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ABSTRACT (ENGLISH)

Viral biologics such as vaccines and gene transfer vectors are dominantly and increasingly
produced in immortalized cell lines. Genetic modification of the host cell line may offer a means
to increase viral yield, intensifying production for a wide range of established and emerging
therapeutics. In this thesis | explore the use of genome-wide, pooled CRISPR/Cas/9 screening as
a tool to identify targets for host cell line engineering. Using the HEK-293SF cell line and the
A/PuertoRico/08/1934 (H1N1) influenza vaccine strain as a model, | designed and carried out a
genome-wide knockout screen for cellular “restriction factors” that reduce influenza vaccine
yield. The screen identified n=135 putative influenza restriction factors at a significance
threshold of p<0.01. The results of the screen were then applied to create high yield multiple
knockout cell lines for cell-based influenza vaccine production. Characterization of the best
performing multiple knockout clones showed a roughly 10-fold improvement in volumetric yield
in terms of packaged viral genomes and a 2-fold improvement in terms of active HA yield. In
addition to the work conducted to increase influenza vaccine yield, attempts were made to apply
genome-wide activation screening to increase the yield of another viral biologic - AAV2 vectors
produced by transient transfection of HEK-293SF. This led to the novel observation that even in
highly optimized systems with transfection efficiencies exceeding 60%, only ~7% of cells
produce assembled AAV2 vector particles. Overall, the work presented here demonstrates the
utility and drawbacks of pooled genome-wide CRISPR screening as a cell line development tool,
and offers insights into the host determinants of viral yield for the cell-based production of
influenza vaccines and AAV?2 vectors.



ABSTRACT (FRANCAIS)

Les produits biologiques viraux tels que les vaccins et les vecteurs de transfert de génes sont
principalement et de plus en plus produits dans des lignées cellulaires immortalisées. La
modification génétique de la lignée cellulaire hote peut offrir un moyen d'augmenter le
rendement viral, en intensifiant la production virale pour un large éventail de thérapies déja
établies ou émergentes. Dans cette these, j'explore I'utilisation du criblage CRISPR/Cas/9 sur
I’ensemble du génome pour identifier des cibles pour l'ingénierie de la lignée cellulaire héte. En
utilisant la lignée cellulaire HEK-293SF et la souche vaccinale antigrippale
A/PuertoRico/08/1934 (H1N1) comme modele, j'ai concu et réalisé un criblage pangénomique
pour les « facteurs de restriction » cellulaires qui réduisent le rendement du vaccin antigrippal.
Le dépistage a identifié n = 135 facteurs de restriction présumés de la grippe a un seuil de
signification de p<0.01. Les résultats du criblage ont ensuite été appliqués pour créer des lignées
cellulaires a « knock-out » multiples avec un haut rendement pour la production de vaccins
antigrippaux en cultures cellulaires. La caractérisation des clones « knock-out » multiples les
plus performants a montré une amélioration d'environ 10 fois du rendement volumétrique en
termes de génomes viraux enveloppés et une amélioration de 2 fois en termes de rendement de
HA actif. En plus des travaux menés pour augmenter le rendement du vaccin contre la grippe,
des essais ont été réalisés pour appliquer le dépistage d'activation a I'échelle du génome pour
augmenter le rendement d'un autre vecteur viral biologique - AAV2 produit par transfection
transitoire de HEK-293SF. Cela a conduit a observation originale importante indiquant que
méme pour des systémes hautement optimisés avec des efficacités de transfection supérieures a
60 %, seulement ~ 7 % de la population cellulaire produisent des particules de vecteur AAV?2
assemblées et fonctionnelles. Dans son ensemble, le travail présenté dans cette these démontre
I'utilité en soulignant les avantages et les inconvénients du dépistage CRISPR a I'échelle du
génome complet en tant qu'outil de développement de lignées cellulaires, et offre un apercu des
déterminants de I'h6te du rendement viral pour la production cellulaire de vaccins antigrippaux et
de vecteurs AAV2.
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cause decoupling of normally correlated biological processes, leading to unpredictable results.
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1.0 INTRODUCTION

Viral biologics represent a significant and growing portion of the biopharmaceutical
market, encompassing vaccines, gene therapy vectors, vectors for CAR-T cell therapies, and
oncolytic viral therapies®. While the medical applications of viral biologics hold much promise,
realizing that promise requires a parallel effort to develop and intensify manufacturing capacity.
Many viral vaccines are still produced using decades old processes that are unable to effectively
respond to pandemics, and the availability of viral vectored cell and gene therapies is severely
constrained by astronomical manufacturing costs. In this thesis, | use HEK-293SF suspension
cells as a model to explore the use of genome-wide CRISPR/Cas9 screening as a tool to intensity
the production of two viral biologics: influenza vaccines and AAV vectors.

Influenza are non-enveloped, negative stranded RNA viruses of the family
Orthomyxoviridae that cause seasonal endemics and occasional pandemics. The burden of
disease from influenza is felt worldwide, with nearly 400,000 deaths annually from seasonal
endemics alone®*. Of the four genera of influenza, influenza A is responsible for the majority of
severe disease during seasonal endemics and all influenza pandemics. Lacking a truly effective
antiviral, the principle public health intervention to blunt the morbidity and mortality of
influenza is vaccination. Due to a high frequency of mutation and changes in circulating strains,
vaccines must be reformulated and administered annually, with over 1.5 billion doses required®.

Upwards of 80% of influenza vaccines are still manufactured using embryonated chicken
eggs, a technology that has remained largely unchanged since initial development in the 1940s°.
While economical, long production timelines using this method frequently cause strain mismatch
and genetic drift of the vaccine from the wildtype strain, resulting in efficacies in the range of

10-60%’. Long lead times also impact the ability of egg-based manufacturing processes to



effectively respond to pandemics. During the most recent influenza pandemic caused by the
2009 “Swine flu”, 123,000 to 203,000 people died and ~10% of the global population was
infected in the nine months before a vaccine was widely available®®. With recent studies
highlighting the potential for highly pathogenic avian influenza to cause a much deadlier
pandemic, there is an imperative to develop alternative vaccine production capabilities®®.

Cultivating influenza using cell lines instead of eggs removes a major limiting factor of
vaccine production capacity in that it is not constrained by the availability of billions of
pathogen-free, fertilized chicken eggs. Cell-based methods also allow the use of reverse genetics
(i.e. producing live virus from the transfection of DNA into cells) to accelerate viral seed stock
production, condensing the early stages of vaccine production from two months to two weeks*!.
While promising, cell-based influenza vaccines are currently something of a specialty product
and make up a fraction of the overall doses produced. This is in part due to the lower volumetric
yield (and therefore higher manufacturing costs) of cell-based vaccines compared to egg-based
methods*?,

The widespread adoption of many promising gene therapy vectors is also limited by
manufacturing issues. AAV are small, non-enveloped, single stranded DNA viruses of the
family Parvoviridae®®. Originally identified as contaminants in Adenovirus cultures, AAV
require coinfection of a cell with a “helper virus” in order to initiate their replication!®, When no
helper virus is present, they have evolved to persist in the cell integrated into the host AAVS1
locus or (in the case of AAV vectors) as an extragenomic episome®. This inherent ability to
persist in the cell as an episome, combined with a lack of apparent pathogenicity and ability to
transduce a wide range of tissues, has contributed to the popularity of AAV as a viral vector

platform®®. As of 2021, there are 250 ongoing clinical trials utilizing AAV vectors to treat a



range of inherited disorders®®. While AAV has many attractive qualities as a viral vector, it does
suffer from relatively poor transduction efficiency in vivo, necessitating doses as high as 10%3
TU/Kg to reach therapeutic transgene levels'’. These high dose requirements, and associated
manufacturing costs, are a contributing factor to the astronomical cost of AAV vectored
therapies. The first approved AAV gene therapy, a treatment for lipoprotein lipase deficiency,

was infamously dubbed the “million dollar drug”*’.

