that IAV escapes the

endosome more efficiently in WD deficient cells, which supports the acid bypass

experiments shown earlier in this chapter.
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Figure 4.8: Increased fusion of IAV X31 was measured by fluorescence-activated cell

sorting (FACs) in AWD MEFs at 30 and 60 min post infection. !

A) WT and AWD MEFs were infected with X31 labelled with a lipophilic dye that

fluoresces green when viral-endosomal fusion occurs. FACs was used to measure

the side scatter fluorescence of the cells and the number of cells that fluoresce

green. Cells were either not infected, or infected for 30 and 60 min. FACs graphs

present the increasing population of cells that fluoresce green.

B) WT and AWD MEFs were pre-treated with the fusion inhibitor bafilomycin A (50

nM) and then infected for 90 min before a fusion assay was carried out.

C) The mean average percentage (%) of WT and AWD cells with fusion events is

presented for the 30 and 60 min time points (xSEM). An independent samples t-

test was conducted: * = p<0.05 ** = p<0.005 n=3 experimental replicates.

D) The average median intensity of the WT and AWD cell fluorescence is presented for

the 30 and 60 min time points (+SEM). An independent samples t-test was

conducted: ** = p<0.005 n=3 experimental replicates.

! Data published in Figure 6 of Wang et al. (2021) (Appendix 1).
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4.3.6 Increased IAV NP expression in AWD MEFs compared with WT
MEFs.

Figure 4.7 and 4.8 both suggest that |AV is able to enter cells more efficiently and
access the cytoplasm more efficiently. To provide further evidence towards this increased
entry of IAV, | monitored IAV NP expression at the nucleus.

WT and AWD MEFs were infected with IAV PR8, with a bind warm-up of 60
minutes followed by an infection time course of 5 hours. Coverslips were fixed at 2, 3, 4
and 5 hours post infection and stained with an anti-NP antibody. An Alexa Fluor 488
antibody was used to view this (Figure 4.9A). The corrected total nuclear fluorescence
(CTNF) was determined from the fluorescence of the nuclei corrected against the auto-
fluorescence of the cell and the nuclei (Figure 4.9B). At 2 and 3 hours post infection the
CTNF was higher in the AWD MEFs compared with the WT MEFs. For the 2 hour time
point, the difference was very clear, with the WT MEF average CTNF no different to the
uninfected controls, with the AWD MEF average CTNF being 4064.4. For the 3 hour time
point, the AWD MEF’s average CTNF was 45.2% higher than the WT CTNF, with the values
being 10405.3 and 7161.9 respectively. At 4 hours post infection, the WT average CTNF
was 51.8% higher than the AWD MEF average CTNF, with their values being 5863.7 and
2824.9 respectfully. At 5 hours post infection both values were not statistically significant
from one another. This data implies that IAV NP is translated and accumulates at the
nucleus for vRNP production sooner in AWD MEFs compared to WT MEFs due to the
increased CTNF at earlier time points. At 4 hpi there was more IAV NP in the WT nuclei
than AWD nuclei however; with similar amounts of NP being present in both cell lines’
nuclei at 5 hpi. This data supports the data in figures 4.7 and 4.8 which show that IAV is

able to enter AWD MEFs at earlier time points compared with WT MEFs.
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Figure 4.9: Increased IAV PR8 NP expression in AWD MEFs at 2 and 3 hours post
infection.
A) WT and AWD MEFs were infected with PR8 for a time course with end points of 2,
3, 4 and 5 hours post infection. Cells were stained with an anti-NP antibody and
stained with an Alexa Fluor 488 antibody. Cells were also stained with DAPI and
WGA647. Cells were visualised using an Zeiss M2 imager. Cell outlines and nuclei
outlines are shown for microscopy images.
B) The average corrected total nuclei fluorescence was determined for all nuclei and
presented (+SEM). A Mann-Whitney U test was conducted: ** = p<0.005 *** =

p<0.001 n=53; three coverslips.
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4.4 Discussion

The previous chapter showed that cholesterol homeostasis is altered in cells
lacking the WD domain. Cholesterol accumulates in late endosomes and lysosomes in
AWD MEFs with a reduction of cholesterol in the AWD plasma membrane (PM). The work
in this chapter aimed at determining whether IAV enters AWD MEFs due to this
cholesterol reduction at the PM.

IAV enters the cell via endocytosis at the PM, therefore the IAV-containing
endosome membrane would have a similar constitution to the PM (106). AWD MEFs
possess less cholesterol in their PMs. The experiments here have shown that this has an
effect on the fusion of the virus. Fusion of IAV was forced at the PM through a process
known as acid bypass. Firstly, the IFN response to incoming vVRNP was assessed using
gPCR, with increased IFN signalling following IAV fusion at the plasma membrane in AWD
MEFs (Figure 4.4). This suggested that more IAV is able to enter AWD MEFs through
fusion. This was followed up by monitoring viral nucleoprotein in cells infected with IAV
by acid bypass. An increased frequency of IAV NP was seen in AWD MEFs compared with
WT MEFs over a 50 minute time course (Figure 4.5). This suggests that IAV fuses more
efficiently with AWD MEF PMs due to the reduced cholesterol within the membrane. This
was further investigated by modulating the cholesterol within the PM using three drug
treatments: U18666A (which inhibits the NPC1 cholesterol transporter resulting in less
cholesterol reaching the PM), cholesterol and 25HC (Figure 4.6). There was an increased
frequency of NP in WT and AWD MEFs treated with U18666A, which shows that reducing
membrane cholesterol promotes IAV fusion. Cholesterol supplementation reduced NP in
AWD MEFs. Interestingly, 25HC reduced NP in both WT and AWD MEFs, which supports
its antiviral role in membranes. Overall, this demonstrates that reducing cholesterol at
the PM promotes viral fusion. Supplementing AWD MEFs with cholesterol reduces the
amount of IAV NP that enters cells, demonstrating that cholesterol has an antiviral role

and suppresses fusion.

Three assays were then used to measure the entry of IAV during its normal

infection cycle: an endocytosis assay, a fusion assay and a nuclear entry assay. Both the
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endocytosis and fusion assay measure how well the virus enters the cell. More
internalised virus after 30 minutes indicates more endocytosis of the virus in those cells.
More cells fluorescing green indicates more IAV fusion events in that cell population. As
can be seen in figure 4.7, more |IAV was internalised by endocytosis in AWD MEFs
compared with WT MEFs. This difference is small however, but significant. Figure 4.8
presented the fusion assay results, with more IAV fusion events in AWD MEFs at 30 and
60 minutes compared with WT MEFs. More |AV is therefore able to enter the cytoplasm
in AWD MEFs. Both of these assays are supported by the nuclear entry assay, which
found that more reached the nuclei of AWD MEFs than WT MEFs (Figure 4.9), which

occurs if the virus was able to access the cytoplasm more efficiently beforehand.

AWD MEFs possess less cholesterol in their PMs. Cholesterol accumulates in the
late endosomes and lysosomes of AWD MEFs, with these organelles being enlarged in
AWD MEFs. These experiments show that IAV fusion is enhanced with PMs possessing
reduced cholesterol levels. Reducing cholesterol in WT plasma membranes through drug
treatment increases IAV fusion with it, suggesting that cholesterol levels in host cell
membranes affect IAV fusion. The data from this chapter begin to provide a mechanism
as to why the AWD mouse is more susceptible to IAV, with IAV replicating to higher levels
within the E230 mouse (79). IAV enters AWD cells more efficiently than WT cells, with
more entering via endocytosis and fusion in AWD. This increased fusion is explained
through the difference in cholesterol within the membrane. The membrane composition
of the IAV-containing endosome is similar to the plasma membrane composition due to it
being derived from it. In AWD MEFs this membrane would therefore have reduced
cholesterol levels. This chapter demonstrates that IAV is able to fuse more efficiently in

AWD MEFs which could be due to this biochemical reason.

Unlike with fusion, the cholesterol content of the plasma membrane is unlikely to
be the explanation behind the endocytosis assay results seen in figure 4.3. Cholesterol
removal by methyl-B-cyclodextrin has not been shown to affect the endocytosis of IAV

(104). ATG16L1 has been shown to interact with heavy-chain clathrin (82); however this
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interaction is thought to occur between the N-terminus of the protein and clathrin, far

upstream of the C-terminal WD domain which appears to inhibit endocytosis of influenza.

To summarise the findings of this chapter, the WD domain has a role in
suppressing viral entry. The WD domain is responsible for cholesterol transportation to
the PM, through a mechanism which could be lysosomal exocytosis. In cells lacking the
WD domain, PM cholesterol is reduced. IAV was shown to fuse more efficiently to PMs
with reduced cholesterol and as the endosome originates from the plasma membrane,
fusion in the endosome may well be enhanced. Indeed when entry by fusion was
investigated, there was increased fusion in the endosome in AWD cells. As well as that |
saw increased endocytosis of IAV and increased migration of IAV NP to the nucleus.

However, the inability of AWD MEFs to undergo LAP/LANDO and destroy the virus
upon entry may explain the increased amount of fusion seen. My experiments show that
it is more likely the decreased endosomal membrane cholesterol levels enhance fusion
and entry of IAV. AWD mice suffer lethal cytokine storms, with IAV replicating to higher
titres in mice lacking the WD domain (78). In the next chapter | investigated whether this
reduction in membrane cholesterol and increased viral entry cause elevated IFN/cytokine

or increased IAV replication.
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The WD domain attenuates
IAV replication and cytokine
signalling
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5.1 Introduction

The previous chapters have demonstrated that the WD domain of ATG16L1 has a
role in cholesterol homeostasis and suppressing IAV entry. It is thought that the WD
domain of ATG16L1 is needed to facilitate lysosomal fusion to the plasma membrane, to
deposit cholesterol into the plasma membrane (84). The previous chapters have shown
that when the WD domain is absent, cholesterol is retained in late endosomes and
lysosomes and there is reduced cholesterol in the plasma membrane. Less cholesterol
present in the plasma membrane also results in less cholesterol in the endosomal
membrane, which then promotes viral entry by fusion. Indeed, increased fusion of IAV, as
well as increased endocytosis and increased migration to the nucleus has been observed in

WD deficient MEFs.

Our lab showed that deletion of the WD domain results in increased susceptibility
to IAV (78). 1AV infected AWD mice presented elevated cytokine levels, increased
infiltration of the lungs with neutrophils, decreased weight, increased IAV replication and
death. In this chapter | investigated whether increased IAV replication and cytokine storm
could be reconstituted in vitro and ex vivo. Viral replication was measured by TCIDso and
plague assay of viral supernatants from infected cells MEFs and from precision cut lung
slices. Precision cut lung slices provide an opportunity to assess the role of the WD domain
in suppressing viral replication in a functional 3D organ model. Lung slices include the
diverse population of cells in the lungs, including resident macrophages (320). |
investigated whether infection of precision cut lung slices from AWD mice resulted in

greater IAV replication.

The host innate immune defence determines the severity of disease. Complications
with AV in humans and mice generally result from a breakdown in innate immune
homeostasis, which leads to cytokine storms. A cytokine storm is a term used to describe
severe immune dysregulation which is characterised by systemic inflammation and
multiple organ damage and dysfunction, resulting in a poor prognosis (251,336). Another

characteristic is elevated inflammatory cytokine levels, such as interleukin-6, type | IFNs
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(such as IFNB) and type Ill IFNs. The expression of IFNB leads to the expression of hundreds
of antiviral interferon-stimulated genes (ISGs), including IFIT1 and ISG15.

ISG15 is a ubiquitin-like protein that is rapidly produced following interferon
expression (337,338). Interferon activates the JAK STAT signalling pathway following
binding to Interferon alpha and beta receptor 2 (IFNAR2). This leads to subsequent
phosphorylation of IRF9 that upregulates ISG15 expression. Following translation of ISG15,
the protein is conjugated to the target protein via a three step enzymatic cascade that
involves E1, E2 and E3 enzymes, as ubiquitination does. This results in ISG15 conjugation
(ISGylation). ISG15 also exists as an unconjugated protein that can regulate viral replication
and host responses through both non-covalent protein interactions and its action as a
cytokine. In vivo study in mice lacking isg15 have found that they are more susceptible to
IAV, Sindbis virus and herpes virus (339); with a further study demonstrating that the
Influenza B virus could replicate better in mice lacking the ISG15 E1 enzyme (340). Evidence
indicates that ISGylation targets newly synthesised viral proteins, which suggests it may
interfere with the activity of those proteins (341).

IFIT1 (previously known as I1SG56) belongs to the IFIT family of antiviral cytokine
proteins, all of which inhibit viral replication through their shared recognition of certain
RNAs. How this RNA recognition inhibits viral replication is poorly understood however.
IFIT1 possesses another characterised antiviral function: to inhibit elF3. Eukaryotic
translation factor 3 (elF3) contributes to successful protein translation based on its roles in
keeping the 40S and 60S subunits apart and maintaining the fidelity of start codon selection
(342). IFIT1 binds to elF3, inhibiting translation initiation, subsequently inhibiting viral
replication in the cell (343). Additionally, IFIT1 has been shown to bind to the 5’

triphosphate of viral RNA, a biochemical feature found on the transcripts of IAV (344).

This chapter aimed to compare the replication of the virus and cytokine expression
and potential for cytokine storms in AWD cell lines and in AWD precision cut lung slices.
Since more IAV enters by endocytosis and accesses the cytoplasm in AWD cells, this should
lead to greater activation of toll-like receptors such as TLR3 in the endosome, as well as
Rig-1in the cytoplasm. A greater activation would lead to increased cytokine levels, such as
IFNB, with the interferon stimulated genes IFIT1 and ISG15 being then upregulated. These

could then be measured.
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5.2 Aims

The previous chapters have demonstrated that the WD domain has a role in the
transport of cholesterol to the plasma membrane. This results in IAV being able to more
efficiently enter cells by fusion. This chapter aims to investigate the effects of this increased

entry, namely the replication of IAV and the cytokine levels of WD deficient cells.

e To Investigate the role of the WD domain in suppressing viral replication and
cytokine storms in MEFs and a 3D lung organ model.
o By titrating IAV secreted from MEFs and lung slices by TCIDso, gPCR and
plague assay.
o By measuring IFN and ISG expression by qPCR.
o By inhibiting IFN signal transduction through TLR3 inhibition.

o By inhibiting IFN signal transduction through Rig-1 knock out.
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5.3 Results

5.3.1 Increased IAV replication in AWD MEFs compared with WT
MEFs.

WT and AWD MEFs were infected with IAV PR8 (MOI: 0.1) for 48 hpi. The cell media
was collected and used to infect MDCK indicator cells. Supernatants were titrated by serial
dilution from 10! to 10~ before infecting MDCK cells seeded in a 6-well plate (Figure 5.1).
The virus was detected by immunostaining for nucleoprotein (NP) with an anti-NP and
visualised with secondary antibody labelled with Alexa Fluor 488. The TCIDso was calculated
as the end point dilution at which 50% of the cells were infected. The TCIDso was calculated
by the Spearman-Karber method. For WT MEFs the mean average titre was 5.4 x 10°
TCIDso/mL. For AWD MEFs the mean average titre was 3.04 x 10° TCIDso/mL. The viral titre
of supernatants collected from AWD MEFs was higher than WT supernatants.
Approximately, six times more IAV was secreted from AWD MEFs than WT MEFs, as can be

seen figure 5.1.

Two different IAV isolates (PR8 and X31) were used to quantify virus secretion over
a 72 hour time course (MOI: 0.1). Supernatants from WT and mutant MEFs were collected
at 24,48 and 72 hpi and quantified using a plaque assay. For IAV PR8, there was significantly
more virus secreted from AWD MEFs, with more PR8 secreted at 24, 48 and 72 hpi (Figure
5.2 PR8). For IAV X31 (Figure 5.2 X31), more virus was secreted from WT MEFs than from
AWD MEFs at 24 hpi, and similar amounts for both cell types secreted at 48 hpi between
WT and AWD MEFs. Significantly more 1AV X31 was secreted from AWD MEFs at 72 hpi
compared with WT however this difference is small compared with the increased
replication of PR8 in AWD MEFs and the result not as definite (Figure 5.3). These results
show differences in replication or host responses between the two IAV strains. In AWD
MEFs the PR8 strain replicated more efficiently over all time points by a considerable

amount, whereas X31 only weakly increased from AWD MEFs at 72 hpi.
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Figure: 5.1: Increased secretion of IAV PR8 from AWD MEFs compared with WT MEFs at
48 hpi.