The bulk of AAV produced for both clinical and research activities are generated via
multi-plasmid transfection of mammalian cells'®1°, Low yields in transfection-based AAV
vector production platforms are a long-standing issue, and have spurred the development of
numerous alternatives. Plasmid-free systems such as baculovirus expression vectors, herpesvirus
vectors, and more recent self-silencing adenoviral systems boast significantly increased yields
and are far more amenable to scaleup?®?!. There have also been attempts both within academia
and industry to develop a stable producer cell line, though little of the latter work is published?®.
While these platforms may supplant transfection for late-stage and approved therapies, the
unparalleled speed and simplicity of transfection-based manufacturing means it is likely to
remain a mainstay of AAV vector production for early clinical and research applications in the

foreseeable future.

Both influenza vaccines and AAV vectors are commonly grown in variants of the HEK-
293 cell line. The HEK-293 cell line can be adapted to serum-free suspension culture, is highly
transfectable, and is amenable to the replication of a wide range of viruses*!. Process
development over the past 20 years to optimize the production of these two viral biologics has
focused on media composition, optimization of transfection or infection conditions, the use of

fed-batch and perfusion processes, etc. However, the advent of CRISPR genome editing



technology has allowed for a relatively unexplored avenue of process development: genetic

engineering of the host cell line.

CRISPR has the potential to modify host innate antiviral pathways and alter metabolism
to create a more permissive environment for viral vaccine and vector production. However,
determining targets for genetic modification is non-trivial. Thousands of host proteins are
known to be involved in the replication of influenza, either as direct binding partners of viral
proteins or indirectly as regulators of host metabolism and innate immunity??. Determining
targets from existing literature is further complicated by the fact that immortalized cell lines cells
used to produce viral biologics such as HEK-293, Vero, and Madin-Darby canine kidney
(MDCK) cells are often highly divergent from primary cells in terms of their response to viral

infection and assembly!223,

An alternative approach is to use pooled genome-wide CRISPR screening libraries to
identify host targets for genome engineering. Such libraries, consisting of a pool of sRNA
expression constructs delivered by lentiviral vectors, can simultaneously assess the impact of a
given genetic perturbation (knockout, overexpression, etc.) on a particular phenotype for every
gene in the human proteome. Genome-wide CRISPR screening libraries have been used
extensively in basic research applications explore the genetic contributions to various
phenotypes?*. With some adaptation, it should be possible to use Genome-wide CRISPR
screening libraries to identify host cell engineering targets with the greatest impact on viral yield,
and subsequently use this information to create high yield cell lines. Here, | explore this
technique as a process development tool to intensify the cell-based production of
A/PuertoRico/08/1934 (PR/8) influenza and AAV2 vectors in the HEK-293SF cell line. Specific

aims include:



Design and conduct a pooled genome-wide CRISPR/Cas9 knockout screen for influenza

“restriction factors” that inhibit influenza replication.

. Apply the results of the screen to create high yield knockout cell lines in HEK-293SF for

cell-based influenza vaccine production.

Explore whether pooled genome-wide CRISPR screening can be applied to intensify the

production of other viral biologics such as AAV2 vectors.



2.0 LITERATURE REVIEW

2.1 Influenza taxonomy and host range

Influenza are enveloped viruses with multipartite, negative stranded sSRNA genomes
(type V Baltimore classification system) of the family Orthomyxoviridae, along with
Quaranjaviruses, Isaviruses and Thogotoviruses®28. Influenza viruses are divided into four
genera: Alphainfluenzavirus, Betainfluenzavirus, Gammainfluenzavirus, and Deltainfluenzavirus
(also called influenza type A, B, C, and D, respectively)?2, Based on homology studies, last
common ancestor of all influenza viruses is estimated to have existed 8000 years ago before
diverging into two clades that would be the common ancestors of influenza A/B and influenza
C/D, respectively. The influenza A/B clade is readily distinguished from the influenza C/D clade
based on the number of genomic segments, with influenza A virus (IAV) and influenza B virus
(IBV) each carrying eight unique genomic segments, while influenza C virus (ICV) and

influenza D virus (IDV) each have seven?®2°,

Influenza viruses within a given genus are further classified in terms of lineages-
sequence homology to well characterized isolates. Classification of IAV viruses also
incorporates the subtype of the two surface glycoproteins hemagglutinin (HA) and
neuraminidase (NA), which are major determinants for IAV host range, virulence, and vaccine
efficacy. The standard naming convention for describing influenza isolates is depicted in Figure

1 below.



Genus Location isolated Year isolated

e NN\

A/ goose / Montreal/ 72 / 2022 (H1N1)

/ e

Host Strain number or Subtype
(non-human viruses only) month isolated (IAV only)

Figure 1. Naming convention for influenza isolates



All influenza viruses encode functional analogs of HA and NA, but the diversity of these
two proteins is far higher in IAV which enables a significantly expanded host range. Of the 18
known subtypes of HA and the 11 known subtypes of NA, nearly all are present in wild birds,
particularly ducks, gulls, and shorebirds®. These animals are infected at a high prevalence,
exceeding 20% during major migrations®®. A notable exception to this is three highly divergent
subtypes of HA (H17-19) and two NA subtypes (N10-11) that thus far have been detected only
in bats®L. In addition to its primary reservoir of waterfowl, IAV is also capable of sustained
transmission in pigs, horses, dogs, cats, aquatic mammals, rodents, and humans in a subtype
specific manner®®. Only HIN1, H3N2, and the now extinct H2N2 subtypes have shown
circulation within the human population in the last century®?. However, several subtypes have
shown the potential for cross-species transmission and eventual adaptation to humans including

H5Nx, H7Nx, HON2, H6N2, H5N5, and H5N6 3.

Influenza B viruses form two main lineages: B/Victoria and B/Yamagata®®. In contrast to
IAV, IBV primarily infects humans. Lineage determination of ICV and IDV are less clear,
though for different reasons. Comprehensive homology analysis of ICV isolates collected since
1947 indicates that two main lineages exist: C/Mississippi/80-like and C/Yamagata/81-like*>.
However, these lineages readily reassort with one another at a much higher rate than is seen with
IBV or IAV, and a virus often possess genomic segments derived from multiple different
lineages®. IDV was only recently discovered in 2011, and at present lacks a comprehensive

catalog of sequenced isolates from which to conduct a robust homology analysis®.

Seasonal influenza endemics and their associated morbidity and mortality are almost
exclusively caused by IAV and to a lesser extent IBV. 1AV is also responsible for all influenza

pandemics and significant damage to human agriculture (see section 2.7). In contrast, ICV



primarily infects young children, with up to 98% of children >12 years of age seropositive3:’,

The disease is typically mild, and generally only requires intervention when significant
comorbidities are present, with prematurely born children particularly vulnerable®’. The primary
host of IDV appears to be cattle and smaller ruminants with zoonotic transmission to humans
that does not cause apparent disease?®. For these reasons, ICV and IDV are considered to
represent a minor threat to public health and are not currently targets for vaccination. Thus, the

rest of this thesis will thus focus primarily on IAV with some discussion of IBV.

2.2 Influenza A genome

The AV genome is composed of eight segments of negative sense sSRNA that total
roughly 13.5kb. They are commonly referenced either ordinally in terms of decreasing length, or
by their primary protein products®. All segments are flanked by highly conserved semi-
complementary sequences that allow recognition by the viral polymerase, act as promotors for
MRNA transcription and genome replication, and mediate the tertiary structure of viral RNA

(VRNA)*®
2.2.1 PB2/Segment 1

Segment 1 is the largest genomic segment of IAV, measuring 2.3kb in length?®. The
principle transcript of segment 1 is the Polymerase basic 2 (PB2), a ~750aa protein that primarily
functions as a subunit in the viral RNA dependent RNA polymerase (RdRp); localizing to the
nucleus via a C-terminal nuclear localization signal (NLS) and forming a heterotrimer with the
viral polymerase acidic (PA) and polymerase basic 1 (PB1) proteins to facilitate viral

transcription. Within this complex PB2 recognizes and binds the 5’ cap structure on host pre-



MRNA, a necessary function in the “cap-snatching” pathway used by influenza to inhibit host

translation and prime transcription of influenza mRNA,

In addition to its core role as a component of the influenza RdRp, the PB2 protein also
accumulates at mitochondrial matrix via an N-terminal localization signal where it has been
shown to inhibit the signalling of Mitochondrial antiviral-signaling protein (MAVS), which have
import roles in signal transduction for several antiviral pathways (chiefly the retinoic acid-
inducible gene I (RIG-I) viral RNA sensing pathway) “°. PB2 localization to the mitochondria is
associated with decreased induction of downstream antiviral effectors such as type | interferon

(IEN).

Certain seasonal lineages also produce a splice variant of PB2, termed PB2-S1. PB2-S1
features a 250aa deletion that eliminates cap-binding functionality and localizes to the
mitochondria®!. Though splice donor/acceptor sites are highly conserved in certain lineages, the
function of this splice variant is not clear, and deletion does not slow viral replication in vitro or

impact virulence in vivo*.

2.2.2 PB1/Segment 2

The PB1 segment of IAV is in many ways similar to the PB2 segment, being of similar
length and encoding a comparably sized principle transcript (the PB1 protein) that localizes to
the nucleus to form part of the viral RdRp?. Within the RdRp PB1 functions as the catalyst for

RNA polymerization during mRNA transcription and genomic replication®.

Segment 2 of IAV may also (in a strain dependent manner) encode an 87aa accessory
protein called PB1-F2 in the +1 reading frame of PB1%2. The function of PB1-F2 appears to be

host-specific. In mammalian adapted influenza, PB1-F2 primarily localizes to the mitochondria



where it both inhibits activations of MAVS and alters the permeability of the mitochondrial
membrane in a manner that ultimately induces apoptosis*®. Cytosolic PB1-F2 inhibits the
assembly and activation of the inflammasome, which has roles in cytokine processing and
signaling during viral infection*. Conversely, the PB1-F2 of H5N1 avian influenza localizes to
the nucleus, where it optimizes viral transcription®®. This differential localization of PB1-F2
between mammalian and avian adapted influenza has been suggested to contribute to the greater
degree of detrimental innate immune activation (i.e. cytokine storm) observed during human

infection with avian strains**.

2.2.3 PA/Segment 3

The principle transcript of IAV segment 3 is the 716aa PA protein which, together with
PB1 and PB2, forms the heterotrimeric viral RdARp?. Within the RdRp, following recognition
and binding of the host cap structure by PB1, PA cleaves the 5° CAP and leading 10-13nt from
nascent host mMRNA. These capped fragments are then used to prime viral MRNA

transcription®®.

Also encoded on segment 3 is PA-X. PA-X is transcribed via ribosomal frameshift
during the transcription of PA, and consists of the PA endonuclease domain and the so-called
“X-ORF™*, X-ORF domain interacts with host splicing machinery during the processing of host
RNA pol Il transcripts and allows the endonuclease domain to degrade these transcripts.
Influenza RNA is transcribed by the viral RdRp and is thus spared degradation®’. This
suppression of host transcripts both liberates host translational machinery to translate viral

mRNA and prevents the expression of inducible host innate immune factors*’. Unlike many of



the accessory proteins discussed in this section, PA-X expression appears to be conserved in all

IAV, indicating a critical role in facilitating the viral lifecycle?®.

2.2.4 HA/Segment 4

Segment 4 encodes only one protein: the ~565aa HA?8. HA is perhaps the best studied of
any influenza protein due to its role in facilitating viral attachment and entry and, by extension,
plays a critical role in cell tropism, host range, and virulence®. HA is also the most abundant
protein on the surface of influenza virions by a 4:1 ratio, and as a result the bulk of the humoral
immune response to influenza infection in humans (both in terms of total and neutralizing
antibody titer) is directed against it>°. The importance of HA in immunity is underscored by the
fact that active HA titer is the only antigen required to be measured during the formulation of

influenza vaccines®!.

Active HA exists as a homotrimeric type-1 fusion protein consisting of a highly variable
head domain, a more conserved stalk domain, and finally the transmembrane and cytoplasmic
domains the anchor the complex to the viral envelope and matrix, respectively®. Full length HA
(called HAOQ) must undergo proteolytic cleavage into the HA1 and HA2 subunits to become
fusion competent?®. Highly pathogenic avian influenza IVAs contain a polybasic cleavage site
and are cleaved by furin within the trans-golgi network (TGN)®. By contrast, human-adapted
IAVs contain a monobasic cleavage site and are cleaved by one of several proteases found either
on the surface of the cell membrane or within the airway itself. Where and how this cleavage
event occurs is an important aspect of influenza host adaptation and virulence, since the

expression of host proteases varies depending on species, cell type, and location in the airway>*.



The variable head domain of HA recognizes and binds the influenza receptor; terminal
sialic acid residues on host glycoproteins and glycolipids. Depending on species and anatomical
location, terminal sialic acid residues vary in how they are bound to the penultimate galactose
sugar in the carbohydrate chain®. Different subtypes and lineages of HA have adapted to
preferentially bind different conformations of sialic acid. Avian influenza strains, for example,
preferentially binds a(2,3) linkages. Humans primarily display oa(2,6) linked sialic acid in the
upper airway epithelium. However, a(2,6) linkages are found deep within human lungs®. This
is thought to partially explain why avian influenza strains are poorly transmissible to humans but
are associated with high mortality when infection occurs. In this way, the HA head domain
affinity for different sialic acid linkages is an important determinant of influenza transmissibility,
host range, virulence, and viral evolution. The majority of neutralizing antibodies against
influenza virus also target the HA head domain and function simply by blocking the interaction
between HA and sialic acid®®. While effective, the rapid evolution of this domain compared to

the stalk and transmembrane domains mean immunity is transient®”.

The stalk domain of HA contains three a-helices within a hydrophobic pocket that
facilitate membrane fusion. In order for this process to occur the stalk domain of influenza is
required to undergo major pH-dependent conformational changes to expose these hydrophobic a-
helices®. Interestingly, antibody binding to the stalk domain can inhibit these conformational
changes and disrupt the viral lifecycle®®. This subset of neutralizing antibodies directed towards
the HA stalk domain, though rare compared to those directed against the head domain, are of
considerable interest from a vaccination perspective since the stalk domain is highly conserved

among different IAV subtypes®°.