A) WT and AWD MEFs were infected and incubated with IAV PR8 for 48 hours before
supernatants were harvested. Supernatants were titrated by serial dilution on MDCK cells
from 10! to 107 using the TCIDso assay. MDCKs were stained using an anti-NP antibody and
stained with Alexa 488.

B) Mean TCIDsg virus titres for IAV PR8 secreted from WT and AWD MEFs were determined
using the Spearman Kéarber calculation (+SD) (see methods). An Independent samples t-test

was conducted: * = p<0.05 n=3 technical replicates.
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Figure 5.2: Increased IAV PR8 was detected by plaque assay in AWD MEF compared to
WT supernatants at 24, 48 and 72 hpi. Increased IAV X31 was detected by plaque assay
in AWD MEF supernatants at 72 hpi.

A) WT and AWD MEFs were infected and incubated with IAV PR8 or X31 for 24, 48 and 72
hours after which supernatants were harvested and titrated on MDCK cells. Serial dilutions
of plaques from 10 to 10°® were stained with crystal violet. The PFU/mL was determined
by counting plaques in the lowest dilution plaques were present in.

B) The plague number was used to calculate a virus concentration (PFU/mL), average
concentrations are presented (+SEM). A Mann Whitney U test was conducted: ** = p<0.005

n=6 experimental replicates.
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Figure 5.3: Increased IAV PR8 secretion peaks at 48 hpi in AWD MEFs whereas IAV X31
secretion increased at 72 hpi. The percentage increase shown is percentage (%) AWD PR8

and X31 plaque assay titres over WT.
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5.3.2 Decreased IAV X31 M2 RNA whereas increased IAV PR8 M2
RNA in ATG16L1 AWD MEFs at early times in infection.

WT and AWD MEFs were seeded and infected with X31 and PR8 at an MOI of 2 for
4, 6, 8 and 12 hours. RNA was extracted and analysed by gPCR using IAV primers
complimentary to the M2 gene of HIN1 (Table 2.5). Decreased IAV X31 M2 gene RNA was
detected in AWD MEFs compared to WT MEFs across all time points with significantly more
at 6 and 12 hours (Figure 5.4 A). In contrast, more IAV PR8 M2 gene RNA was seen in AWD
MEFs compared with WT MEFs, with significantly more at 8 and 12 hpi (Figure 5.4 B). These
results show increased IAV PR8 M2 RNA in AWD MEFs at 12 hpi, which support the plaque
assay results that show increased PR8 replication in AWD MEFs. For IAV X31, the qPCR
results confirm the plaque assay results that there was less virus produced from AWD MEFs

before 48 hpi.
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Figure 5.4: Decreased IAV X31 but increased IAV PR8 M2 RNA in AWD MEF lysates
compared with WT MEF lysates. WT and AWD MEFs were infected with X31 (A) or PR8 (B)
and incubated for 4, 6, 8 and 12 hours before lysing and isolating the RNA. IAV M2 gene
RNA was quantified by qPCR, normalised to 18S, and (+SD). An independent samples t-test

was conducted: * = p<0.05 ** = p<0.005 n=3 technical replicates.
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5.3.3 Ex vivo lung explants show increased IAV X31 replication in

AWD lung tissue compared to WT lung slices.

With Figures 5.1-5.4 suggesting increased IAV replication in AWD MEFs although
this is strain-dependent, | investigated viral replication in a 3D organ model. | generated
precision cut lung slices from WT and AWD mice. Slices contain diverse populations of cells
therefore IAV replication would be representative of replication in epithelial and other cell
types eg: fibroblasts, vascular cells and resident alveolar macrophages. WT and AWD lung
slices were cultured and infected with IAV X31 (5 x 10* particles per slice) for 24, 48 and 72
hours with TPCK-treated trypsin. Supernatants were harvested and titrated by plaque assay
to quantify the viral concentration. At 24, 48 and 72 hpi, more X31 virus was detected in
the supernatants in AWD than WT lung slices (Figure 5.5), with this difference being
statistically significant at 48 and 72 hpi. X31 virus concentrations also increased across the

time course in each genotype.
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Figure 5.5: Increased IAV X31 by plaque assay in AWD lung slice supernatants at 24, 48
and 72 hpi.

A) Brightfield images of lung slice tissue (live cells imaged with Zeiss aviovert).

B) WT and AWD lung slices were infected and incubated with IAV X31 for 24, 48 and 72
hours. Virus secreted from explants were titrated using a plaque assay with the number of
plaques being counted in the final successfully infected well.

B) The plague number was used to calculate a virus concentration (PFU/mL), average
concentrations are presented (+SEM). A Mann Whitney U test was conducted: * = p<0.05

n=6 biological replicates.
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5.3.4 WT and AWD bone marrow derived macrophages do not

support IAV replication.

Bone marrow derived macrophages (BMDMs) are crucial antigen presenting cells
and produce an array of cytokines to combat IAV infection (345). With a deficiency in the
WD domain increasing IAV replication, as seen in Figures 5.1-5.5, | investigated whether
IAV was able to replicate to higher levels in WT and AWD BMDMs.

BMDMs were isolated from legs of mice as described in methods. Cells were
differentiated over 7 days in M-CSF. At day 7, BMDMs were infected with IAV X31 and RNA
was harvested at t=0 and t=48 hours. As shown in figure 5.6, there was no significant
difference between the IAV X31 M2 RNA at 48 hpi for wild type and mutant cells.
Additionally, there was no significant difference between the M2 RNA levels at 0 hpi and
48 hpi. This shows that there was no significant X31 replication in BMDMs, and that there

was no difference in the absence of WD domain of ATG16L1.
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Figure 5.6: BMDMs do not support IAV X31 replication over 48 hpi with no difference
between WT and AWD BMDMs. WT and AWD BMDMs were infected with IAV X31 (MOI:
5) and incubated for 48 hours before cells were lysed and RNA isolated. IAV X31 M2 gene
RNA was quantified using gPCR. The relative quantity of M2 RNA at 0 hpi and 48 hpi,
normalised to 18S, is presented (+SEM). An independent samples t-test was conducted:

Not significant p>0.05 n=3 biological replicates.
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5.3.5 Increased ISG mRNA expression in AWD MEFs compared with
WT MEFs infected with IAV X31.

In the previous section, it has been demonstrated that IAV replicates better in AWD
MEFs and precision cut lung slices from AWD mice, although this is dependent on the strain
of IAV. In the next experiments | investigated if this correlated with elevated cytokine
expression. | set out to measure the type | interferon IFNB as well as two ISGs: IFIT1 and
ISG15. These three cytokines are known to be expressed by MEFs in response to IAV
(346,347).

WT and AWD MEFs were infected with X31 (MOI: 2) for a time course of 12 hours
and cells were lysed at 4, 6, 8 and 12 hpi. RNA was extracted, reverse transcribed into cDNA
and ISG expression levels measured by gPCR using primers to the mouse IFIT1 and ISG15
genes. Figure 5.7 A displays the relative quantity of IFIT1 and ISG15 transcripts at each time
point. Approximately 5-fold more IFIT1 and ISG15 mRNA was expressed in AWD cells
compared with WT at 12 hpi. Both IFIT1 and ISG15 mRNA levels have increased in WT and
AWD by the 12 hour time point, which was higher than at 4 and 8 hpi.

This experiment was repeated with IAV PR8 infection, with the results shown in
figure 5.7 B. The differences for ISG15 mRNA levels in a time course of 0-12 hours between
WT and AWD MEFs showed that in contrast to the X31 strain shown in figure 4.1 A, ISG15
MRNA levels were higher for each time point in WT cells compared with AWD cells. For
IFIT1, however, mRNA expression levels were higher in AWD MEFs. Overall, the values are
considerably smaller than values generated from X31 infection, (note 100-fold difference

in y-axis) indicating that there was less ISG mRNA expression following PR8 infection.
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Figure 5.7: Increased ISG15 and IFIT1 expression in IAV X31-infected, but not PR8-infected
AWD MEFs. WT and AWD MEFs were infected with IAV for a time course of 12 hours, with
cells lysed and RNA extracted at 4, 6, 8 and 12 hpi.

A) ISG15 and IFIT1 mRNA transcripts from cells infected with X31 were quantified by
gPCR. The relative quantity of ISG15 and IFIT1 transcripts at 4, 6, 8 and 12 hpi were
normalised to 18S and a negative control (+SD). Time points were statistically tested
by an independent samples t-test: *** = p<0.001 n=3 technical replicates. 2

B) I1SG15 and IFIT1 transcripts from cells infected with PR8 were quantified by gPCR.
The relative quantity of ISG15 and IFIT1 transcripts at 4, 6, 8 and 12 hpi, normalised
to 18S, are presented (+SD). An independent samples t-test was conducted: * =

p<0.05 n=3 technical replicates.

2 Data published in Figure 6 of Wang et al. (2021) (Appendix 1).
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5.3.6 Increased levels of IFN6 mRNA expression detected in AWD

MEFs constitutively and after infection with X31.

With the data in Figure 5.7 showing that WD deficient IAV infected MEFs express
higher levels of the ISGs IFIT1 and ISG15 than WT, | investigated whether the expression
levels of IFNB were altered. IFNf mRNA is rapidly turned over (348), so | used very early
time points following infection.

WT and AWD MEFs were infected with X31 (MOI: 2) for a time course of 120 min
and cells were lysed at 60, 90 and 120 min post infection and the RNA extracted. RNA was
reverse transcribed to cDNA before measuring mRNA levels by gPCR for IFNB transcripts.
Uninfected cells were used to measure basal IFN levels. Basal IFNB levels were subtracted
from infected IFNB condition values to give the change in transcript levels in response to
infection. Only X31 was investigated due to X31 eliciting strong ISG responses as seen in
Figure 5.7.

Increased IFNP transcripts were detected in uninfected AWD MEFs over WT MEFs,
demonstrating that they have a higher basal level of IFN compared with WT MEFs (Figure
5.8A).

Figure 5.8 B demonstrates that at 120 min post infection there is significantly more
IFNB1 mRNA in AWD MEFs compared with WT MEFs. No significant difference is seen at 60

or 90 min post infection.
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Figure 5.8: Increased IFNB expression in uninfected and IAV infected AWD MEFs by 120
min post infection, compared with WT. WT and AWD MEFs were infected with IAV X31
and incubated for 60, 90 and 120 min post infection. Cells were lysed and RNA extracted
for gPCR.

A) IFNB transcripts from uninfected cells were quantified by gqPCR. The relative
qguantities of IFNB transcripts, normalised to 18S, are presented (+SEM). A Mann
Whitney U test was conducted: * = p<0.05 n=5 experimental replicates.

B) IFNPB transcripts from X31 infected cells were quantified by qPCR. The relative
guantities of IFNB transcripts at 60, 90 and 120 min post infection, normalised to
18S and to the basal levels are presented (+SEM). A Mann Whitney U test was

conducted: ** = p<0.005 n=5 experimental replicates.
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5.3.7 Significantly less IFN8 expression when TLR3 but not Rig-I is
inhibited.

In order to measure the role different RNA signalling pathways in early IAV infection
events, a TLR3 competitive inhibitor (Ci1sH13CIFNOsS - Sigma Aldrich) (349) was used to
block TLR3. Additionally, | generated Rig-I knock out cell lines to block signalling through
this pathway. Rig-l knock out MEFs were generated using custom CRISPR-cas lentivirus
particles and validated by Western blot. The TLR3 inhibitor was validated using qPCR, with
the inhibitor successfully attenuating IFNB, ISG15 and IFIT1 expression following treatment
with Poly I:C (a dsRNA TLR3 ligand) (Figure 5.9 A).

Successful knock out of Rig-l in both WT and AWD MEFs was validated by both
Western blot of Rig-I protein and gPCR. For the Western blot, there was an absence of the
107 kDa Rig-l band in both of the second knock experiments. There was a reduction in Rig-
I mRNA transcript expression in WT MEFs by qPCR, however the reduction was not as clear
in AWD due to a very low basal expression level (Figure 5.10 B).

WT and AWD MEFs were treated with the TLR3 inhibitor one hour prior to infection.
All cells were infected with X31 (MOI: 2) and incubated for 60, 90 and 120 minutes. Cells
were then lysed and RNA extracted. cDNA was prepared via reverse transcription before
the samples were interrogated for IFN levels by gPCR. In addition, WT and AWD MEFs and
Rig-1 KO MEFs were also infected with IAV X31.

Figure 5.11 A demonstrates increased IFNB1 mRNA expression detected in AWD
MEFs, confirming the results in Figure 5.8. Figure 5.11 B represents only the Rig-l KO
construct transcript levels in comparison to the WT and AWD MEFs. Increased expression
of IFNB is seen in the Rig-1 KO constructs compared to WT and AWD Rig-I* MEFs, at 60 and
120 min post infection however this increase is not significant, except between the WT and
its KO construct at 120 time point. At 90 min post infection the construct transcript levels
were not significantly higher or lower than the Rig-I* MEFs. This shows that the IAV-induced
IFNB expression demonstrated in Figure 5.8 is reliant on TLR3 activation and not Rig-I

activation. However, this experiment has not rules out the involvement of other receptors
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such as TLR7 or MDAGS. Regardless, this experiment suggests that the activation is taking
place in the endosome and not the cytoplasm.

Figure 5.11 C represents only the TLR3 inhibited cell IFNB expression levels in
comparison to uninhibited WT and AWD MEFs IFNB expression. Significantly less
expression of IFNB is seen in all TLR3 inhibited MEFs compared to either their untreated

counterparts.
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Figure 5.9: WT and AWD MEF treatment with TLR3 inhibitor attenuates IFNB, ISG15 and

IFIT1 expression following Poly I:C treatment. WT and AWD MEFs were treated with

TLR3 inhibitor for one hour prior to transfection with Poly I:C. Cells were then incubated

for 4 hours before RNA extracted and IFNB1, ISG15 and IFIT1 transcripts were quantified

by qPCR and presented normalised to 18S (+SD). A two-way ANOVA with Sidak correction

was performed: ** = p<0.01 *** = p<0.001, n=3 technical replicates.
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Figure 5.10: WT and AWD MEF Rig-I protein expression knocked down in WT and AWD
MEFs. Cells were transformed using custom CRISPR-cas lentivirus particles to knockout of
Rig-I. Rig-1 protein expression was validated by Western blot using anti-DdX58 (Rig-1). Rig-I
transcript expression was quantified by gPCR and normalised to 18S (+SD). An

independent samples t-test was conducted: ** = p<0.01, n=3 technical replicates.
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Figure 5.11: TLR3 inhibition of WT and AWD MEFs decreased IFNB expression.

Control WT and AWD MEFs were infected with X31 together with MEFs treated with a TLR3

inhibitor and WT and AWD MEFs where Rig-l was knocked down. Cells were incubated for

60, 90 and 120 min post infection before lysis and extraction of RNA. The IFNP transcript

levels of each sample was analysed by qPCR and normalised to the 18S levels.

A) All samples are presented (+SEM). No significance values shown.

B) Rig-I* cells vs Rig-1 KO constructs are presented for each time point. A Mann Whitney

U test was conducted between Rig-1 KO and Rig-I* MEFs * = p<0.05 n=6 experimental

replicates.

C) Untreated cells vs TLR3 inhibited cells are presented for each time point. A Mann

Whitney U test was conducted between untreated and treated cells * = p<0.05 n=6

experimental replicates.
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5.3.8 Increased ISG15 and IFNB1 expression were detected in AWD
MEFs after stimulation with dsRNA.