2.2.5 NP/Segment 5

Genomic segment 5 encodes a single protein: the 498aa nucleoprotein (NP)®. Broadly
speaking, NP is a structural protein that functions to protect and shuttle influenza VRNA to
different subcellular locations. NP contains a basic patch of residues that associate with the
phosphate backbone of VRNA, at a ratio of one monomer of NP per 24bp of RNA®., NP also
features a flexible “tail” region that allows it to bind other NP monomers, allowing
oligomerization into a chain that covers the entirety of the VRNA backbone, protecting the viral
genome from degradation and recognition of dsRNA structures by the host immune system®?.
Individual genomic segments of NP coated VRNA also associate with the viral RdRp to form
viral ribonucleoproteins (vVRNP) complexes®?. VRNP complexes are modular segments of viral
genome and associated polymerase that facilitate genomic packaging and transport, largely
through the interaction of NP with viral proteins or host nuclear import/export machinery®.
Interaction with the viral (M1) protein, encoded on segment 7, is particularly important as this
regulates the activity of NP’s nuclear export signals (NES) and NLS signals®®®*. NP also
interacts with a number of host factors, particularly importins that facilitate the traffic of vVRNP
complexes across the nuclear membrane and acetylases that kinases that appear to regulate the
timing of NP oligomerization and VRNP complex formation through modification of NP

residues®>%,

It’s notable that NP is one of the most abundantly translated influenza protein, and so is
common target for antibody-based assays to detect or quantify influenza infection within the

cell8,



2.2.6 NA/Segment 6

Segment 6 encodes the protein NA, a 470aa sialidase?®. NA makes approximately 20% of
the glycoprotein complement on the surface of mature 1AV virions, with HA making up the
remainder. NA’s primary function is to cleave sialic acid residues from the surface of the host
cells. While it might seem contrary for a virus to remove the entry receptor of host cells, NA
activity is vital for efficient viral propagation as it balances the opposing activity of HA and
prevents aggregation of newly formed virions on the surface of infected host cells®’. In addition
to its role in facilitating viral egress, NA also prevents entrapment of nascent virions on mucins
that are rich in sialic acid residues and are excreted into the respiratory tract as a response to 1AV
infection®. Due to its critical role in facilitating efficient viral replication NA is a target for a
number of influenza antivirals including Oseltamivir, the most commonly used influenza

antiviral®.

Catalytically active NA exists as a monotetramer that cosmetically resembles HA in
structure; it consists of a head domain containing the catalytic site, a stalk domain, and a
transmembrane and cytoplasmic domain that anchors the protein in the viral envelope™.
Different NA subtypes display a preference for specific linkages between sialic acid and
galactose in a similar manner to HA, necessitating coevolution between the two in order to
maintain fitness in a specific host. In this way NA is also an important determinant of host range

and virulence’®.

Despite being underrepresented on the viral envelope compared to HA, NA has been
shown to be equally as immunogenic®. Antibodies that target NA have been shown to inhibit

influenza infection both in vitro and in vivo, and recent epidemiological studies suggest NA



immunity can strongly impact the severity of influenza infection in humans®. Depending on
manufacturing method, influenza vaccines may also contain NA in addition to HA, but it is not

always quantified and the overall impact of NA on vaccine efficacy is an active area of research.

2.2.7 M/Segment 7

Segment 7 encodes two structural proteins that are transcribed through alternative
splicing: the M1 matrix protein and the matric 2 (M2) ion channel?®. M1 is a highly conserved
and abundantly transcribed protein measuring 252aa in length’t. High transcription and
conservation mean it is a common target for PCR-based detection and quantification of
influenza. As the name implies, polymers of M1 form and give structure to the viral core. They
directly bind vVRNPs (both through NP and direct interaction with vRNA), the viral envelope, and
the cytoplasmic tails of HA and NA™. Binding of these proteins is not merely structural, but
also plays a key role in regulating subcellular localization of these complexes. M1 binding
upregulates NES signals of NP, promoting export of vVRNP and M1 from the nucleus and
aggregation at the cellular membrane®. Interaction of M1 with the cytoplasmic tails of HA and
NA embedded in the cell membrane causes VRNP to localize to patches of the cell membrane
rich in these proteins®®. Direct binding of the cell membrane itself then triggers the
polymerization of M1 and drives viral budding’. Indeed, the expression of M1 alone is
sufficient to induce budding and produce virus like particles (VLPs). When expressed in
conjunction with HA, these VLP’s are capable of entering new cells and triggering an immune
response to HA, and are currently under investigation as an alternative to current influenza
vaccines”. M1 polymerization triggered through binding of sterols at the cell membrane, as well
as binding to VRNPs, can be reversed under low pH conditions’?. Depolymerization allows viral

uncoating within endosomes during viral entry, while unbinding of NP allows the NLS of NP



become dominant and facilitate nuclear import of vVRNPs®®. In addition to its structural
functions, M1 may also inhibit this innate immune response by blocking the classical

complement pathway .

M2, while not as abundantly transcribed, in nonetheless vital to the viral lifecycle.
Active M2 exists as a homotetramer that functions as a pH-activated proton channel. After
translation M2 is targeted towards the cell membrane along with HA and NA via the TGN™. In
strains where HA is proteolytically cleaved to a fusion competent form within the TGN, M2 is
neutralizes the pH of the TGN to prevent premature pH-dependent conformational changes in
HA'®. Once incorporated into the envelope of mature virions, M2 is activated during endosome
acidification, transporting protons across the envelope to allow acidification of the viral core and

subsequent depolymerization of M1 and release of VRNPs™,
2.2.8 NS/Segment 8

Segment 8 encodes two proteins through alternative splicing, the 230aa non-structural
protein 1 (NS1) and the 121aa non-structural protein 2 (NS2)?. Following the discovery that
NS2 is incorporated into mature virions, it was given the alternative name of nuclear export
protein (NEP)’’. NS1 is a non-structural protein that functions to create a more permissive
environment for viral replication by modifying the activity of various host factors, while NEP
augments VRNP shuttling and VRNA transcription/replication’”’8, NS1 is not strictly necessary
for IAV replication but vastly enhances viral fitness, particularly within in vivo systems, and is

highly conserved across all IAV subtypes?,

NS1 is active as a homodimer, though it may adopt one of any three distinct structural

conformations, capable of binding both RNA and DNA. Note that this section will not attempt



to provide an exhaustive description of the host-virus interactions mediated by NS1 (the
interactome of which spans some 252 host proteins), instead focussing on well characterized
interactions??. One of the major functions of NS1 is to prevent the induction of type 1 IFN by
disrupting the RIG-I signalling cascade. NS1 binds and inhibits RIG-1, as well as the ubiquitin
ligases TRIM25 and Riplet involved in RIG-I signal transduction®®8!, NS1 also binds dsSRNA
competitively inhibit recognition by RIG-I and other host dSRNA sensors such as protein kinase
R (PKR) and RNase L. More generally, NS1 inhibits the induction of antiviral responses by
disrupting host gene expression; NS1 binds dsDNA in a non-specific manner and has been
shown to inhibit binding of host promotors®. In addition, host MRNA maturation is inhibited by
SN1 binding of CPSF30, preventing assembly of the cleavage and polyadenylation specificity
factor (CPSF) complex which is required for most mMRNA polyadenylation and results in pre-
mRNA accumulating in the nucleus®®. This buildup of pre-mRNA may also function to provide
substrate for the viral cap-snatching mechanism and may explain why NS1 also functions to
block mMRNA export through interference with nuclear export factors such as Rael, NXF1, and

Nup988,

In addition to preventing the induction of innate antiviral responses, NS1 also directly
inhibits downstream effectors. PKR is induced by interferon and activated by dsRNA, shutting
down CAP-dependent translation through the phosphorylation of elF2a. Binding of NS1 to PKR
has been shown to prevent elF2a phosphorylation®. NS1 has also been shown to inhibit other
antiviral proteins such as ISG15 and RNAse L’®. Apoptosis, the endpoint of many antiviral
pathways, is also modulated by NS1 through interactions with p53, HSP90, and components of
the pro-survival P13k-Akt pathway®. NS1 has been shown to both prevent and promote

apoptosis in a strain and time dependent manner. This is thought to reflect evolutionary trade



offs between delaying early apoptosis to allow for viral replication, versus induction of apoptosis

to minimize inflammatory responses®.

The best studied function of NS2/NEP is that of an adaptor between M1 and host nuclear
export factor Crm1%’. In this role it facilitates the export of VRNP complexes during virion
packaging. Distinct from this role, NEP expression has also been demonstrated to regulate the

ratio of influenza VRNA and various positive stranded replicative intermediates’’.

2.3 Influenza A virion structure

AV virions are pleomorphic, and have been observed to assume roughly spherical,
filamentous, or intermediate morphologies. Strain, host species, and environmental factors such
as pH and temperature have all been identified as morphology determinants. Spherical forms are
in the order of 100nm in diameter, while filamentous forms may approach 20um in length®®.

The outer surface of the viral envelope is studded with roughly 500 copies of HA and NA at a
4:1 ratio, with a much smaller proportion of M2 ion channels?®, HA, NA, and M2 are anchored
not only to the lipid envelope via transmembrane domains, but also to the viral matrix of M1 that
polymerizes against the inner surface of the envelope via cytoplasmic domains®. NMR studies
indicate that M1 can adopt either parallel or antiparallel polymerization geometry, consistent
with the variable morphology of the virus’*. The viral genome, packaged as VRNP, is also bound

to the M1 matrix.

VRNPs themselves are highly ordered. All segments of IAV VRNA are flanked by
conserved semi-complementary 5’ and 3” UTR sequences that allow the segments to form of
helical hairpins®. The minor groove of this helix is filled with NP. The paired ends of each

segment are bound to a copy of the heterotrimeric RdRp via the PB2 subunit that allows



transcription of viral mMRNA upon infection®. The individual VRNP complexes are arranged in a
so-called 7 + 1 configuration with one segment at the center and seven others radiating out from

the central unit®.

2.4 Influenza A lifecycle

The 1AV lifecycle beings with the attachment of the virus to an appropriate sialic acid
residue via HA. Appropriate is the key word here; heavily sialated mucins, endosomes, as well
as sialic acid resides on the glycan chains of HA and NA themselves mean the environment is
rich in unproductive attachments’®. The sialidase activity of NA is thus absolutely vital to
prevent viral aggregation and/or entrapment of virions®. The host cell itself as displays a dense
and highly diverse blanket of sialated resides on its surface. HA subtypes will generally have a
preference for either a(2,3) linked or a(2,6) linked terminal sialic acid residues, though this

dichotomy is not absolute®.

To what degree the specific glycolipids or glycoproteins that influenza attaches to play a
role in cell entry is not entirely understood. Entry can take place through clathrin-mediated
endocytosis or macropinocytosis®>®2. That fact that clathrin appears to aggregate on the inner
leaflet of the cell membrane after IAV attachment (rather than the virus sliding into preformed
clathrin pits) implies that host proteins are involved in signal transduction to the cytosol®s.
Recent work by Sieben et al. using super-resolution microscopy showed influenza entry is
localized to high-density overlapping clusters of sialic acid residues and epidermal growth factor

receptor, the latter of which is activated by influenza binding®*.

Following binding and entry, influenza is then trafficked to the endosome. Acidification

of the endosome triggers conformational changes to HA, translocating the fusion domain of the



protein from hydrophobic pockets to the endosomal membrane and fusing it with the viral
envelope®. Concurrently, low pH activates the M2 ion channels, allowing the flow of protons
into the viral core’™. This change in pH results in depolymerization of M1, as well as a release of
VRNPs from the matrix?. Influenza is somewhat unusual among RNA viruses in that it
replicates in the nucleus. Trafficking to the nucleus is promoted by the dissociation of NP from
M1, exposing NLS signals on NP and resulting in the entire VRNP complex being translocated to
the nucleus in an o/p importin-dependent manner®®. Imaging studies indicate the total time from

attachment to nuclear import of VRNP is in the order of one hour®.

Once within the nucleus, the RdRp begins mRNA transcription and genomic replication.
mRNA transcription takes place using a cap snatching mechanism wherein the 5’ cap of nascent
host MRNA is bound by PB1 and cleaved by PA, a process aided by association of the RdRp
with the cellular RNA Polll. The cap, along with the 10-13 downstream nucleotides, are used to
prime transcription of mMRNA3. Genomic replication, on the other hand, begins with the
production of a cRNA intermediate initiated by the de novo generation of a complementary
dinucleotide within the RARp%®. A similar de novo initiation mechanism is then used to generate
VRNA from the cRNA template®®. The transcription of mRNA is initially favored over vVRNA
production for several reasons. Primed initiation is much more efficient than de novo initiation.
Additionally, cRNA must be stabilized by NP and the RdRp into a cRNP complex before it can
be used as a template for VRNA production®®®. mRNA, polyadenylated through a recursive
stuttering mechanism by the RdRp, is exported either to the cytoplasm (PB2, PB1, PA, M1, NP,
NS1, NEP, and accessory proteins), or the ER (HA, NA, and M2)?8. Proteins translated in the
cytoplasm are for the most part imported back into the nucleus while proteins translated in the

ER are trafficked to the membrane via the TGN®®,



In later stages of infection, the activity of the RdRp becomes biased towards the
production of VRNA. The mechanisms underpinning this switch are not entirely clear but have
been shown to be impacted by the relative concentrations of host mMRNA and RdRp,
conformational changes in the RdRp, and the accumulation of short (22-27 nt) positive stranded
viral transcripts called svRNA®’. The binding of M1 to NP promotes nuclear export of VRNP
complexes, using NEP as an adapter between M1 and host nuclear export factors®. Interaction
between M1 and the cytoplasmic tails of HA and NA embedded in the host cell membrane allow
VRNP to localize to regions of the cell membrane rich in these proteins®. During viral
packaging, genomic segments are arranged in a “7 + 1 configuration wherein seven VRNP
radiate out from a central VRNP®. This 7 + 1 geometry is critical for achieving the correct
stoichiometry of genomic segments within each viral particle and is mediated by a complex
series of RNA-RNA, RNA-protein, and protein-protein interactions®°°. RNA interactions
primarily take place between sequences near the 5’ and 3” ends of each VRNA, unique to each
segment, sometimes called the influenza packaging signal®. Interestingly, even in the case of
influenza C and D which only possess 7 unique genomic segments this 7 + 1 configuration is
conserved, with one segment being duplicated'®. NEP is also present in purified viral particles,

presumably bound to M1, but its functional significance within mature virions is unclear’”.

The interaction between M1 and sterols at the cell membrane promotes M1
oligomerization and viral budding’2. Following budding, the sialidase activity of NA is critical to
cleaving sialic acid residues on both the host cell and HA and NA themselves, promoting viral

egress and preventing aggregation®°.