The data in Figure 5.11 indicate that TLR3 is a key signalling protein sensing IAV
infection. To further test and support this, | challenged WT and AWD MEFs with Poly I:C, a
dsRNA mimic capable of activating TLR3. WT and AWD MEFs were transfected with Poly I:C
using Lipofectamine LTX PLUS reagent. Cells were transfected with Poly I:C for four hours
before they were lysed and RNA extracted and isolated. RNA was reverse transcribed to
cDNA before the quantities of ISG15, IFIT1 and IFNB1 mRNA transcripts were analysed by
gPCR. These data are presented in Figure 5.12. Poly I:C upregulates ISG15, IFIT1 and IFN
in both WT and AWD MEFs. This response is approximately 2-fold greater for ISG15 and 3-
fold greater for IFNB in AWD MEFs compared to WT. The IFIT1 mRNA response was not
significantly greater for either WT or AWD MEFs following Poly I:C treatment. These data

show that IFNB and ISG expression following TLR3 activation is upregulated in AWD MEFs.
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Figure 5.12: Increased ISG15 and IFNB expression in Poly I:C treated AWD MEFs,
compared with WT.

WT and AWD MEFs were transfected with Poly I:C in Lipofectamine LTX PLUS reagent for 4
hours. ISG15, IFIT1 and IFNB transcripts from transfected cells were quantified by qPCR.

The relative quantities of RNA transcripts, normalised to 18S, are presented (+SEM). An

independent samples t-test was conducted *** = p<0.001 n=3 experimental replicates.
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5.3.9 Increased IFNB and ISG mRNA in AWD BMDMis following TLR

activation.

In the previous section, | demonstrated that my BMDMs do not support IAV
replication and that the WD domain neither promotes or attenuates replication. In order
to see if there is an elevated cytokine response to IAV in BMDMs, | investigated IFNB and
ISG responses to BMDMs treated with a range of TLR ligands.

BMDMs were infected with either X31 or PR8 (MOI: 2) for four hours. Alternatively,
cells were treated with TLR9 ligands (unmethylated CpG DNA oligonucleotides - 5 uM) or
treated with TLR3 ligand dsRNA for four hours. Cells were then lysed and RNA extracted
before RNA was reverse transcribed to cDNA and the mRNA levels for IFIT1, ISG15 and IFNB
were determined by qPCR.

Increased IFNB and ISG mRNA were seen in AWD BMDMs compared with WT
(Figure 5.13) following stimulation with TLR3 ligand, TLR9 ligand and with X31 and PR8 IAV.
The standard error of the mean is high for many of these BMDM samples, probably because
of the heterogenicity of the cells. In the case of IFNB mRNA, this difference was significant

following X31 exposure and exposure to the TLR9 ligands (Figure 5.13 C).
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Figure 5.13: Greater expression of IFIT1, ISG15 and IFNB were seen in response to
stimulation with X31, PR8, TLR9 ligands and Poly I:C, in BMDMs.

WT and AWD BMDMs were exposed to a variety of stimuli before lysing and extracting
RNA. The cDNA of the transcripts was then analysed and IFIT1 (A), ISG15 (B) and IFNB1 (C)
transcripts quantified by gPCR. The relative quantity of cytokine transcripts, normalised to
18S, are presented here. An independent samples t-test was conducted ** = p<0.005 ***

= p<0.001 n = 3 biological replicates.
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5.3.10 Precision cut lung slices from AWD mice infected with IAV
show Increased ISG and IL-6 mRNA.

In order to examine whether the effect on cytokine expression was reproduced in
tissues from mutant mice, | produced precision cut lung slices from WT and AWD lungs to
culture a 3D organ model. Lung slices would contain resident macrophages as well as
epithelial cells, therefore would respond to infection with an array of pro-inflammatory
cytokines.

Lungs were inflated with low melting point agarose, cast in agarose blocks and
sliced using a vibrating microtome. Slices were infected with IAV X31 (5 x 10* particles) for
16 hours before cells were dissociated from the agarose and tissue using collagenase and
dispase, then the RNA was extracted. RNA was reverse transcribed to cDNA and the mRNA
levels for IFNB, IFIT, ISG15, IFITM3 and IL-6 were determined by qPCR. Targets were

normalised to 18S and also normalised to the negative control.

There was significant increase in IFIT1, ISG15, IFITM3 and IL-6 mRNA expression in
AWD lung tissue (Figure 5.14). IFIT1 levels were 4.7 fold higher and ISG15 levels were 11
fold higher in AWD lung slices. For IFITM3 and IL-6, WT lung slices had no expression
detected in response to IAV X31. Overall ISG and inflammatory cytokine levels appeared
significantly higher in in IAV infected AWD lung slice tissue. There was a significant increase
in IFNB mRNA expression in WT lung tissue following IAV X31 infection, with no expression
seen in the AWD tissue. This may be due to IFNB having been expressed earlier in the

infection time course.
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Figure 5.14: Increased expression of IFIT1, ISG15, IFITM3 and IL-6 in AWD lung slices when
infected with IAV X31. WT and AWD lungs were inflated with LMP agarose and sliced using
a vibrating microtome. Slices were cultured and infected with IAV X31 for 16 hours. RNA
was extracted following cell dissociation with collagenase Ill and dispase Il and IFN, IFIT1,
ISG15, IFITM3 and IL-6 mRNA transcripts were quantified by gPCR. Values were normalised
to 18S and negative controls and are presented (+SEM). A Mann Whitney U test was

conducted: * = p<0.05, n=7 biological replicates.
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5.4 Discussion

In this chapter | have demonstrated that the WD domain of ATG16L1 has a role in
the suppression of IAV replication and IAV-induced cytokine storms. IAV replication was
measured over a 72 hour time course with two IAV strains: X31 and PR8. IAV PR8 replication
was greater in AWD MEFs at 24, 48 and 72 hpi as measured by TCIDso and plaque assay
whereas for IAV X31, virus replication was greater in WT MEFs over 48 hpi, and then virus
replication in AWD became greater at 72 hpi (Figure 5.2). Both viruses replicated more
efficiently in AWD MEFs than WT MEFs at 72 hpi, although for X31 this increase was weak.
These differences in replication appear to be strain-dependent.

Replication was measured over an earlier (0-12 hour) time course using qPCR for
IAV M2 expression (Figure 5.4). Here, IAV PR8 replication was also greater in AWD MEFs
over the earlier time course, with replication in AWD MEFs being greater than WT at 8 and
12 hpi. IAV X31 replicated to higher levels in WT MEFs than AWD MEFs over the 12 hour
time course.

An ex vivo model was used to investigate virus replication in lung tissue. These 3D
organ models comprise of the heterogenous population of cells found in the lung, including
epithelial cells, goblet cells, endothelial cells and resident alveolar macrophages. WT and
AWD mouse lung slices were infected with X31 and increased virus was released over a 72
hour time course in AWD lung slices compared with WT (Figure 5.5). These results
demonstrate that lung slices supported the replication of IAV and that the loss of the WD
domain enhances virus replication in ex vivo lung tissue.

Professional phagocytic cells were used to investigate the loss of the WD domain
on virus replication. BMDMs clear pathogens and apoptotic cells through the LAP pathway.
Our group has shown that the WD domain is essential for LAP in macrophages (66). In my

work | show that IAV does not replicate in BMDMs Figure 5.6).

Interferon signal transduction induced by IAV infection was measured by ISG
induction in WT and AWD MEFs by gPCR over a 12 hour time course. When IAV X31 and
PR8 were used to infect MEFs, IFIT1 and ISG15 were expressed to higher levels in AWD
MEFs at 12 hpi with X31. However with PR8, the ISG expression was higher in WT MEFs
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(Figure 5.7). Furthermore, when IFNB was measured over a 120 minute time course in IAV
X31 infected WT and AWD MEFs, constitutive baseline IFNB levels were higher in AWD
MEFs compared with WT. Following IAV infection IFNP expression was greater in AWD at 2
hpi (Figure 5.8).

To identify whether interferon signalling was due to IAV signalling in the endosome
or after delivery of the genome to the cytoplasm, the IAV receptors TLR3 and Rig-l were
inhibited. TLR3 inhibition was achieved using the drug CigHi3CIFNOsS. Interferon
production inhibited in poly I:C transfected MEFs (Figure 5.9). CRISPR-cas was used to
inhibit Rig-1 signalling in MEFs. This was verified by Western blot (Figure 5.10). Overall, IFN
was severely reduced to almost zero in TLR3 inhibited cells but not in the Rig-I knock out
cells (Figure 5.11). This suggests that TLR3 is the main sensor of IAV leading up to the IFN
and ISG production in IAV infected cells.

The response of WT and AWD MEFs to various TLR ligands was investigated. The
ISG and IFNB response to the dsRNA ligand (poly I:C) was measured using qPCR and greater
ISG and IFNB expression was detected in AWD MEFs transfected with poly I:C (Figure 5.12).
In BMDMs, the ISG and IFNB responses to poly I:C, TLR9 ligands (DNA rich in unmethylated
CpG motifs) and IAV were measured using qPCR. Greater IFN and ISG expression was seen
in AWD for the TLR9 ligands, X31 and poly I:C but not for PR8 (Figure 5.13). One limitation
to these Poly I:C controls is that the cells were immortalised, with the cytokine overreaction
possibly being due to breakdowns in the cell innate immune systems. However, similar
cytokine overreactions to Poly I:C were seen in macrophage cell lines which were primary
cells that shouldn’t have any attenuations in their innate immune systems.

Finally this chapter aimed to investigate in cell culture the IAV-induced cytokine
storm demonstrated by our lab in vivo in the AWD mouse. When precision cut lung slices
were infected with X31, there was far greater expression of IFIT1, ISG15, IFITM3 and the

inflammatory interleukin IL-6 in AWD compared with WT lung slices (Figure 5.14).

BMDMs are professional phagocytic cells that utilise LAP to remove pathogens. The
data here shows there was very little replication of IAV in WT and AWD BMDMs. IAV initially
binds to the expressed sialic acid and is then taken into the cell by endocytosis, these
endosomes may then be decorated with LC3 and targeted for degradation. If the loss of

the WD domain (AWD) results in a LANDO deficiency, more IAV would survive in
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endosomes and explain the higher replication in AWD MEFs. However the novel findings |
have demonstrated here show that the WD domain has a role in cholesterol homeostasis,
with a WD deficiency resulting in reduced cholesterol at the plasma membrane. | have
shown that this results in more fusion at the endosomal membrane and therefore more
virus is able to reach the nucleus and replicate to higher levels.

While both IAV strains showed increased replication in AWD MEFs, PR8 showed
consistently higher replication from 8 hpi to 72 hpi, whereas X31 only replicated more in
AWD MEFs at 72 hpi. This difference could be due to the different strains of influenza virus
exhibiting substantially different pathogenicity, with different host interactions between
the two strains. The PR8 strain used was the PR8 Mount Sinai strain and it is an attenuated
H1N1 lab strain that has been selected for its ability to infect cells in vitro. The X31 strain is
A/X-31 and is constructed from PR8 with H2N3 glycoproteins. (350,351). It is interesting
that both PR8 and X31 share the same genome, differing only in their expressed
glycoproteins and that this can drastically alter viral replication in MEFs. The host innate
immune response to virus infection can significantly alter pathogenicity. IFN expression
activates signalling pathways which cause antiviral ISG expression (352) and differences
between IFN and ISG expression were observed between X31 and PR8. PR8 induced less
cytokine responses compared with X31 over 12 hour infection time courses. Since there
was increased antiviral response following X31 infection, it is not surprising that X31
replication was attenuated compared to PR8. PR8 is described in the literature as being a
more pathogenic IAV strain, lethal in mice at smaller doses. X31, on the other hand, is
described as less pathogenic and responsible for a more self-limiting infection (353). Mice
infected with PR8 and X31 have been shown to respond differently depending on the strain.
PR8 has been shown to generate overlapping pro and anti-inflammatory responses,
whereas X31 has been shown to respond to infection with a distinct proinflammatory
response, followed by a distinct anti-inflammatory response (353). In contrast to my data
though, PR8 has been shown to trigger significant antiviral and inflammatory cytokine
responses (354,355). This could be due to the cell line used, fibroblasts may respond and
signal differently to the different glycoproteins expressed between the two strains.
Additionally, there may be unidentified viral factors that drive this difference between the

two IAV strains and suppress the IFNB response.
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To investigate the expression of IFNB and ISGs following infection with X31 and PRS,
| used gPCR to show that ISGs and IFNB were expressed in cells following infection, rapidly
in the case of IFNB, and to higher levels in AWD MEFs. Furthermore, there appears to be
higher levels of IFNB in uninfected AWD MEFs compared with the WT MEFs. This higher
basal level of IFNB in AWD MEFs could be a consequence of the cells lacking LAP. LAP
deficient models have been shown to be autoinflammatory (15) and IFNB has a pro-
inflammatory role in fibroblasts (356) suggesting that could be the reason for this increased
basal level.

One possible limitation of these experiments is that the immortalised MEFs used
were generated through spontaneous immortalisation. Spontaneously immortalised cells
can have attenuated innate immune systems. The tumour suppressor gene p53, which is
lost during immortalisation, regulates type | IFN expression. Without this gene, ISG
responses to virus infection can be reduced (357). The results of this chapter demonstrate
increased ISG expression in X31 infected AWD MEFs, which could have been influenced by
the caveat of using spontaneously immortalised MEFs. However, very similar results were
seen with lung slices, which wouldn’t suffer from this limitation, which suggests this result

is true.

Through inhibition of Rig-l and TLR3 signalling pathways, | have demonstrated that
the IFNP response to IAV could be induced by TLR3 activation. These data are supported
by the increased endocytosis of IAV into AWD MEFs. Increased IAV in cells was due to
increased virus within endosomes and since TLR3 is an endosomal receptor it would be
activated by the IAV genome. TLR3 recognises dsRNA, and yet is widely understood to
detect IAV (which is a ssRNA virus). TLR3 detects IAV’s ssRNA genome during viral
replication when dsRNA replication intermediates are produced (358). While the exact
nature of how TLR3 recognises incoming IAV is not published, TLR3 may be able to
recognise the ssRNA genome of IAV due to its conformation within the IAV vRNP. Viral RNA
is wrapped into a double helical configuration within vRNPs (359), which could enable it to

be detected by TLR3.
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Interestingly, TLR3 has been implicated in deleterious proinflammatory cytokine
responses to IAV infection. Mice lacking TLR3 were found to have reduced proinflammatory
cytokine responses to IAV as opposed to mice expressing the receptor (360).

Increased TLR3 activation from incoming IAV would therefore lead to greater IFN
expression. This over-induction of IFNB has deleterious effects in tissues. | showed that
when precision cut lung slices were infected with X31 not only did they have elevated I1SG
expression but also elevated IL-6 expression. IL-6 is a pro-inflammatory cytokine produced
by macrophages, dendritic cells and other innate immune cells. Clinical studies have shown
that over expression of the cytokine increases the likelihood of hospitalisation of the
influenza infected patient (361). As well as in IAV infection, IL-6 has also been implicated in
the progression of severe COVID-19, with it contributing to cytokine storms (362,363).
Therefore IL-6 is a significant factor in the development of cytokine storms and certainly
contributes to IAV-induced cytokine storms (364). In this thesis | have created a model in

lung slices for the events that occur in the AWD mice as seen in Wang et al. (2021).

To summarise the findings of this chapter, | have shown that the WD domain does
indeed play a role in suppressing IAV replication and IAV-induced cytokine storms in vitro.
IAV replicates more efficiently in AWD MEFs and precision cut lung slices. Additionally, IAV
induces greater cytokine expression in AWD MEFs, BMDMs and precision cut lung slices. |
have shown that in BMDMs this is not based on viral replication. My work has shown that
increased IAV infects the cells and activates the TLR3 pathway to induce more interferon

expression in MEFs.
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CHAPTER 6

Discussion
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6.1 The WD domain has a role in cholesterol transport to the plasma

membrane.

Our lab has shown that mice lacking the WD domain of ATG16L1, a domain shown
to be vital for the non-canonical mechanism LAP, were susceptible to IAV. IAV replicated to
higher levels in these WD deficient mice, resulting in a lethal cytokine storm and death. The
ATG16L1 protein has many non-canonical functions, with Tan et al. (2018) demonstrating
that ATG16L1 facilitates lysosomal fusion to the plasma membrane (PM). This role allows
for the movement of cholesterol from lysosomal/late endosomal membranes to the PM,
aiding lysosomal/PM fusion and subsequent cholesterol transport to the PM. The T300A
mutation, which introduces a caspase 3 cleavage site in the linker region of ATG16L1, has
been postulated to cause cleavage of the protein and loss of the WD domain. This mutation
has also been shown to inhibit cholesterol homeostasis and plasma membrane repair (84).

This mutation implicates the WD domain in cholesterol transport therefore |
investigated whether the WD domain has a role in the transport of cholesterol within cells.
Unlike in Tan et al. (2018) | specifically investigated the cholesterol content of the PM to
see if there was an altered content, in WD deficient tissue and MEFs. | hypothesised that a
reduced PM cholesterol content would affect the ability of IAV to gain access to the cell
and tested this using three assays for endocytosis, fusion and nuclear entry. Our lab’s in
vivo data demonstrated susceptibility to IAV in AWD mice therefore | investigated 1AV

replication and interferon signalling in WD deficient cells.

| developed a primary MEF cell line from WT and AWD mice to investigate
cholesterol homeostasis in membranes, as well as using brain and lung tissue. Total and
unesterified cholesterol content of WD deficient PMs were reduced compared with WT
PMs. Furthermore, the cholesterol localisation within AWD cells was altered. Increased
cholesterol was found to co-localise to late endosomes and lysosomes, more so than early
endosomes with an increased cholesterol localisation to late endosomes and lysosomes in
AWD cells. This indicates that cholesterol is held up in late endosomes/lysosomes, a similar

finding to Tan et al. (2018) who found the same result in ATG16L1 KO cells (84). This
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suggests the WD domain has a role in lysosomal fusion to the PM and without it, lysosomes
cannot fuse and cholesterol egress to the PM is halted.

A further D4H cholesterol probe: D4H-GFP, is used to visualise cholesterol in the
exofacial leaflet (329). | attempted to purify this probe using GST purification however was
unsuccessful. Further to my experiments, the D4H-GFP probe would be used to visualise
cholesterol in PM, which would give a further indication of cholesterol localisation in cells
and on the PM. Fluorescence activated cell sorting would then be used measure the

fluorescence of these cells to quantify cholesterol in the PM.

With it established that there is a cholesterol reduction in the PM of WD deficient
cells, Chapter 4 aimed to examine whether IAV is able to enter WD deficient cells more
efficiently. Initially, | set out to investigate whether IAV can fuse to the PM of WD deficient
cells more efficiently, what with them possessing a reduction in cholesterol. This was
accomplished via acid bypass infection, a method that forces fusion at the PM. Higher
frequencies of IAV nucleoprotein (NP) was detected in AWD cells compared with WT cells
early after infection. Cholesterol modulation of the PM using the drugs U18666A, 25-
hydroxycholesterol (25HC) and cholesterol changed the frequencies of NP entry. U18666A,
which inhibits Niemann Pick carrier protein 1 (NPC1), restricts cholesterol transport to the
PM. Treatment with this increased IAV NP frequency in WT and AWD cells. In contrast,
25HC and cholesterol treatment reduced IAV NP frequency in WT and AWD cells. This
suggests that cholesterol in the PM has an antiviral role, with a fine balance needed for
efficient viral entry. A reduced PM cholesterol content is optimum for virus entry, with WD
deficient MEFs providing this.

When |AV enters cells via endocytosis, the endosomal membrane is donated
through invagination of the PM. This means the IAV-containing endosomal membrane
would have a similar constitution to the PM, with reduced cholesterol in the endosomal
membrane in WD deficient cells. My data has shown that reduced membrane cholesterol
enhances viral fusion therefore this reduced endosomal cholesterol would enhance viral
fusion to it. | examined viral entry using three entry assays outlined by Banerjee et al.
(2013). The first was an endocytosis assay, using two antibodies to distinguish internal and
external influenza. A higher percentage of internalised IAV was detected in WD deficient

cells. The second was a fusion assay, using IAV labelled with a lipophilic dye that fluoresces
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green when fusion occurs. A higher frequency of fusion events was seen in WD deficient
cells. The third assay was a nuclear migration assay, relying on monitoring IAV NP migration
to the nucleus. Increased NP was detected in WD deficient cells at earlier time points
compared with WT. The results of these assays indicate that IAV is able to enter WD
deficient MEFs more efficiently. This data fits my hypothesis that IAV would be able to enter
WD deficient cells more efficiently due to reduced cholesterol in the |AV-containing

endosomal membrane.

In mice, a higher level of IAV replication was detected in WD deficient mice as well
as elevated cytokine levels. | generated precision cut lung slices and used my primary MEF
cell line to investigate the cytokine levels in a 3D-organ model and in vitro. Higher titres of
IAV were secreted from WD deficient MEFs as well as WD deficient precision cut lung slices.
AWD MEFs and BMDMs infected with IAV responded with a higher expression of cytokines
than compared with WT MEFs. Furthermore, increased inflammatory cytokine expression
was induced in WD deficient lung tissue, replicating the in vivo data demonstrated by Wang
et al. (2021). These two effects in AWD: higher replication and cytokine storms, are caused
through increased IAV entering cells (Figure 6.1). More endocytosis of IAV results in more
virus interacting with TLR3, causing TLR3 activation and subsequent downstream signalling.
Increased fusion of the virus results in an increased virus payload reaching the nucleus
earlier, increasing the replication of the virus. Further work would be needed to prove that
the |AV-containing endosomal membrane contains reduced cholesterol. Co-staining using
the endocytosis assay antibodies (PINDA and HA1) and filipin Il or transfecting with D4H-

mCherry would allow for visualisation of cholesterol at IAV-containing endosomes.

ATG16L1 is involved in a number of fusion events, including lysosomal-
autophagosome fusion during autophagy and lysosomal-phagosome fusion during LAP. LC3
is conjugated to single membranes during LAP and these single membraned vesicles then
fuse, this being facilitated by the ATG5-ATG12+ATG16L1 complex. ATG16L1 binds to the
single membraned LAPosomes via the WD domain, with this domain binding to the
membrane following the production of ROS by the NOX2 complex. Following the binding
of the WD domain, the ATG5-ATG12+ATG16L1 complex can then conjugate LC3 to the
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Figure 6.1: The WD domain of ATG16L1 has a role in the transport of cholesterol to the
plasma membrane. Without the WD domain, late endosomal/lysosomal fusion cannot
occur, preventing cholesterol egress to the plasma membrane. This results in increased
endocytosis and fusion of IAV. In turn, this causes increased TLR3 activation causing

cytokine storms and increased IAV replication. Produced using Biorender.
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endo-lysosome membrane, a subsequent step in vesicle membrane fusion (78). Recently
Segnder et al. (2021) demonstrated that plasma membrane damage initiates recruitment
of actin and an accumulation of LC3 around the injury site. Like LAP, the process is
dependent on rubicon. Macropinocytosis then internalises the damaged plasma
membrane for fusion to lysosomes (80). Should ATG16L1 bind to the PM or lysosomal
membrane via its WD domain then it may be involved in conjugating LC3, promoting the
fusion of the PM and lysosomal membrane. Alternatively, ATG16L1 may be involved in
another pathway that allows it promote lysosomal-PM fusion. Tan et al. (2018) did not
find significant co-localisation between ATG16L1 and LAMP1 (lysosomes) suggesting that
the protein was not directly involved in lysosomal-PM fusion (84). Exactly how the
ATG16L1 protein facilitates this lysosomal-PM fusion would provide an exciting avenue

for further research.

The results of this thesis have broad application with other viruses. IAV is a
membrane enveloped virus that causes elevated cytokine levels that lead to inflammation
and tissue damage. Other membraned viruses that cause cytokine storms include SARS-
CoV, MERS-CoV and SARS-CoV-2 (365). The entry of these viruses is similar to 1AV,
entering by endocytosis and fusing to the endosomal membrane. The cholesterol content
of endosomal membranes may affect their release into the cytoplasm. IFITM3 has been
shown to cause cholesterol accumulation in the late endosome (138) with this protein
also having been shown to inhibit the fusion of SARS-CoV-2 (366). This implicates
cholesterol as being limiting in SARS-CoV-2 infection when it accumulates in endosomal
membranes. Disruption in cholesterol homeostasis could promote infection if cholesterol
was reduced in the endosomal membrane. My results demonstrate that the WD domain
of ATG16L1 has a role in cholesterol homeostasis with reduced cholesterol at the PM.
Investigation into the sterol content of the PM is warranted. 25-hydroxycholesterol
(25HC) has antiviral properties, reducing the accessibility of cholesterol in membranes.
25HC treatment of the PM in WD deficient MEFs was seen to restrict IAV NP access to the
cytoplasm implicating it in reducing viral fusion. Further work using high pressure gas or
liguid chromatography would be used to analyse the sterol content of the subcellular

fractions isolated in Chapter 3.
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Tan et al. (2018) showed that the T300A mutation in ATG16L1, which could cause
cleavage and loss of the WD domain, impairs cholesterol homeostasis. The T300A
mutation is a risk allele for Crohn’s disease and occurs naturally in the human population.
The findings of this thesis have an important application to this mutation. Humans
carrying this mutation would express an ATG16L1 protein prone to cleavage. Should the
WD domain be lost this would impair cholesterol homeostasis within cells. These
individuals could be more susceptible to IAV. Furthermore, what with cholesterol having a
role in other viral infections, the T300A mutation in humans could increase susceptibility
to other viruses, such as SARS-CoV-2. Our lab has generated a T300A mouse model and |
very recently generated a MEF cell line from these mice. This mouse and cell line provide
another avenue for further work. | would hypothesise that the T300A mutation in MEFs
impairs cholesterol homeostasis due to the loss of the WD domain. | would also
hypothesise that mice expressing this mutation would be more susceptible to IAV. The
PM of T300A MEFs and tissue would be isolated and cholesterol content measured. The
entry assays described in Chapter 4 could also be used to monitor IAV entry into T300A
cells. Furthermore, to demonstrate the role of the WD domain in the limiting the
infection by other viruses: the E230 (AWD) and the T300A mouse model could be crossed
with a mouse expressing human ACE2, to see whether the loss of the WD domain or the
T300A mutation enhances the infection of SARS-CoV-2.

As well as analysing the membrane cholesterol content of T300A mice, human cell
lines expressing T300A could be used to investigate their susceptibility to IAV. Crohn’s
disease is characterised by severe intestinal inflammation and it has been recently shown
that the WD domain of ATG16L1 interacts with the IL-10 receptor (IL-10R) and this
interaction promotes endocytosis and trafficking of the receptor. This interaction may
explain the pro-inflammatory phenotype seen in ATG16L1 deficient models (367). It is
possible that the T300A mutation prevents this interaction with IL-10R and this could lead
to a pro-inflammatory environment within the patient. This would be the subject of

future study.

To conclude, the WD domain of ATG16L1 has a role in limiting lethal influenza
infection. The WD domain has a role cholesterol transport from late endosomes/lysosomes

to the PM. Cholesterol is transported to the PM via lysosomal exocytosis and while the
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exact nature of ATG16L1’s role is unclear, the WD domain is needed to facilitate this
process. Without the WD domain cholesterol accumulates within lysosomes and late
endosomes and cholesterol in the PM is reduced. | showed that IAV fusion is enhanced to
membranes with reduced cholesterol content. The WD domain has a role in limiting IAV
endocytosis and fusion, with these mechanisms promoted in WD deficient cells. Finally, |
showed that IAV is able to replicate to higher levels in WD deficient cells and that there is
elevated cytokine signalling in WD deficient cells and tissue. These results open up further
avenues of research, with the T300A mutation of ATG16L1 possibly impairing cholesterol
homeostasis. Humans expressing the T300A mutation may also be more susceptible to IAV

therefore further research into this is warranted.
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Appendix 1

Non-canonical autophagy functions of ATG16L1 in
epithelial cells limit lethal infection by influenza A
virus

Yingxue Wang, Parul Sharma, Matthew Jefferson, Weijiao Zhang, Ben Bone, Anja Kipar,
David Bitto, Janine L Coombes, Timothy Pearson, Angela Man, Alex Zhekova, Yongping
Bao, Ralph A Tripp, Simon R Carding, Yohei Yamauchi, Ulrike Mayer, Penny P Powell,
James P Stewart & Thomas Wileman.

Abstract

Influenza A virus (IAV) and SARS-CoV-2 (COVID-19) cause pandemic infections where
cytokine storm syndrome and lung inflammation lead to high mortality. Given the high
social and economic cost of respiratory viruses, there is an urgent need to understand
how the airways defend against virus infection. Here we use mice lacking the WD and
linker domains of ATG16L1 to demonstrate that ATG16L1-dependent targeting of LC3 to
single-membrane, non-autophagosome compartments — referred to as non-canonical
autophagy — protects mice from lethal IAV infection. Mice with systemic loss of non-
canonical autophagy are exquisitely sensitive to low-pathogenicity IAV where extensive
viral replication throughout the lungs, coupled with cytokine amplification mediated by
plasmacytoid dendritic cells, leads to fulminant pneumonia, lung inflammation and high
mortality. IAV was controlled within epithelial barriers where non-canonical autophagy
reduced IAV fusion with endosomes and activation of interferon signalling. Conditional
mouse models and ex vivo analysis showed that protection against IAV infection of lung
was independent of phagocytes and other leucocytes. This establishes non-canonical
autophagy in airway epithelial cells as a novel innate defence that restricts IAV infection
and lethal inflammation at respiratory surfaces.

Introduction

Influenza A virus (lAV) is a respiratory pathogen of major global public health concern
(Yamayoshi & Kawaoka, 2019). As with SARS-CoV-2, animal reservoirs of IAV can
contribute to zoonotic infection leading to pandemics with a high incidence of viral
pneumonia, morbidity and mortality. IAV infects airway and alveolar epithelium and
damage results from a combination of the intrinsic pathogenicity of individual virus
strains as well as the strength and timing of the host innate/inflammatory responses.
Optimal cytokine levels protect from IAV replication and disease but excessive cytokine
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production and inflammation worsens the severity of lung injury (Davidson et al, 2014;
Iwasaki & Pillai, 2014; Teijaro et al, 2014; Herold et al, 2015; Ramos & Fernandez-Sesma,
2015). Even though infection of the lower respiratory tract can result in inflammation,
flooding of alveolar spaces, acute respiratory distress syndrome and respiratory failure,
the factors that control IAV replication at epithelial surfaces and limit lethal lung
inflammation remain largely unknown.

The transport of viruses to lysosomes for degradation provides an important barrier
against infection. Transport to lysosomes can be enhanced by non-canonical autophagy
pathways which conjugate autophagy marker protein LC3 to endo-lysosome
compartments to increase lysosome fusion. In phagocytes, LC3-associated phagocytosis
(LAP) conjugates LC3 to phagosomes and enhances phagosome maturation (Sanjuan et al,
2007; Delgado et al, 2008; Martinez et al, 2015; Lamprinaki et al, 2017; Fletcher et al,
2018). In non-phagocytic cells, LC3 is conjugated to endo-lysosome compartments during
the uptake of particulate material such as apoptotic cells and aggregated B-amyloid, and
following membrane damage during pathogen entry or osmotic imbalance induced by
lysosomotropic drugs (Florey et al, 2011, 2015; Roberts et al, 2013; Tan et al, 2018;
Heckmann et al, 2019). It is known from in vitro studies that LC3 can be recruited to endo-
lysosome compartments during the uptake of pathogens, but the roles played by non-
canonical autophagy during viral infection in vivo are largely unknown.