2.5 Host innate antiviral immunity against influenza viruses

The interferon system is perhaps the best studied innate antiviral mechanism. Upon
expression, IFN-o/B is exported into the extracellular space whereupon it immediately binds the
IFNAR receptor via autocrine signaling, as well as the receptors of neighboring cells via
paracrine signaling'®’. IFN-a/B signal transduction utilizes the JAK1/STAT pathway to trigger
the phosphorylation of IRF9. IRF9 subsequently acts as a transcription factor for hundreds of
ISGs. ISGs accomplish a wide-range of antiviral effects within the cell, including the induction
of apoptosis, arrest of translation, modification of cell-cycle!®*. One of the more important ISG
effectors is PKR, which acts as a double stranded RNA sensing pathway to shutdown cap
dependent translation within the cell®. The ISGs MX1 and IFITM have also shown activity
against influenza. IFITM blocks influenza entry by inhibiting membrane fusion, while MX1

appears to block RNP formation and viral transcription?.

RIG-I is a cytoplasmic sensor of RNA featuring a 5’ triphosphate group. Although
eukaryotic RNA contains a 5” triphosphate group when initially synthesized, it is removed in
subsequent processing. However, 5’ triphosphate groups are a common feature of viral RNA.
Upon recognition of its ligand RIG-I undergoes a series of conformational changes and is
subsequently ubiquitinated by TRIM25 and Riplet, translocating to the mitochondria and
interacting with MAVS to recruit TBK1 kinase®'. TBK1 subsequently phosphorylates IRF3
which translocates to the nucleus and acts as a transcription factor to stimulate the transcription

of a number of antiviral genes including IFN-a/p*°2,

TLR3 and TLR7 which are present within endosomes, and thus are an important
component of innate immune sensing for viruses that enter the cell via endocytosis'®. TLR3

recognizes double stranded RNA that is formed at the 3’ and 5’ ends of influenza genomic



segments due to self-complementarity and is exposed during virion uncoating within endosomes.
Upon activation, TLR3 phosphorylates IRF3 via TRIF which then translocates to the nucleus and
acts as a transcription factor for IFN-a/p. TLR7 recognizes U and G rich single stranded RNA
sequences presented by influenza and other RNA viruses such as VSV, Signal transduction of
TLR7 occurs via the MyD88. Upon activation it activates the transcription factors IRF3, IRF7,
and NF-xB. IRF3 and IRF7 stimulate the transcription of IFN-o/p, while NF-xB triggers the

transcription of pro-inflammatory cytokines!®,

2.6 Influenza A evolution

Influenza A virus evolution is driven by two distinct mechanisms, antigenic drift, and
antigenic shift. Antigenic drift refers to the gradual accumulation of mutations within the
influenza genome due to the relatively low (10-3-10") fidelity of the RARp?. This high mutation
rate has severe consequences for virus viability, with only an estimated 1 in 1000 particles being
infectious®. However, rapid mutations allow the virus to quickly adapt to avoid recognition by
the host immune system. Not surprisingly, genetic variability is concentrated in regions
encoding proteins that are common epitope for the adaptive immune system, such as the HA
head domain®. It is due to this drift that influenza vaccines must be reformulated annually.
Notably though, immune escape by antigenic drift is not complete and immunological memory
from previous strains confers partial protection and limits both the transmissibility and virulence

of seasonal viruses®.

Conversely, antigenic shift refers to the generation of novel reassortants resulting from
superinfection of the same cell with different influenza A subtypes. Reassortment between
human influenza viruses and those that circulate within other species can result in viruses for

which there is little or no pre-existing immunity in humans, occasionally triggering



pandemics'®. Reassortment to generate antigenically distinct viruses is not sufficient to cause a
pandemic, the virus must also undergo a series of mutations to efficiently interact with new
isoforms of necessary host factors and adapt to new physiological conditions*°. Though virtually
all influenza proteins undergo some form of host adaptation, mutations to PB2 and HA have
been identified as being particularly important®. Influenza A viruses adapted to birds generally
display a preference for a2-3 sialic acid linkages while human adapted viruses display a
specificity for 02-6 sialic linkages, and thus adaptation to this new receptor isoform is critical for
jumping the species barrier'®. Pigs possess a mixture of 02-3 and a2-6 linkages within their
airways and are therefore ideal vessels to support reassortment and adaptation between avian and
human influenza virus strains. In this sense, close proximity of birds, pigs, and humans is
thought to accelerate the emergence of novel influenza subtypes, and by extension that human
agriculture is a major driver of influenza virus evolution®®%, Adaptation of HA to different
physiological conditions is also a major barrier to cross-species transmission. The human airway
has a lower pH than many avian species, leading to premature HA fusion domain translocation in
maladapted avian HA subtypes®®. Other aspects of HA species adaptation include optimization
of HA proteolytic cleavage and balance of HA and NA ratio®*®’. Several highly conserved point
mutations to PB2 have also been shown to be critical to human adaptation of influenza viruses.
These mutations optimize interaction with human specific isoforms of host factors such as o

importin, ANP32A and DDX17%.

Within the last century there have been four major influenza pandemics. The most severe
was the 1918 Spanish influenza pandemic which resulted in the deaths of 50-100 million people
worldwide from a novel H1N1 subtype'®. The virus responsible for this pandemic was

sequenced and reconstructed via reverse genetics using bodies frozen in permafrost'®’. Though



there is no definitive consensus as to the origin of the virus, some studies have suggested it
resulted from reassortment or direct adaptation of avian strain'1%, Following the pandemic,
the 1918 H1N1 continued to circulate as seasonal influenza until 1957 when reassortment
between this virus and duck H2N2 resulted in the so-called Asian Flu pandemic, resulting in an
estimated 1-4 million deaths worldwide!®. At this point H2N2 replaced 1918 H1N1 as the
dominant seasonal strain. Then in 1968 a reassortment between seasonal H2N2 and an H3
subtype in ducks resulted in the Hong Kong Flu pandemic and the deaths of a further 1-4 million
people worldwide!'®. Once again this resulted in the supplanting of the previous dominant
seasonal strain as H2N2 became extinct and H3N2 became the dominant circulating seasonal
strain. In 1977, an HIN1 subtype caused the Russian Flu pandemic resulting in 700,000
deaths!®. Interestingly, the HIN1 subtype responsible was virtually identical to HIN1 subtypes
that had circulated prior to the emergence of the H2N2 subtype in 1957, leading to speculation
the pandemic may have resulted from accidental release of archived samplest!t. From this point
until 2009, H3N2 derived from the Hong Kong pandemic and H1N1 from the Russian pandemic
co-circulated as the dominant seasonal strains. The 2009 “Swine Flu” pandemic is thought to
have arisen from multiple reassortment between the circulating H3N2 strain, classical and
Eurasian Swine strains, and several avian strains*'?. This novel HIN1 subtype, often called
H1N1pdmO09 to distinguish it from the Russian Flu HIN1 subtype that it supplanted, currently

cocirculates with H3N2 as the dominant seasonal strains.

2.7 Impact of influenza on human health

The impact of seasonal influenza endemics on society takes on a number of facets such as
human health, agriculture, and economic impacts. Since 2017 several studies have attempted to

estimate the total number of deaths worldwide directly attributable to respiratory complications



arising from seasonal influenza, with estimates ranging from 99,000-650,000 deaths
annually®'3, The most recent study conducted in 2019 estimates an average of 398,000 deaths
annually®#. In 2017 in Canada influenza and associated pneumonia were the eighth leading cause
of death'!*. These deaths are disproportionately skewed towards the elderly and/or those with
underlying chronic conditions, with the incidence of death from influenza 18-244 per 100,000 in
those 75 years and older compared to a rate of 0.1-6.4 among adults aged 18-65*3. 80% of adults
admitted to hospital also had some form of underlying chronic condition, the most common of

which was asthma (42%)*%°.