A role for non-canonical autophagy in host defence has been implied from in vitro studies
of LAP in phagocytes infected with free living microbes with a tropism for macrophages
such as bacteria (Listeria monocytogenes (Gluschko et al, 2018), Legionella dumoffii
(Hubber et al, 2017)), protozoa (Leishmania major) and fungi (Aspergillus fumigatus
(Akoumianaki et al, 2016, Kyrmizi et al, 2018, Matte et al, 2016)). It is also known that IAV
induces non-canonical autophagy during infection of cells in culture (Fletcher et al, 2018);
however, the role played by non-canonical autophagy in controlling IAV infection and
lung inflammation in vivo is currently unknown. It is not known, for example, whether
non-canonical autophagy is important in the control of IAV infection by epithelial cells at
sites of infection or whether it plays a predominant role within phagocytes and antigen-
presenting cells during development of an immune response. Herein we use mice with
specific loss of non-canonical autophagy to determine the role played by non-canonical
autophagy in host defence against IAV infection of the respiratory tract. The mice (§WD)
lack the WD and linker domains of ATG16L1 that are required for conjugation of LC3 to
endo-lysosome membranes (Rai et al, 2019) but express the N-terminal ATG5-binding
domain and the coiled coil domain (CCD) and linker residues up to glutamate at position
230 (E230) of ATG16L1 that are required for WIPI2 binding and autophagy (Dooley et al,
2014). Importantly, the WD mice grow normally and maintain tissue homeostasis (Rai et
al, 2019), and unlike mice with LysMcre-mediated deletion of autophagy genes from
myeloid cells (Lu et al, 2016), or disruption of ATG16L1 through loss of the CCD (Saitoh et
al, 2008), the 8WD mice do not have a pro-inflammatory phenotype.

We show that loss of non-canonical autophagy from all tissues renders mice highly
sensitive to low-pathogenicity murine-adapted IAV (A/X-31) leading to extensive viral
replication throughout the lungs, cytokine dysregulation and high mortality typically seen
after infection with highly pathogenic IAV. Conditional mouse models and ex vivo analysis
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showed that protection against IAV infection of lung was independent of phagocytes and
other leucocytes, and that infection was controlled within epithelial barriers where non-
canonical autophagy slowed fusion of IAV with endosomes and reduced interferon
signalling. This establishes non-canonical autophagy pathways in airway epithelial cells as
a novel innate defence mechanism that restricts IAV infection at respiratory surfaces.

Results

Mice with systemic loss of the WD and linker domains of ATG16L1 are highly sensitive to
IAV infection

Panels A and B of Fig EV1 show the rationale for removing the WD and linker domains
from ATG16L1 to generate mice (6WD) with a specific loss of non-canonical autophagy
(E230 mice described in Rai et al, 2019). The consequences of loss of the WD and linker
domains of ATG16L1 on conventional autophagy and non-canonical autophagy were
confirmed using cell lines taken from controls and 6WD mice. Figure 1A shows that
mouse embryo fibroblasts (MEFs) from littermate control mice recruited LC3 to small
puncta indicative of autophagosomes when they were starved in HBSS to induce
conventional autophagy and recruited LC3 to large endo-lysosomal vacuoles when non-
canonical autophagy was induced by chloroquine or monensin. HBSS induced LC3 puncta
in MEFs from 8WD mice, but the MEFs were unable to recruit LC3 to large vacuoles
induced by chloroquine or monensin. LC3 recruitment was quantified by imaging LC3-
positive puncta and vacuoles. The graphs (Fig 1B) show that numbers of autophagosomes
induced by HBSS were the same in each cell type but MEFs from WD were unable to
recruit LC3 to large vacuoles when incubated with chloroquine or monensin. The results
indicated a selective loss of non-canonical autophagy. LC3 recruitment was quantified by
Western blot to detect LC3II, the lipidated form of LC3 that binds membranes. Figure 1C
shows that control MEFs expressed the full-length a and B forms of ATG16L1 at 70 kDa
and generated increased levels of LC3II following starvation in HBSS or incubation with
monensin or chloroquine. MEFs from WD mice expressed a truncated ATG16L1 at

30 kDa (Fig 1C). The LC3lII signal in 8WD cells increased after starvation to levels that were
similar to starvation controls. LC3Il also increased in WD MEFs incubated with monensin
and chloroquine. Monensin and chloroquine raise lysosomal pH, and the consequent
inhibition of proteolysis slows the efflux of amino acids from the lysosome. This in turn
inhibits the Ragulator-Rag:MTORC1 complex and induces autophagy. Previous work
(Fletcher et al, 2018) has shown that monensin activates conventional autophagy and at
the same time raised lysosomal pH slows fusion of autophagosomes with lysosomes. This
explains the accumulation of small LC3 puncta and increased LC3Il observed in 8WD cells
incubated with monensin or chloroquine. Quantification of Western blots (Fig 1D)
showed that there was no significant difference between LC3II signals in control and 6WD
MEFs after starvation suggesting that autophagy was equally active in the two cell types.
The LC3lIl signal in 8WD MEFs incubated with monensin or chloroquine was however
lower than controls but not significantly different. Studies in phagocytic cells have shown
that non-canonical autophagy/LAP is downstream of Rubicon and PHOX:NOX2 ROS
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signalling (Martinez et al, 2015). Addition of diphenyliodonium (DPI), an inhibitor of

NOX2,

to cells incubated with monensin or chloroquine inhibited recruitment of LC3 to

large vacuoles (Figure EV1C) indicating that WD domain-dependent non-canonical
autophagy is also downstream of ROS signalling in non-phagocytic cells. Microscopy and
line profile analysis were used to determine whether recruitment of LC3 to phagosomes
in bone marrow-derived macrophages (BMDM) induced by Zymosan also required the
WD domain of ATG16L1. Figure 1E-H shows that LC3 was recruited to phagosomes in

contro
togeth

| BMDM, but was not recruited to phagosomes in BMDM from 6WD mice. Taken
er, the results show that the 8WD mice have specific loss of non-canonical

autophagy in both myeloid and non-myeloid cells.
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1. Deletion of the WD and linker domains of ATG16L1 leads to selective loss of

non-canonical autophagy

A. MEFs from WD and littermate control mice were incubated with HBSS,
chloroquine or monensin for 2 h as indicated. Cells were fixed and permeabilised
and stained for LC3. Arrows indicate LC3 vacuoles where a ring of LC3 signal
surrounds vacuoles ranging between 2 and 8 um diameter.

B. Numbers of fluorescent LC3 puncta and LC3 vacuoles in each cell were
guantified by fluorescence microscopy. LC3 puncta were identified using spot
function software to locate puncta ranging from 0.5 to 1.0 um diameter. LC3

211



vacuoles were identified by eye as rings of fluorescence ranging between 2 and
8 um diameter. Data from 10 cells are shown, and bars represent the mean + SD
and were compared by Student’s t-test (*P < 0.05, ****P < 0.0001).

e C—E. MEFs from 8WD and littermate control mice were incubated with HBSS,
chloroquine or monensin for 2 h as indicated and cell lysates analysed by Western
blot for ATG16L1, WD and LC3 as indicated. Control MEFs express a and 3
isoforms of ATG16L1 at 70 kDa, and MEFs from WD mice express a truncated
ATG16L1 at 30kDa. (D) shows the level of conversion of LC3 to LC3Il estimated by
densitometry from a mean (+SD) of three replicate blots. (E) shows fluorescence
images of phagosomes following engulfment of Zymosan (red) by bone marrow-
derived macrophages (BMDM) from control and 8WD mice. White line indicates
track used for line profile analysis to compare the LC3 signal on the limiting
membrane of the phagosome with the centre.

e F.Shows examples of line profile analysis

e G, H. (G) shows the percentage of LC3-positive phagosomes per cell, and (H)
shows line profile analysis of data from 10 cells, and bars represent the mean £ SD
and were compared by Student’s t-test (****P < 0.0001).

IAV enters airway and lung epithelial cells by endocytosis, and in tissue culture IAV
induces non-canonical autophagy leading to ATG16L1-WD domain-dependent
conjugation of LC3 to the plasma membrane and peri-nuclear structures (Fletcher et
al, 2018). To test whether non-canonical autophagy has a host defence function in
vivo, WD mice were infected with IAV. We used a low-pathogenicity murine-adapted
IAV (A/X31) that does not normally lead to extensive viral replication throughout the
lungs, or cause the cytokine storm syndrome and death typically seen after infection
with highly pathogenic viral strains. The results (Fig 2) showed that §WD mice became
moribund and showed severe signs of clinical illness (rapid breathing, piloerection).
They also displayed rapid weight loss compared to littermate controls (Fig 2A) and
had increased mortality with survivors recovering more slowly from infection (Fig 2B).
Virus titres in the lungs of both mice increased with time (Fig 2C) and increased
weight loss in WD mice was associated with an approx. log increase in lung virus titre
at 5 days post-infection (d.p.i). Furthermore, histopathology and
immunohistochemistry (IH) analysis of lungs from WD mice showed fulminant viral
pneumonia with large numbers of IAV-positive cells (Fig 2D). Lungs from control and
SWD mice did not show signs of inflammation before infection (Fig EV2).
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Figure 2. Systemic loss of non-canonical autophagy increases susceptibility to IAV
infection

e A-D. Littermate control and 8WD mice were challenged intranasally with IAV
strain X31 (103 pfu). (A) Mice were monitored for weight loss at indicated time
points. (n = 8). Data represent the mean value + SEM. Comparisons were made
using a repeated-measures two-way ANOVA (Bonferroni post-test (**P < 0.01,
***P < 0.001)). (B) Survival was assessed at indicated time points (n = 15).
Comparisons were made using log-rank (Mantel-Cox) test ***P < 0.001. (C) IAV
titre in lungs was determined by plaque assay at 5 d.p.i. (n = 6). Data for individual
animals are shown, and bars represent the mean + SD. Mann—Whitney U-test was
used to determine significance (**P < 0.01. (D) The presence of IAV antigen was
assessed by IH at 7 d.p.i. (representative images from n = 6).

Non-canonical autophagy controls lung inflammation after IAV infection

Innate protection against IAV is provided by type 1 (a, B) and Il (A) interferon (IFN) with
severe |AV infection causing excessive airway inflammation and pulmonary changes
attributable in part to IFNap and TNF-a (Szretter et al, 2007; Davidson et al, 2014).
Measurement of cytokine expression at 2 d.p.i showed that IAV induced a transient
increase in transcripts for interferon-stimulated genes (1SGs), ISG15 and IFIT1 (lwasaki &
Pillai, 2014) and pro-inflammatory cytokines (IL-1B8, TNF-a and CCL2 [MCP-1]) in the lungs
of both control and 8WD mice (Fig 3A). This increase in cytokine expression was resolved
by 3 d.p.i. before a second wave of increased cytokine expression at 5 d.p.i. This second
wave of cytokine expression was resolved by 7 d.p.i in control mice, but WD mice
showed sustained increases in ISG15, IFIT1, IL-1B, TNF-a and CCL2 transcripts, coincident
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with exacerbated weight loss. At 3 d.p.i, lungs of 5WD mice showed increased expression
of neutrophil chemotaxis factor CXCL1 mRNA (Fig 3A), coincident with increased
neutrophil infiltration of airways and parenchyma, and extensive neutrophil extracellular
traps (NETs) as a consequence of neutrophil degeneration as shown by IH (Fig 3B and
Appendix Fig S1). Increased neutrophil infiltration of airways in 8WD mice at 2 d.p.i. was
confirmed and quantified using flow cytometric analysis of bronchoalveolar lavage (BAL;
Fig 3C). At 5-7 d.p.i., increased expression of CCL2 mRNA in WD mice was coincident
with extensive macrophage/monocyte infiltration into lung parenchyma observed by IH
(Fig 3B and Appendix Fig S2) which was not seen in controls or the lungs of §WD mice
before infection with virus (EV2). This increased macrophage/monocyte infiltration in
S6WD mice was confirmed and quantified using flow cytometric analysis of single-cell
suspensions from lung tissue (Fig 3D). It is known that, in severe IAV infection, a cytokine
storm occurs that is amplified by plasmacytoid dendritic cells (pDCs) (Davidson et al,
2014). pDCs detect virus-infected cells and produce large amounts of cytokines, in
particular IFNap, that in severe infections can enhance disease. In these cases, depletion
of pDCs can decrease morbidity (Davidson et al, 2014). Depletion of pDCs in IAV-infected
6WD mice using anti-PDCA-1 led to markedly decreased weight loss as compared with
isotype control-treated mice and that was similar to that seen in littermate controls

(Fig 3E). This indicates that excessive cytokine production amplified by pDCs is
responsible for the increased morbidity seen in the WD mice.

214



A IFIT1 IL-1p
a4 2= 20 '
8 8
g5 °
g g
2 &
H 3
£ @
w1 L
o] E
2, &
o1 2 3 5 7 R 2 3 s 7
Days post infection Days post infection
. cxeu CCL2/MCP-1
o5 TNF-a @ 4. * -
o e 3 4
< e °
L4 e e
2 g S 2
©? [ 3
£ £ £, %E 3
1 - 1
g 3 3 .
z o
o X -
- o o
o1 2 3 s 7
Days post infection Days post infection Days post infection

Day 3: Ly6G (Neutrophils) Day 3: H3 (NETosis) Day 7: Iba-1 (Macrophages)
1 - ; LSS ‘TR ~, 3Lk ¥

¥

.‘.' "

c D Macrophages/ E
Neutrophils Monocytes Plasmacytoid DC depletion
*
q * -
80 40, H——
: % -
60 E_VEF 30 -
[a] Y a 2
O 40 1 3
b - % 20 3 %
® S 2 -4 WD + anti-PDCA1
201 104 S 8] o SWD+i
= isotype control
-e- Control
= & b I B S S S
&S & 4 iea
000 S ooo e‘;‘\ days post infection

Figure 3. Systemic loss of non-canonical autophagy leads to extensive lung inflammation
and damage

e A-E. Littermate control and SWD mice (n = 5) were challenged with IAV X31 (103
pfu). (A) At the indicated time points, cytokine mRNA transcripts in lung tissue
(n = 5) were evaluated by qPCR. Data for individual animals are shown, and bars
represent the mean + SD and were compared by 2-way ANOVA with Bonferroni
post-tests (*P < 0.05, **P < 0.01, ***P < 0.001). (B) Representative lung sections
from animals (n = 6) taken at 3 d.p.i. were stained by IH for neutrophils (Ly6G) or
neutrophil extracellular traps (NET; anti-H3). Sections at 7 d.p.i. were stained for
macrophages (Iba-1). Further micrographs are shown in Appendix Figs S1 and S2.
(C) BAL (n = 5) was taken at 2 d.p.i and evaluated by flow cytometry, with pre-
gating on CD45*. The percentage of neutrophils (CD11b*, Ly6G™) cells is
shown + SEM and was compared using Mann—Whitney U-test (*P < 0.05). (D)
Single-cell suspensions were prepared from lungs taken at 5 d.p.i and evaluated by
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flow cytometry, with pre-gating on CD45*. The percentage of
macrophage/monocytes (CD11b*, F4/80%) cells is shown + SEM and was compared
using Mann—Whitney U-test (*P < 0.05). (E) SWD mice were treated with either
anti-PCDA-1 (to deplete plasmacytoid DC) or an isotype-matched control.
Littermate control mice were used as comparator. Weight loss was measured at
the indicated days p.i. (n = 5). Comparisons were made using a repeated-measures
two-way ANOVA (Bonferroni post-test, *P < 0.05).

Thus, mice with systemic loss of non-canonical autophagy failed to control lung virus
replication and inflammation, leading to increased cytokine production, morbidity and
mortality.

Systemic loss of the WD and linker domains of ATG16L1 does not lead to gross changes in
inflammatory threshold or immunological homeostasis

Macrophages cultured from embryonic livers from mice with loss of the coiled coil
domain of ATG16L1 are unable to activate canonical autophagy and secrete high levels of
IL1-B (Saitoh et al, 2008). Similarly, LysMcre-mediated deletion of genes essential for
conventional autophagy (e.g. Atg5, Atg7, Atgl4, Atgl6L1, FIP200) in mice leads to raised
pro-inflammatory cytokine expression in the lung. This has been reported to increase
resistance to IAV infection (Lu et al, 2016), and this was also observed in mice used in our
study (Appendix Fig S3) where LysMcre-mediated loss of Atgl16L1 resulted in weight loss
similar to controls (Appendix Fig S3A) and reduced overall virus titre (Appendix Fig S3B).
This led us to test the possibility that the 8WD mutation to ATG16L1 could also increase
IL-1P secretion and cause the increased inflammation observed during IAV infection. This
was tested by incubating BMDM with LPS and purine receptor agonist, BzZATP (Appendix
Fig S4A), or by challenging mice with LPS (Appendix Fig S4B). Mice with a complete loss of
ATG16L1 in myeloid cells (Atg16L1%f-lysMcre) showed threefold increases in IL-1B in
serum and increased secretion IL-13 from BMDM in vitro. In contrast IL-1B secretion in
SWD mice did not differ significantly from littermate controls (Appendix Fig S4A and B).
This was consistent with lack of elevated cytokines in lungs prior to infection (see day 0 in
Fig 3A), and our previous work shows that serum levels of IL-1B, IL-12p70, IL-13 and TNF-
o in SWD mice are the same as in littermate controls at 8-12 and 20-24 weeks (Rai et al,
2019). The exaggerated inflammatory response to IAV in 8§WD mice did not therefore
result from a raised pro-inflammatory threshold or dysregulated IL-1[ responses in the
lung. Also, the frequencies of T cells, B cells and macrophages were similar in §WD mice
to littermate controls (Appendix Fig S5). These data suggest that the exaggerated
responses of 8WD mice to IAV do not occur because the mice have a raised inflammatory
threshold or abnormal immunological homeostasis.

Non-canonical autophagy limits IAV infection independently of phagocytic cells
The link between non-canonical autophagy, TLR signalling, NADPH oxidase activation and

ROS production (Sanjuan et al, 2007; Delgado et al, 2008; Martinez et al, 2015) provides
phagocytes with a powerful mechanism to limit infections in vivo. To test whether wild-
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type bone marrow-derived cells could protect susceptible 8WD mice from lethal IAV
infection, we generated radiation chimaeras (Fig EV3). When challenged with 1AV, §WD
mice reconstituted with either wild-type or 8WD bone marrow remained highly sensitive
to IAV (Fig 4A and B) with body weight reduced by up to 25% and decreased survival by 5
d.p.i. As seen for 8WD mice, weight loss was associated with a 10-fold increase in lung
viral titre (Fig 4C), fulminant pneumonia and inflammatory infiltration into the lung

(Fig 4D). This increased susceptibility to IAV was not observed for control mice
reconstituted with wild-type bone marrow, showing that non-canonical autophagy
pathways in phagocytes and other leucocytes from control mice were not able to protect
SWD mice against lethal IAV infection. In a reciprocal experiment (Fig 5), mice expressing
Cre recombinase in myeloid cells (LysMcre) were used to generate mice (called §WDP"38),
where the truncated Atg16L18WD gene was restricted to phagocytic cells (Appendix Fig
S6). In these mice, non-canonical autophagy was absent in cultured phagocytes (BMDM)
but it was present in skin fibroblasts (Appendix Fig S6E). After infection with IAV, §WDPh28
mice showed comparable weight loss and virus titres to those seen in littermate control
mice (Fig 5A and B). Likewise, the raised IL-1pB levels (Fig 5C) and profuse macrophage and
neutrophil lung infiltration observed in 8§WD mice were absent (Fig EV4) and similar to
littermate controls. The ability of the WD and linker domains of ATG16L1 to protect
epithelial cells against IAV infection was tested ex vivo to further exclude any contribution
from recruited leucocytes. Virus titres in precision-cut lung slices (Fig 5D) increased over
3 days and similar to the kinetics seen in vivo titres from 6WD mice rose to 10-fold
greater than controls. Thus, the sensitivity of 5WD mice to IAV was not due to the loss of
non-canonical autophagy from myeloid cells, making it likely that non-canonical
autophagy mediated by the WD and linker domains of ATG16L1 protects against lethal
IAV infection in non-myeloid tissue.

Non-canonical autophagy slows IAV fusion with endosomes and reduces interferon
signalling

IAV enters cells by receptor-mediated endocytosis where acidification of late endosomes
results in fusion with the endosomal membrane and delivery of viral ribonuclear proteins
(RNPs) into the cytoplasm (Wharton et al, 1994; Skehel & Wiley, 2000). RNPs are then
imported into the nucleus for genome replication (Boulo et al, 2007). Figure 6A shows
that the generation of infectious virus was greater in 8WD MEFs compared to control. IAV
binding was analysed using fluorescent virus, and Fig 6B shows that binding was similar
between control and WD MEFs suggesting that subsequent steps of endocytosis and
viral fusion may be increased in 8§WD MEFs. The possibility that the WD domain of
ATG16L1 affected replication of IAV independently of endocytosis was tested using an
acid bypass assay. IAV was bound to cells at 4° and warmed to 37°C for 2 min at pH 6.8
(control) or pH 5 to induce direct fusion with the plasma membrane. When early stages of
replication were assessed by staining for nuclear protein, there was no difference
between 8WD MEFs and control (Fig 6C). This made it unlikely that the WD domain has a
direct role in facilitating IAV replication. The effect of non-canonical autophagy on IAV
entry was tested using fluorescence de-quenching assay where the envelope of purified
IAV was labelled with green (DiOC18) and red (R18) lipophilic dyes. Individual fusion
events in cells estimated by automated confocal microscopy (Fig 6D) show that the
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number of fusion events per cell was increased after 60 min at 37°C in WD MEFs
compared to control. Similarly, FACS analysis (see also Fig EV5) of the percentage of cells
with de-quenched signal showed greater fusion in §WD MEFs (60%) compared to controls
(40%) at 30 min and this increased at 60 min (73% versus 56% for controls; Fig 6E), as did

mean fluorescence intensity (Fig 6F). Endocytosed viruses were also estimated by
automated
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Figure 4. Bone marrow-derived lymphoid tissue cannot reverse sensitivity to IAV infection

e A-D. Bone marrow from wild-type (Atg16L1*/*) was used to reconstitute irradiated
littermate control mice (B6 WT = control [e]) or 8WD mice (B6 WT - WD [0]).
Bone marrow from 8WD mice was used to reconstitute irradiated 8WD mice
(WD - 6WD [ A]). After 12 weeks, mice (n =5 per group) were challenged with
IAV X31 (103 pfu). (A) Mice were monitored for weight loss at indicated time
points. Data represent the mean value £+ SEM. Comparisons were made using a
repeated-measures two-way ANOVA (Bonferroni post-test, **P < 0.01,

***p <0.001). (B) Survival was assessed at indicated time points. Comparisons
were made using log-rank (Mantel-Cox) test **P < 0.01). (C) IAV titre in lungs was
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determined by plaque assay at 5 d.p.i. (n = 6). Data for individual animals are
shown using symbols described in (A) and (B), and bars represent the mean + SD.
A one-way ANOVA with Tukey’s post hoc analysis was used to determine
significance (*P < 0.05, **P < 0.01). (D) Lungs taken at 5 d.p.i. were analysed for

neutrophils (Ly6G), neutrophil extracellular traps (NET; anti-H3) and macrophages
(Iba-1).
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Figure 5. Loss of non-canonical autophagy from phagocytes does not increase sensitivity
to IAV infection

A—C. 8WDP"28 mice lack non-canonical autophagy in myeloid (LysMcre) cells (for
construction see Appendix Fig S6A). Offspring negative for LysMcre were used as
littermate controls. Mice (n = 6 per group) were challenged intranasally with IAV
X31 (10° pfu). (A) Mice were monitored for weight loss at indicated time points.
Data represent the mean value + SEM. Comparisons were made using a repeated-
measures two-way ANOVA (Bonferroni post-test). (B) IAV titre in lungs was
determined by plaque assay at 5 d.p.i. (n = 6). Data for individual animals are
shown, and bars represent the mean + SD. Mann—Whitney U-test was used to
determine significance. (C) IL-1B mRNA transcripts in lung at 5 d.p.i. were
determined by gPCR. Mann—Whitney U-test was used to determine significance
(**P<0.01).

D. Precision-cut lung slices from control and WD mice were infected with IAV.
Virus titres were determined at indicated time points. Comparisons were made
using two-way ANOVA with Bonferroni post-tests (**P < 0.01).
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confocal microscopy (Fig 6 G and H) of permeabilised cells and again there was a
significant increase in endocytosis of IAV in 8WD MEFs at 30 min. Taken together, the

results showed that the WD

domain of ATG16L1 slowed fusion of IAV with endosome

membranes. The recognition of viral RNA by interferon sensors following delivery of
RNPs into the cytoplasm was used as a second assay for IAV entry. MEFs from 6WD
mice showed between three- and fivefold increases in expression of IFN responsive
genes, ISG15 and IFIT1 (Fig 61 and J), and this was also observed in the lung in vivo
(Fig 3A). Taken together, the results demonstrate for the first time that the WD and
linker domains of ATG16L1 allow non-canonical autophagy to provide a novel innate

defence mechanism against

* % %

lethal IAV infection within the epithelial barrier in vivo.
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Figure 6. Non-canonical autophagy reduces virus replication, endosome fusion and
interferon signalling

e A.The WD domain of ATG16L1 reduces IAV replication in MEFs. Cells were
infected with IAV, and virus titres were estimated at 8 h post-infection by plaque
assay. Graphs show three individual experiments with a bar (+ SD) at the mean
and were compared using two-way ANOVA with Bonferroni post-tests
***p <0.001).

e B.IAV binding is similar between control and WD MEFs. Cells were bound with
IAV X31 labelled with AF488 on ice for 1 h and fixed immediately. The cells were
stained with anti-HA (H3SKE, red) without permeabilisation to visualise
extracellular 1AV particles and counterstained with Hoechst (nuclei) and WGA-
AF647 to label the cell membrane. Cells were imaged by automated confocal
microscopy using a 40x objective, and the maximum intensity projection images
were analysed to quantify the number of bound IAV particles per cell. The results
and means (horizontal line) of n = 3 independent experiments (50-100 cells per
experiment) are shown.

e C.IAV infection following acid bypass is comparable between control and 6WD
MEFs. IAV was bound on ice for 1 h and warmed at either neutral pH (6.8) or low
pH (pH 5.0) for 2 min, followed by incubation in STOP medium containing NH4Cl
for 18 h. Cells were fixed and stained for NP and Hoechst, imaged by automated
confocal microscopy and maximum intensity projection images analysed to
quantify viral infectivity. The results from N = 3 independent experiments (5,000-
10,000 cells quantified per experiment), and the means are shown. Scale bar;
500 um.

e D.IAV fusion with endosomes is increased in 8WD MEFs. Cells were infected with
dual-labelled (R18/SP-DiOC18) IAV for 1 h, fixed and counterstained with Hoechst
(nuclei blue) and WGA-AF647 (cell perimeter in white). Cells were imaged by
automated confocal microscopy, and the number of fusion events per cell
(represented by number of SP-DiOC18 puncta) was quantified. Fused and non-
fused viral particles are shown as green and red spots, respectively. The results
and means (horizontal lines) of n = 3 independent experiments (30-60 cells per
experiment) are shown. Representative cells overlayed with the cell boundary
segmented from the WGA staining are shown on the right.

e E, F. Numbers of fusion-positive cells are increased for S§WD MEFs. MEFs from
SWD (white circles) or littermate control mice (black circles) were incubated with
dual-labelled (SP-DiOC18/R18) IAV at 4°C for 45 min and warmed to 37°C for 30 ad
60 min. Cells were harvested by trypsinisation, fixed in PFA and analysed by flow
cytometry to determine to determine percentage of cells positive for fusion (E)
and median fluorescence intensity (MFI) of de-quenched SP-DiOC18 signa (F).
Graphs show individual replicates (n = 3) with a horizontal line at the mean and
were compared using two-way ANOVA with Bonferroni post-tests **P < 0.01,
***P < 0.001). pH-dependent fusion was assessed by adding bafilomycin Al to the
infection assay (Fig EV5).

e G, H. Endocytosis of IAV increases in 8WD MEFs. MEFs from 8WD or littermate
control mice were incubated with Alexa Fluor 488-labelled IAV at 4°C for 1hr and
warmed to 37°C for 15. Cells were fixed and permeabilised and stained with
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antibody against HA (red). The blue line indicates the plasma membrane of the
cell. Green arrows indicate examples of viruses only labelled with green
fluorescence. Double-labelled virus particles (green-red) represent non-
endocytosed particles bound at the cell surface, whereas green particles represent
endocytosed particles. The results and means of n = 3 independent experiments
(50-100 cells per experiment) are shown. Student’s t-test; P < 0.01. The dotted
square in the top row panels is enlarged in the bottom row. Scale bars; 10 um (top
row) and 5 um (bottom row).

e |, J. Interferon signalling increases in 8WD MEFs. MEFs from 8WD or littermate
control mice were infected with IAV. At the indicated time points, mRNA
transcripts were evaluated by gPCR for IFIT1 (1) and ISG15 (J). Data from 3
replicates are shown, and bars represent the mean + SD and were compared by
two-way ANOVA with Bonferroni post-tests (***P < 0.001)
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Figure EV5. Non-canonical autophagy reduces endosome fusion in vitro
e Sub-confluent monolayers of MEFs were incubated with dual-labelled (SP-
DiOC18/R18) IAV at 4°C for 45 min. Cells were harvested by trypsinisation, fixed in
PFA and analysed by flow cytometry.
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Discussion

Respiratory viruses such as influenza A virus (IAV) and SARS-CoV-2 can move from animal
reservoirs to create human pandemics with high morbidity and mortality. The danger
posed by pandemic spread of respiratory viruses underlines an urgent need to
understand how the airways defend against viral infection. In this study, we have
analysed the role played by non-canonical autophagy in defending the respiratory tract
against infection by IAV in vivo. Mice with systemic loss of non-canonical autophagy
(6WD) showed profound sensitivity to infection by a low-pathogenicity murine-adapted
IAV (A/X31) leading to extensive viral replication throughout the lungs, dysregulated
cytokine production and fulminant pneumonia leading to high mortality and death usually
seen after infection with virulent strains (Belser et al, 2011). These signs mirror the
cytokine storms and mortality seen in humans infected with highly pathogenic strains of
IAV such as the 1918 “Spanish” Influenza (Belser et al, 2011).

The observation that bone marrow transfers from wild-type mice were unable to protect
6WD mice from IAV suggested that protection against IAV infection in vivo was
independent of leucocytes and did not require non-canonical autophagy in leucocyte
populations (e.g. macrophages, dendritic cells, neutrophils, granulocytes, lymphocytes).
In a reciprocal experiment, the linker and WD domains of ATG16L1 were deleted
specifically from myeloid cells. These mice, which lack non-canonical autophagy in
phagocytic cells (LAP), but maintain non-canonical autophagy in other tissues, failed to
show increased sensitivity to IAV infection. Thus, protection against severe IAV-associated
disease in the respiratory tract of the host relies heavily on non-canonical autophagy in
non-leucocyte populations.

Activation of non-canonical autophagy in phagocytic cells leads to LC3-associated
phagocytosis (LAP) where TLR signalling and reactive oxygen species (ROS) recruit LC3 to
phagosomes. A lack of involvement of non-canonical autophagy/LAP in protection against
IAV disease in vivo was surprising because the activation of LAP in phagocytic cells such as
macrophages, dendritic cells and neutrophils would provide a powerful means of
recognising and controlling microbial infection in vivo. In vitro studies show that
activation of acid sphingomyelinase by Listeria monocytogenes (Gluschko et al, 2018) and
subsequent ROS production by NOX2 recruit LC3 to phagosomes. Similarly, activation of
TLR2 and NOX2 by Legionella dumoffii in vitro signals ULK1-independent translocation of
LC3 to single-membraned vacuoles containing Legionella (Hubber et al, 2017). In both
cases, LC3 promotes fusion with lysosomes. The observation that virulence factors such
as the GP63 metalloprotease of Leishmania major and melanin of Aspergillus fumigatus
prevent recruitment of NOX2 to phagosomes to prevent LAP (Akoumianaki et al, 2016;
Matte et al, 2016; Kyrmizi et al, 2018) further suggests that non-canonical autophagy in
phagocytes should provide a defence against infection. One reason for the discrepancy
may be that the studies cited above have focused on in vitro experiments using microbes
with a tropism for macrophages, rather than in vivo studies where pathogens encounter
epithelial barriers.