The true impact of influenza on human health is likely far higher than simple estimates of
death by respiratory complications would suggest. The weeks following influenza infection are
associated with a 6-10 fold increase in the incidence of acute myocardial infarction and a 3-8
fold increase in the incidence of stroke!'®, Indeed, studies examining the incidence of
cardiovascular disease between vaccinated and unvaccinated populations have noted that the risk
reduction obtained from influenza vaccination is comparable to that of statin therapy or smoking
cessation!*”1'8 Recent influenza infection is also a highly significant risk factor for serious
complications from diabetes, autoimmune disorders, and age-related neurological disorders and

physical decline®®.

Studies conducted in the US indicate influenza has the greatest economic burden of any
vaccine preventable disease except for Covid-19, costing 6.3-25.3 billion dollars annually from
direct health expenses and work absenteeism alone!?. Similarly, in Canada hospitalization with
influenza is estimated to have an average per person cost of $14,612, rising to $39,477 when care

in the ICU is required®?t,



While seasonal influenza endemics are caused by both IAV and IBV, pandemics are
caused solely influenza A. Pandemics occur sporadically, and their severity is unpredictable.
The mortality of the 2009 Swine flu pandemic was within the upper estimates for an unusually
severe seasonal strain®®. By contrast, upper estimates for the death toll of the 1918 Spanish flu
are comparable to the combined loss of life from every armed conflict of the 20" century®. The
intensification of human agriculture and increasing population density is predicted to increase
opportunities for novel subtype recombination and emergence of pandemic strains*°. Perhaps
more concerning, gain of function experiments on existing highly pathogenic (mortality of 20-
50%) avian H5N1 subtypes have shown the potential for sustained human transmission with a
handful of point mutations'®. Capacity building to combat seasonal influenza and emerging

pandemics is thus a vital public health imperative.

2.8 Current influenza vaccines

Influenza vaccines have been the primary public health intervention to blunt the impact
of seasonal and pandemic influenza since their development in the 1940s. The efficacy of
influenza vaccines, which as previously mentioned must be reformulated annually to adjust for
antigenic drift and changes in dominantly circulating strains, has fluctuated between 10-60%
since 20057. While far from perfect, in the US alone during the 2017-2018 flu season influenza
vaccines were estimated to have prevented 7.1 million illnesses and over 8,000 deaths*??. The
majority of currently available vaccines are quadrivalent, incorporating two influenza A viruses,
one each from the H3N2 and H1IN1pdmO09 subtypes, and two influenza B viruses, one each from
the B/Victoria and B/Yamagata lineages'?. Trivalent formulations incorporating a single
influenza B lineage are also sometimes used. These vaccines fall into three broad categories:

Subunit inactivated, split virion inactivated, or live attenuated.



Subunit vaccines contain purified HA and sometimes NA protein (though only HA
content is used as a release criteria) and are delivered by intramuscular injection®. Subunit
vaccines may be produced from whole virions or recombinantly. In the case where subunit
vaccines are derived from whole virions, vaccines contain both HA and NA and a dose of 15ug
of HA per strain per dose is typically used*?*. Formulations with MF59 as an adjuvant are
available for vaccination of the elderly or those with an otherwise suboptimal immune
response’?*, Recombinantly produced subunit vaccines contain engineered HA “rosettes” that
mimic the structure of the active HA trimer'?®. These vaccines do not contain NA but contain a

much higher (45ug) dose of HA?,

Split virion inactivated vaccines are produced by the inactivation of live virus with
formalin or B-propriolactone, followed by disruption of the virion structure with detergents. The
envelope and VRNA are largely purified away, but a full complement of viral proteins are
retained for use in the vaccine (though only HA is quantified). Similar to subunit vaccines, 15ug
of HA per strain per dose is typically used, with 60ug high dose formulations available for

vaccination of people >65 years of age?*.

Live-attenuated vaccines are generated from reassortment of wildtype influenza and a
cold-adapted, temperature sensitive vaccine strain such as A/Leningrad/134/47/57/H2N2%. The
resultant reassortant maintains the antigenic qualities of the wildtype strain but requires lower
temperatures (~32C) for efficient replication. This restricts the virus to the upper airway where it
is delivered via an intranasal spray *?*. As these vaccines do contain replication competent virus

they are contraindicated for the very young, very old, and those with depressed immune systems.



2.9 Manufacturing of influenza vaccines

The development of each annual vaccine follows a one-year timeline beginning in
January for the Northern hemisphere. The Global Influenza Surveillance Network operated by
the WHO selects strains that are predicted to be dominant in the next influenza season during
early February and March. Prediction of circulating strains is based on established global
migration patterns of influenza, with new strains typically arising in SE Asia and spreading
globally in a seasonal manner'?’. For all vaccines except recombinant HA vaccines, wildtype
strains must first be reassorted with a high yield vaccine strain before bulk amplification.
Internal gene segments are derived from the vaccine strain such as PR/8 or a temperature
sensitive variant, while the HA and NA are derived from the wildtype strain?®, This process is
carried put primarily to increase vaccine yield, but also attenuates the pathogenicity of the
wildtype virus and makes the manufacturing process safer. Even in cases where the bulk
amplification of the virus is accomplished using cells, reassortant preparation is almost
exclusively done using limiting dilution in eggs to isolate clonal viruses. This process is slow,

requiring several months and is a major bottleneck for vaccine production®?,

Bulk production of monovalent antigens is then carried out over a 3-4 month process,
using either cultured cells or pathogen-free embryonated chicken eggs. Egg production simply
involves inoculation of a chicken egg via a small hole in the eggshell. The virus then replicates
and accumulates in the allantoic fluid of the egg, with roughly one egg is used for each finished
dose of vaccine!?®. Bulk amplification of influenza using cells is possible with any number of
cell lines, including MDCK, Vero, Per.C6, and HEK-29313%13L Of these, MDCK and Vero have
produced licenced vaccines, with only MDCK currently being used'?*. The preference for

MDCK cells over Vero is largely due to the successful adaptation of MDCK cells to suspension



culture, allowing scalable production in simple stirred-tank bioreactors'®2. Recombinant subunit
vaccines, which are not produced from replicating influenza, are generated use a baculovirus

expression system and derivatives of the Sf9 insect cell line!?®.