Intranasal infection of mice with IAV results in rapid infection of principally airway and
pulmonary epithelial cells (Akram et al, 2018). The results of in vivo challenge of radiation
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chimaeras and §WDP"? mice strongly suggest that non-canonical autophagy in the
epithelium rather than leucocytes is responsible for restricting IAV infection. This was
supported by ex vivo experiments where virus titres and interferon responses were five-
to 10-fold greater in precision-cut lung slices and MEFs from WD mice. Furthermore, loss
of non-canonical autophagy increased fusion of IAV envelope with endosomes and
increased activation of interferon signalling pathways. Both assays suggest that non-
canonical autophagy reduces IAV entry and delivery of viral RNA to the cytoplasm. This
would explain reduced interferon signalling, and at the same time the delayed escape of
IAV into the cytoplasm would increase the transfer of endocytosed virus to lysosomes for
degradation. The precise mechanisms employed by non-canonical autophagy to reduce
virus entry from endosomes are unknown. This may involve recruitment of LC3 to
endosomes by TMEM59 (Boada-Romero et al, 2016) to increase fusion with lysosomes, or
by maintaining membrane repair during virus entry, as observed for bacteria such as S.
Typhimurium and Listeria monocytogenes (Kreibich et al, 2015; Tan et al, 2018). A
p22P"*_NOX2 pathway that recruits LC3 to vacuoles containing S. Typhimurium in
epithelial cells (Huang et al, 2009) may also be activated during IAV entry and hamper
lethal infection.

S6WD mice infected with IAV appeared to be unable to resolve inflammatory responses
resulting in sustained expression of pro-inflammatory cytokines, morbidity and a striking
lung changes characterised by profuse migration of neutrophils into the airway at day 3
followed by macrophages on day 7. pDCs detect IAV-infected cells and produce large
amounts of cytokines, in particular IFNaf, that in severe infections can enhance disease
(Davidson et al, 2014). The fact that morbidity in 8§WD mice could be decreased by
depleting pDCs indicates that excessive cytokine production, amplified by pDCs, was a
major factor. This is not due to a lack of non-canonical autophagy/LAP in pDC as bone
marrow chimaeras of 8WD mice with wild-type leucocytes have the same phenotype as
6WD mice. AV is recognised by endosomal TLR3 in respiratory epithelial cells and RIG-I
detects virus replicating in the cytosol leading to activation of IRF3 and NFkB with
subsequent induction of interferon, ISG and pro-inflammatory cytokine production
(Ilwasaki & Pillai, 2014). Increased inflammation may result directly from increased virus in
the lungs, but the increased fusion of IAV envelope with endosomes in 8WD mice may
increase delivery of viral RNA to the cytoplasm resulting in the sustained pro-
inflammatory cytokine signalling. A similar pro-inflammatory phenotype resulting from
decreased trafficking of inflammatory cargoes is observed following disruption of non-
canonical autophagy by LysMcre-mediated loss of Rubicon from macrophages or
microglia (Martinez et al, 2016; Heckmann et al, 2019). Studies also show that the WD
domain of ATG16L1 can modulate endocytosis of cytokine receptors (Serramito-Gémez et
al, 2020). Interaction of the WD domain with the IL10 receptor (IL10-R), for example,
promotes formation of endosomes containing IL-10/IL-10 receptor complexes leading to
an enhanced anti-inflammatory signalling, that would be lost in WD mice. Impaired
recycling of Toll-like receptor 4, CD36 and the B-amyloid receptor TREM2 is also observed
in microglia lacking the WD domain of ATG16L1 leading to neuroinflammation (Heckmann
et al, 2020). Inhibition of receptor recycling results from slowed return of receptors to the
plasma membrane, rather than increased endocytosis (Heckmann et al, 2019). This makes
it unlikely that the increased fusion of IAV with endosomes we see in WD cells results
from upregulation of endocytosis following loss of the ATG16L1 WD domain.
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We have dissected the roles played by conventional autophagy and non-canonical
autophagy in vivo by removing the linker and WD domain from ATG16L1 to prevent
conjugation of LC3 to single-membraned endo-lysosome compartments (Rai et al, 2019).
Quantitative analysis of conventional autophagy by fluorescence microscopy of LC3
puncta (Fig 1B) and Western blot of LC3II (Fig 1C&D) did not reveal a loss of canonical
autophagy in cells from WD mice compared to controls. Nevertheless, it is not possible
to exclude the possibility that removal of the WD and linker domains of ATG16L1 has a
minor effect on canonical autophagy that might affect infection “in vivo”. There are
however examples where the WD domain of ATG16L1 has roles during infection that are
separate from conventional autophagy, and this may be true also for control of IAV. The
WD domain of ATG16L1 maintains membrane repair during Listeria infection
independently of conventional autophagy (Tan et al, 2018). The Salmonella T3SS effector
protein SopF reduces recruitment of LC3 to vacuoles containing S. Typhimurium by
inhibiting the interaction between the WD domain of ATG16L1 and the vacuolar ATPase
recruited to sites of vacuole damage (Xu et al, 2019). This promotes growth and virulence
of S. Typhimurium, but is independent of FIP200, an essential component of conventional
autophagy. An alternative approach to studying non-canonical autophagy “in vivo” has
been to target pathways upstream of LC3 conjugation where deletion of Rubicon
produces a selective block in LAP (Martinez et al, 2015; Heckmann et al, 2019). Rubicon
stabilises the PHOX:NOX2 complex (Yang et al, 2009) allowing reactive oxygen species
(ROS) to induce binding of ATG16L1 to endo-lysosome membranes (Martinez et al, 2015).
Mouse models relying on loss of Rubicon show defects in the clearance of bacterial and
fungal pathogens and apoptotic cells (Martinez et al, 2015; Martinez et al, 2016), but
have not yet been studied in the context of viral infection. Furthermore, disruption of
Rubicon leads to upregulation of IL-1B, IL6 and TNF-a secretion, and the mice fail to gain
weight and develop an autoimmune disease that resembles systemic lupus
erythematosus (Martinez et al, 2016; Heckmann et al, 2017). This exaggerated
inflammation might make it difficult to predict if any altered responses to infection
observed in Rubicon-/- mice, particularly lung inflammation, resulted directly from loss of
non-canonical autophagy, or from upstream changes in cytokine regulation caused by loss
of Rubicon.

Several non-canonical pathways leading to recruitment of LC3 to endo-lysosomal
compartments, rather than phagosomes, are beginning to emerge. Non-canonical
autophagy in microglia facilitates endocytosis of B-amyloid and TLR receptors to reduce B-
amyloid deposition and inflammation in mouse models of Alzheimer’s disease (Heckmann
et al, 2019). This may involve interaction between the WD domain and TMEM59 which is
required for B-amyloid glycosylation (Ullrich et a/, 2010). Lysosomotropic drugs, which
stimulate direct recruitment of LC3 to endosomes, create pH and osmotic changes that
may mimic the consequences of viral infections that perturb endosome membranes or
deliver viroporins to endo-lysosome compartments. It will be interesting to see if the WD
and linker domains of ATG16L1 limit infection by other microbes at epithelial barriers in
vivo, particularly infection of the respiratory tract by SARS-CoV-2. This may be true for
picornaviruses where LC3 is recruited to enlarged endosomes during entry of foot-and-
mouth disease virus (Berryman et al, 2012) and following LC3 accumulation on
megaphagosomes in pancreatic acinar cells during coxsackievirus B3 infection (Kemball et
al, 2010). In the specific cases of IAV and SARS-CoV-2, non-canonical autophagy at
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epithelial barriers is likely important for innate control of new pathogenic strains, where
acquired immunity from previous infection may be absent or less effective. It will be
valuable to assess whether human allelic variants of ATG16L1 confer altered
resistance/susceptibility to respiratory infections such as IAV and whether drug-based

manipulation of non-canonical autophagy can increase resistance at the respiratory
epithelial barrier.
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Appendix 2

The Autophagy Protein ATG16L1 Is Required for
Sindbis Virus-Induced elF2a Phosphorylation and
Stress Granule Formation

Matthew Jefferson, Benjamin Bone, Jasmine L. Buck, and Penny P. Powell

Abstract

Sindbis virus (SINV) infection induces elF2a phosphorylation, which leads to stress
granule (SG) assembly. SINV infection also stimulates autophagy, which has an important
role in controlling the innate immune response. The importance of autophagy to virus-
induced translation arrest is not well understood. In this study, we show that the
autophagy protein ATG16L1 not only regulates elF2a phosphorylation and the translation
of viral and antiviral proteins, but also controls SG assembly. Early in infection (2hpi),
capsids were recruited by host factors Cytotoxic Granule-Associated RNA Binding Protein
(TIA1), Y-box binding protein 1 (YBX1), and vasolin-containing protein 1 (VCP), to a single
perinuclear body, which co-localized with the viral pattern recognition sensors, double
stranded RNA-activated protein-kinase R (PKR) and RIG-I. By 6hpi, there was increased
elF2a phosphorylation and viral protein synthesis. However, in cells lacking the
autophagy protein ATG16L1, SG assembly was inhibited and capsid remained in
numerous small foci in the cytoplasm containing YBX1, TIA1 with RIG-I, and these
persisted for over 8hpi. In the absence of ATG16L1, there was little phosphorylation of
elF2a and low levels of viral protein synthesis. Compared to wild type cells, there was
potentiated interferon protein and interferon-stimulated gene (ISG) mRNA expression.
These results show that ATG16L1 is required for maximum elF2a phosphorylation, proper
SG assembly into a single perinuclear focus, and for attenuating the innate immune
response. Therefore, this study shows that, in the case of SINV, ATG16L1 is pro-viral,
required for SG assembly and virus replication.

Introduction

When RNA viruses infect mammalian cells, innate immune pathways including autophagy,
apoptosis and the interferon signaling are induced to eliminate the virus [1]. In addition,
some viruses activate PKR, leading to phosphorylation of eukaryotic initiation factor 2a
(elF2a). This halts host translation and leads to the formation of SG [2]. SG are non-
membranous cytoplasmic ribonucleoprotein aggregates, typically containing mRNA and a
stable core of RNA binding proteins, with a dynamic outer shell with diverse protein
components, depending on the stress inducer [3]. During replication, viral double-
stranded RNA (dsRNA) intermediates are recognized by pattern recognition receptors
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leading to the production of anti-viral cytokines such as Type 1 interferon [4]. Pattern
recognition receptors include Toll-like receptor 3 (TLR3), localized in early endosomes,
and the cytoplasmic RIG-like receptors (RLRs), RIG-I and MDA5, and PKR [5]. PKR, RIG-I
and MDA-5 localize to SG following infection, together with other anti-viral proteins
encoded by interferon sensitive genes (ISGs) such as PARP, ZAP and RNAi-binding ISGs
[2,6]. In some cases, virus-induced SG are essential for efficient induction of Type |
interferon. SG themselves may be either pro- or anti-viral, as they may sequester either
factors needed for viral replication or innate factors required for anti-viral defenses [7].

Autophagy is another important innate response to virus infection. Autophagy is a stress
response, which is activated to sequester pathogens within double-membrane vesicles
called autophagosomes, to deliver them for degradation in lysosomes. Autophagy is
activated during alphavirus infection [8]. Alphaviruses are a genus of the Togavirus family,
and include Sindbis virus (SINV), Semliki Forest Virus (SFV) and chikugunya virus (CHIKV).
They infect vertebrates and insects. They have a single-stranded, positive -sense RNA
genome of approximately 12 kb with two open reading frames (ORF). The subgenomic
RNA is translated into structural proteins, the capsid and envelope glycoproteins E1 and
E2. The other ORF encodes the non-structural proteins nsp 1-4 [9]. Previous work has
shown that autophagosomes accumulate during SFV infection due to the inhibition of
autophagosome maturation by the viral glycoproteins [10]. A further study showed that
SINV capsid protein binds to the autophagy cargo protein p62, an adaptor protein that
targets it to the autophagosome [11]. In vitro, viral replication was independent of the
autophagy protein ATGS5, although in vivo, mice with disrupted neuronal Atg5 had a
reduced clearance of viral proteins and increased accumulation of p62 aggregates in
neurons [11]. Autophagy has been shown to enhance the replication of some viruses,
such as picornaviruses and flaviviruses [12].

In this study, we investigated the effect of the autophagy protein ATG16L1 on elF2a
phosphorylation, early SG formation and modulation of viral and host protein synthesis.
We showed that in wild type MEFs, SINV efficiently activated autophagy and elF2a
phosphorylation, with high levels of viral protein translation. The viral capsid protein
redistributed to a single perinuclear SG comprising host RNA-binding proteins YBX1, TIA1,
VCP, in addition to PKR and RIG-I. In contrast, in ATG16L1-/- cells, there was absence of
elF2a phosphorylation, and low viral protein synthesis. Host RNA-binding proteins failed
to coalesce into a perinuclear SG, but were found co-localized with viral capsid in
numerous small cytoplasmic puncta. Interferon synthesis and induction of ISG
transcription were potentiated in ATG16L1 deficient cells, and this demonstrated that
both SG assembly and autophagy were not required for interferon signaling. The results
indicate that the autophagy protein ATG16L1 is important for the early phosphorylation
of elF2a and the switch from host to virus protein production. ATG16L1 is also involved in
attenuation of interferon responses and the formation of perinuclear SGs after viral
infection.
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Results

3.1. ATG16L1 is Required for SINV-Induced Phosphorylation of elF2a and the Switch to
Viral Protein Synthesis

To investigate the effect of ATG16L1 on virus protein expression and elF2a
phoshorylation, wild type and ATG16L1-deficient MEF cells [13] were infected with SINV
at an moi of 2. A time course of viral protein expression from 0-8 hpi using rabbit anti-
SINV antibody showed that viral protein translation commenced by 6 hpi in both cell lines
(Figure 1a). The enveloped glycoprotein p62 (E2/3) together with the capsid protein fused
to mCherry fluorescent protein (ch.capsid), is seen as the major band at 62 kDa. The
envelope protein E1 is detected at 45kDa and cleaved capsid protein at 30kDa. This anti-
SINV antibody detected a non-specific, cross reacting band at this molecular weight at 0
hpi. The p62/capsid proteins increased 12-fold by 8 hpi in wild type cells. In contrast,
there was only a 2-fold increase in p62/capsid proteins in ATG16L1 knockout cells (Figure
1a, bar chart). In wild type cells, SINV infection triggered phosphorylation of elongation
factor elF2a by 6 hpi. However, there was little phosphorylation of elF2a detected by
6hpi in ATG16L1 knockout cells (Figure 1b). On this blot SINV virus expressing mCherry
capsid is shown at 62kDa in wild type cells using an anti-dsRed antibody. There is a low
intensity caspid band at 62kDa in ATG16L1 knockout cells, confirming the lower viral
protein translation in these cells. The graph below shows the levels of elF2a
phosphorylation from three independent blots (+/-SE) at each time point, with 3-fold
more elF2a phosphorylated protein in wild type compared to ATG16L1 knockout cells.
These results suggest that ATG16L1 is required both for elF2a phosphorylation and for
viral protein synthesis.
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Figure 1 - elF2a phosphorylation and virus protein production is diminished in ATG16L1-/-
cells. (a) Western blot of SINV-infected lysates at 0-8 hpi detected with anti-SINV
antibody. Bar chart below shows fold increase in p62/capsid proteins relative to actin. (b)
SINV expressing cherry capsid detected with anti-dsRred antibody and phosphorylated
elF2a detected with rabbit monoclonal phospho-elF2a (Ser51). Bar chart below shows
the fold increase in elF2a-P normalised to actin for 3 independent blots with +/-SE ** p <
0.01, ns is non-significant.

3.2. Host Protein Rearrangements Following Entry of SINV Capsids

Canonical SG are induced by sodium arsenate and they are comprised of host proteins
TIA1, G3BPland YBX1. In MEF cells, these RNA-binding proteins redistributed from the
cytoplasm and nucleus to several perinuclear bodies after treatment with sodium
arsenate (Figure 2a). In contrast, SG formed after infection with SINV wild type strain
AR339 condensed into a single, large perinuclear granule, which also localised with host
RNA binding proteins YBX1 and TIA1 (Figure 2b). As such, these granules are defined as
canonical SG. Host proteins redistributed from the nucleus and cytoplasm and formed
SGs by 4-8 hpi. The SG formed after virus infection was seen as a single perinuclear body.
Similarly, during infection of the recombinant SINV mCherry.capsid, the virus capsid
redistributed with YBX1 and TIA1 and also with VCP and G3BP1 into a single perinuclear

granule (Figure 2c).
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Figure 2 - RNA binding proteins redistributed with SINV capsid early in infection. Host
RNA-binding proteins YBX1, TIA 1, G3BP1 and VCP were detected by immunostaining (a)
Control MEF cells (Con) and cells treated with 100 nM sodium arsenate for 2 h (NaA) (b)
MEFs infected with SINV strain AR339 for 4 and 8 hpi (c) Cells infected with SINV
Cherry.capsid for 4hpi (low power x40), 4 hpi (x63) and 8 hpi (x63). Region of interest
(ROI) are from merged images of white squares. Scale bar = 10 um.

RNA-binding proteins VCP, YBX1 and TIA1 were initially found in the nucleus and
cytoplasm in both WT and ATG16L1 -/- cells (Figure 3a). The capsid redistributed with the
RNA-binding proteins as early as 2hpi into small cytoplasmic puncta which coalesced into
a single large perinuclear body in WT cells by 8 hpi (Figure 3b, WT). In ATG16L1 -/- cells,
characterised in detail in Rai et al. [13], capsid redistributed with YBX1, TIA1 and VCP in
the cytoplasm by 2 hpi, however a large perinuclear granule was not formed by 8hpi
(Figure 3 b, ATG16L1-/-). In ATG16L1-/- cells, host RNA-binding factors and capsid were
seen as numerous small puncta throughout the cytoplasm. When the number of cells
having either a large capsid-containing perinuclear SG in wild type cells, or small
cytoplasmic puncta containing capsid in ATG16L1-/- were quantitated, there was a
significant difference in large and small granules between both cell types. However, the
same percentage of cells were infected in both cell types (Figure 3c). Therefore, although
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the initial infection was the same in both cell types, viral protein synthesis shown in
Figure 1a was higher in wild type cells. In wild type cells, SG formation does not halt
translation of viral proteins. In contrast, in ATG16L1 knockout cells, viral protein synthesis
was restricted, despite low levels of elF2a phosphorylation and absence of perinuclear SG
formation. These experiments followed labelled capsid at early time points before the
start of virus replication. We detected dsRNA with antibody J2 in separate replication
complexes.

vcep YBX1 TIA1
o 100
7]
£
z
2 50
8
<]
5 3
& 3
z E 0 o
o X Perinuclear Small None
o 1‘ large cytoplasm
- Wild Type m ATG16L1-/-
- (c)
vCceP SINV 8hpi merge

WT

*
-
—
©
o
-
<

ATG16L1-/-

(b)

Figure 3 - Perinuclear stress granules do not form in ATG16L1-/-cells.Host proteins YBX1,
TIA1 and VCP were stained in WT and ATG16L1-/- MEF cells. (a) distribution in ATG16L1
uninfected cells. (b) distribution of host proteins in WT and ATG16L1 MEFs cells infected
with SINV mCh.capsid for 2 and 8 hpi. (c) The bar chart shows percentage of infected cells
with either large perinuclear SG or small cytoplasmic puncta from 5 independent fields of
view of WT and ATG16L1-/- cells at 8hpi at 40x magnification. +/- SE and ***p < 0.001.
None indicates a small number of infected cells with no SG.

Inhibition of degradation by autophagy may explain the accumulation of the many small
cytoplasmic puncta containing capsid and RNA-binding proteins seen in ATG16L1-/- cells.
To investigate whether autophagy affects turnover of these host translation factors, we
investigated protein levels during activation of autophagy by SINV in wild type cells
(Figure 4).
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Figure 4 - Host translational RNA-binding proteins are not degraded by autophagy
induced by SINV infection. A time course of SINV infection from 0-8 hpi in wild type (WT)
and ATG16L1-/- MEFs (ATG16L1-/-). Western blot of protein lysates with antibodies
against LC3, YBX1, TIA1 and VCP, with actin showing equal lane loading for each gel.

During autophagy, cytoplasmic LC3 (LC3I) is conjugated to phosphatidylethanolamine to
form membrane-bound LC3lII, by proteins, including ATG16L1, that are part of an
ubgitination-like conjugation system. By 4 hpi, LC3I had been converted to the faster
migrating LC31l form, demonstrating that SINV indeed activates autophagy early in
infection. In ATG16LI -/- cells, LC31 was not converted to LC3 Il during infection,
confirming that these cells lack autophagy and also demonstrating that the puncta in
Figure 3b are not autophagosomes There was no change in levels of YBX1, VCP and TIA1
over the time course of 0 to 8 hpi in wild type cells, indicating that they are not degraded
by autophagy during this time period. In ATG16L1-/-, protein levels for TIA1, YBX1 and
VCP also remained constant. Therefore, inhibition of autophagy does not lead to the
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accumulation of these host translation proteins, and the small cytoplasmic puncta seen in
ATG16L1 knockout cells are not due to block in degradation of these factors.

3.3. Innate Responses to SINV in Autophagy-Deficient Cells

We examined the localisation of dsRNA viral sensors PKR and RIG-I. In wild type cells, by 2
hpi, both PKR and RIG-I had relocated from the cytoplasm (Figure 5a, CON) to a single
capsid-containing perinuclear SG (Figure 5b WT), which remained for up to 8hpi. In
ATG16L-/- cells, PKR and RIG-I also redistributed with capsid but there were smaller
granules, less tightly packed and which became dispersed throughout the cytoplasm by
8hpi (Figure 5b, ATG16L1-/-). These small cytoplasmic puncta at 8hpi contained SINV
capsid, RIG-1 and TIA1 (Figure 5c), marking them as canonical SG.

Rig-1 SINV

(a)

PKR SINV Rig-I SINV PKR SINV Rig-1 SINV

(b)

Figure 5 - Viral dsRNA sensors PKR and RIG-I redistribute with viral capsid. Cells were
immunostained for PKR, RIG-I and TIA-1. (a) Control uninfected wild type MEFs (CON) (b)
Wild type (WT) and ATG16L1-/- cells infected with SINV mCh.capsid for a time course of 2,
4 and 8 hpi. (c) ATG16L1-/- infected with SINVmCh.capsid for 8 hpi.
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Interferon synthesis is required to induce several interferon stimulated genes or ISGs [14].
Type 1 interferon secretion was measured after SINV infection of wild type and ATG16L1 -
/- cells for 24 hpi, using a sensitive Affymetrics Luminex IFN B assay kit. Figure 6a shows
the fold increase in interferon secreted from ATG16L1-/- treated with poly IC, or infected
with SINV, compared to wild type cells. We found that the assay varied with different
virus preparations; therefore we treated each experiment independently for 5 biological
replicates using the same virus stock in each experiment. Both dsRNA (poly I:C) treatment
and SINV infection increased interferon secretion in ATG16L1 knockout cells by 1- to 4-
fold over wild type cells. To examine if this was due to early induction of interferon
synthesis, we investigated ISG mRNA expression, using total RNA isolated from SINV
infected cells at 0, 4, 6, 8 and 24 hpi. Transcription of ISGs, MDA-5, RIG-I, PKR, ISG-15, ISG-
56 and IP-10 were analysed by semi-quantitative RT-PCR with specific primers (Figure 6b).
SINV infection led to a rapid increase by 4hpi in mRNA for ISGs RIG-I, PKR, MDA-5, with
the greatest increase being ISG15 and ISG56 mRNA, which were undetectable before
infection. This demonstrates that ISGs were induced through the production of interferon
as early as 4hpi. We used IRF3 mRNA levels to represent a non-responsive gene.
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Figure 6 - ATG16L1 attenuates interferon B mRNA and protein secretion, and ISG gene
expression in SINV infected cells.(a) Interferon B secretion from control cells cells (CON),
cells treated with synthetic dsRNA (Poly I:C), or cells infected with SINV. Fold increase in
interferon secretion from ATG16L1-/- cells relative to wild type cells is shown for control
cells, cells transfected with poly I:C with lipofectamine and cells infected with SINV for 24
hpi. Graph shows values for 5 independent biological replicates. (b) MEF cells were
infected with SINV for 4, 6, 8 and 24 hpi with matching controls isolated at the same time
point. mMRNA for ISGs RIG-I, PKR, MDAS5, ISG15, ISG56 and IP-10 are shown by semi-
guanitative RT-PCR. Beta actin shows equal lane loading and IRF3 is a non-responsive
gene. (c) qPCR using primers for IFNB, ISG15 and IFIT1 (ISG56) using total RNA from MEFs
(WT) and MEFs deleted in ATG16 (ATG16L1-/-) either transfected with dsRNA (Poly I:C) or
infected with SINV for 4 h. WT cells (black bars) and ATG16L1 -/- cells (white bars). AACt
relative to 18S. (*) p-values < 0.05; (***) p-value < 0.001.

Real-time quantitative RT-PCR was used to measure relative differences between wild
type and ATG16L1 knockout cells for IFN beta, ISG15 and IFIT1 (ISG56). When cells were
treated with poly I:C for 4 h, there was a small significant difference (p-value < 0.5)
between wild type and ATG16L1 knockout cells in interferon beta mRNA expression
levels, but no difference for ISG15 or IFIT1 mRNA (Figure 6c). However, when cells were
infected with SINV for 4 h, there was 100-fold greater IFN beta, ISG15 and ISG56 mRNA
detected in cells lacking ATG16L1 compared to wild type cells (Figure 6c). In summary,
interferon translation occurs in wild type cells in the presence of SG, at a time when elF2a
is phosphorylated and translation factors had been sequestered into SG during virus
infection. However, there is a potentiation in interferon production and ISG transcription
in ATG16L1 knockout cells, when RNA-binding host translation factors are scattered
throughout the cytoplasm, and when there was little elF2a phosphorylation and low viral
protein synthesis.

Discussion

Here we show that, following SINV infection, ATG16L1 is required for the efficient
phosphorylation of elF2a, for high levels of viral protein synthesis and for the formation
of the single perinuclear SG containing capsid seen early in infection. Generally, elF2a
phosphorylation leads to host translational arrest. It can be phosphorylated by over four
different kinases, PERK, PKR, heme-regulated elF2a kinase (HRI), and general control
nonderepressible 2 (GCN2) [15]. PKR is activated mainly by dsRNA during viral infection,
although GCN2 can also be activated by SINV RNA genomes [16]. For most viruses, this
would also block viral replication. However, it does not affect the translation of alphavirus
proteins. SINV can promote its own translation in the presence of phosphorylated elF2a,
through a translational enhancer, which is a stable hairpin loop in the 26S subgenomic
promoter that stalls the ribosome on the initiation codon to enhance translation of the
structural proteins [17,18]. In our study, when there was a diminished elF2a
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phosphorylation in ATG16L1 deficient cell, there was a lower viral protein translation. It
demonstrates that the translation enhancer requires elF2a to be phosphorylated for virus
translation to begin.

SINV infection promotes both stress and autophagy [19]. Autophagy and translation are
inversely regulated, and previous work has shown that phosphorylation of elF2a is
essential for both starvation-induced and virus-induced autophagy [20]. Cells with a non-
phosphorylatable mutant of elF2a (S51A) did not induce autophagy in response to
starvation [21]. We show that that autophagy protein ATG16L1 is essential for elF2a
phosphorylation and to initiate SG formation. ATG16L1 has a well-defined role in
canonical and non- canonical autophagy, but it is unclear how it regulates PKR. Autophagy
is initiated when stresses such as starvation and infection increase AMPK activity, which
inactivates the mechanistic target of rapamycin complex (mTOR). Autophagy proteins in
the ULK1 multi-protein complex phosphorylate phosphatidylinositol 3-phosphate (PI3P)
to act in autophagosome nucleation. ATG16L1 interacts with ATG12-ATG5 to mediate the
conjugation of LC3 to phosphatidylethanolamine (PE) on autophagosomes, leading to
membrane elongation and expansion. However, this occurs in late infection, after 8hpi.
ATG16L1 is also associated with non-canonical autophagy, the phagocytosis of
extracellular pathogens into single membrane vesicles in a process known as LC3
associated phagocytosis (LAP). Roles of ATG16L1 in other processes, such as endocytosis,
exocytosis and endosomes/lysosome repair have been described [22,23]. This study
highlights another role for ATG16L1 in elF2a kinase signaling.

SGs acted as platforms for sensing viral dsRNA, as RLR sensors, PKR and RIG-I localized to
virus-induced SG very early in infection [24]. In wild type cells, RNA binding proteins TIA1,
YBX1 and VCP redistributed with PKR and RIG-I into a single perinuclear body containing
SINV capsid. However, in cells deficient in ATG16L1, RIG-I and PKR were scattered with
TIA-1 and capsid throughout the cytoplasm, and did not coalesce into a single SG. The
accumulation of cytoplasmic granules was not due to inhibition of autophagy, as we
showed that host RNA binding proteins were not degraded by autophagy in wild type
cells. In addition, it suggests that SG assembly is not an important anti-viral defense
against SINV, as perinuclear SG formation yielded higher virus protein synthesis in wild
type cells, and they were dispensable for interferon production in ATG16L1 knockout
cells. The small cytoplasmic puncta containing RIG-1 in ATG16L1-/- cells correlated with
increased interferon and early ISG induction. The fact that ATG16L1 is important in
initiating virus protein translation, and important for attenuating the anti-viral response
could be linked. One mechanism by which autophagy can negatively regulate interferon
signaling is through ATG5-ATG12 interacting with the CARD domain of RIG-l and MAVS to
suppresses IFN induction [25]. Alphavirus can also prevent host recognition of its viral
dsRNA [26] and it can inhibit synthesis of IFN and ISGs transcription and translation [27].
Interestingly, capsid proteins and nsp2 proteins can inhibit both transcription and
translation [28]. In other work, SG formation by inducers such as proteasome inhibitors
was inhibited when autophagy was inhibited [29].

The phosphorylation of elF2a decreases translation of most mRNAs. However, it can

increase translation of a selected number of mMRNAs containing short open reading
frames. We show using a sensitive ELISA that interferon translation is increased in SINV
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infected wild type cells compared to control cells, and this correlates with an increase in
ISG mRNAs, where transcription is switched on by interferon. This transcriptional
upregulation of host antiviral proteins in ATG16L1 -/- cells may help to decrease virus
production. The synthesis of interferon is potentiated in ATG16L1-/- cells, at the same
time as perinuclear SG formation is inhibited. This suggests that SG formation may not be
required for interferon signaling, as previously suggested [30], and indeed lack of SG
results in higher interferon translation. Further work using puromycin labelling of the
various types of granule would determine which granule is most translationally active.

Our work here adds to the complex story of SG assembly during alphavirus infection. It
has been well established that SINV disassembles SG late in infection from 8—16 hpi [31].
Different types of complexes containing viral nsP3- with G3BP1 and YBX1 have been
isolated from both insect and mammalian cells [32], and sequestration of G3BP1 into
replication complexes disperses SGs [31]. Similarly, CHIKV induces G3BP1 and G3BP2 —
containing granules containing nsp2 and nsp3, which are not classical SG, but needed for
efficient virus replication [33,34]. Our study correlates the inhibition of assembly of SGs in
the absence of ATG16L1, with potentiated interferon responses and indicates that it is
not the assembly of SG that enhances anti-viral responses, but the lack of elF2a
phosphorylation that decreases viral protein synthesis.
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