Follow bulk amplification, blending of antigens, fill and finish, and vaccine distribution
comprise the remainder of the vaccine production timeline. A similar timeline is used to produce

vaccines for the Southern hemisphere but beginning in July*?,

2.10 E(gg)xit and the move towards wholly cell-based vaccine manufacturing

The vast majority (85-90%) of seasonal influenza vaccines are currently produced using
embryonated chicken eggs, a technology has remained largely unchanged since the 1940s®. This
is due in part to the difficulty and expense in scaling any other system to meet the annual demand
for over a billion vaccine doses. Eggs are also able to produce relatively high yields at a low
cost. However, evidence suggests that significant improvements in vaccine efficacy could be
made by switching to an entirely cell-based production process. Passaging influenza through
eggs induces antigenic drift as the virus adapts to an avian host®133134  As a result, egg-based
vaccines exhibit a 15-20% decrease in protection rate compared to similarly formulated cell-
based vaccines>**+1%, Cell-based platforms can also drastically reduce production lead time by
accelerating seed stock reassortment via reverse genetics!!. This, in turn, reduces the chance of
major changes in circulating strains occurring between initial strain selection and vaccine
release, an issue that rendered the 2014-2015 seasonal vaccine largely ineffective'®¢13". Other
advantages of cell-based seasonal vaccines include a lack of allergen contamination and better

growth of certain strains®



While eggs are a passable platform to produce seasonal influenza vaccines, they are
completely inadequate to deal with influenza pandemics. The reasons for this are primarily
rooted in differences in the epidemiology of seasonal versus pandemic influenza strains.
Whereas seasonal influenza follows a predictable migration pattern, pandemic influenza
outbreaks may arise at any geographic location'®. The last two notable pandemics, for instance,
were first detected in Mexico and Russia, respectively. The timing of pandemic influenza
outbreaks also shows little correlation with the seasonal influenza season. The lack of
preexisting host immunity to pandemic strains, combined with rapid international travel, often
allows them to spread extremely quickly around the globe®*°. Consequently, production of
vaccines during pandemic influenza outbreaks must be ready commence with virtually no
warning and at any time of year. Egg-based manufacturing techniques used to meet the needs of
seasonal influenza vaccines, reliant on months of prior warning and the timed availability of
billions of pathogen-free, embryonated chicken eggs, are simply too slow and logistically
inflexible to effectively respond to pandemic outbreaks. This was clearly demonstrated during
the the 2009 “Swine flu” pandemic, where 123,000 to 203,000 people died and ~10% of the
global population was infected in the nine months before a vaccine was widely available®®.
There are also concerns that it may be extremely difficult to develop vaccines against a future
pandemic avian influenza strains using egg-based production due to premature death of the
chicken embryo'#°. Cell-based vaccine production, by contrast, requires little lead time as cells
in culture grow exponentially, enabling the rapid production of substrate to replicate viruses.
Further development of cell-based vaccine production platforms is therefore necessary and

urgent to prepare for future pandemics.



2.11 Process intensification cell-based influenza vaccine production platforms

Process intensification aims to increase the yield of cell-based influenza production
platforms. This has the dual effect of increasing production capacity and lowing the cost per
dose of finished vaccine. Current cell-based production platforms generally exhibit 4-10 fold
lower volumetric yield than egg-based counterparts, are 40-100% more expensive, and are only
able to supply <20% of current vaccine demand®>®*2, Process intensification of cell-based
production platforms is thus required if cell-derived vaccines are to replace egg-derived

vaccines.

Process parameters impacting influenza yield include multiplicity of infection (MOI), cell
density, temperature, and media composition. Optimization of these parameters will vary
depending on the cell line and culture mode, but some generalizations are still possible. While
some viruses such as adenovirus are commonly produced at MOI=10, with influenza this tends
to result in rapid apoptosis of cells in culture before appreciable amounts of virus can
replicate!*!. Indeed, highest yields are generally obtained using extremely low MOls (in the
range of 101-10°)'*2. Like many cell-based virus production platforms, influenza replication in
culture is susceptible to the so-called “cell density effect”, wherein the cell specific productivity
(CSP) and eventually volumetric productivity show an inverse relationship with cell density4.
The HEK-293SF line, for instance, is capable of achieving cell densities exceeding 10x10°
cells/ml in simple batch culture but optimal yields are obtained at a density of just 1x10°
cells/mI*!. The mechanism behind the cell density effect is complex and not entirely understood.
The depletion of nutrients such as L-glutamine and glucose has been identified as a contributing
factor, and thus most industry processes use a fed batch process to enable better CSP at higher

cell densities!**. The buildup of toxic metabolites such as lactate and ammonia, which also



contribute to the cell density effect, can similarly be ameliorated with perfusion feeding
strategies to exchange spent media'®. Human adapted influenza, as well as the mammalian cells
the virus replicates in, grow optimally at 37C. However, volumetric yields in various processes
can often be improved by culturing cells at temperatures of around 35C**¢, The somewhat
counterintuitive effect stems from the fact that influenza stability is inversely related to
temperature, and so low temperatures allow virus accumulated in the media to remain viable
until harvest. Studies examining different growth media have also been show in impact vaccine
yield. Ideally medias are defined in composition to minimize batch to batch variability. A lack
of animal derivatives, particularly fetal bovine serum (FBS) and similar products, is also highly
desirable both to minimize the chance of contamination with zoonotic pathogens and to reduce
costs'#’. Manufacturers typically don’t disclose the precise composition of different medias,

making it difficult to draw any more detailed conclusions.

Equally important to the individual process parameters above is the manner in which they
are optimized. The most basic method is On Factor At a Time (OFAT). While simple to carry
out, OFAT assumes that each parameter of the vaccine production process is entirely
independent, which is demonstrably not the true'“®. Alternatively, one might use a factorial
optimization processes wherein all possible combinations of each parameter are tested. While
this allows precise determination of all higher order interactions between parameters, it quickly
becomes unfeasible as the number of parameters increases, particularly in the case where
parameters are not binary and instead consist of multiple “levels” (e.g. a range of cell densities
from 1-10x10° cells/ml). For this reason, fractional factorial or Design Of Experiments (DOE)

approaches are popular, allowing the elucidation of main effects and low-order interactions while



running a fraction of the experiments of a full factorial design by exploiting the sparsity of

effects principle®°.

2.12 AAV biology

AAYV are among the smallest viruses known, with the non-enveloped icosahedral capsid
measuring approximately 20nm. The linear 5kb, sSDNA genome encodes only two open reading
frames, termed REP and CAP, flanked by inverted terminal repeat (ITR) sequences®®. CAP,
using splice variants and alternative promotors, is translated into structural capsid

components. REP is translated into non-structural factors with helicase, DNA binding, and

endonuclease activities that facilitate genomic replication and integration **°.

Initial attachment of AAV to the cell surface is mediated by several receptors, but canonically
heparan sulphate proteoglycan (HSPG) 1. Work by Pillay et al. strongly suggests that
secondary interaction with the poorly characterized transmembrane protein KIAA0319L is
essential for AAV entry>2. AAV is imported into the nucleus as a whole viral particle, followed
by virion uncoating and second strand synthesis to generate a transcriptionally active viral
genome®®3. Nuclear entry, virion uncoating, and second strand synthesis are all inefficient

processes, and might contribute to the low efficiency of AAV transduction®>31%%,

The next stage of the viral lifecycle is dependent on whether the host cell is coinfected with a
helper virus such as adenovirus or herpesvirus. If no helper virus is present, the virus will remain
latent in the cell, persisting as a stable episome or integrated into the host genome **°. Episomes
form through the recombination of the viral ITRs, resulting in stable circularized dsDNA as
genomic monomers or concatomers4. Genomic integration, mediated by REP proteins, is

targeted to the AAVSL loci on the long arm of chromosome 19 6,



2.13 AAV vectors

Though a recently developed vector platform relative to adenovirus or lentivirus, AAV
have been rapidly adopted by clinicians, with 149 completed or ongoing clinical trials and 5
approved therapies for various forms of cell and gene therapy®’. Their excellent safety profile,
ability to target a wide range of tissues, and stable transgene expression makes AAV vectors
particularly useful for applications requiring in vivo administration for the treatment of
hereditary disorders®®. A major drawback of these vectors is low transduction efficiency, often

necessitating massive doses (up to 2 x 10 VG/ kg for systemic administration) to reach

therapeutic transgene expression levels. Current manufacturing techniques are unable to
efficiently produce AAV vectors in this quantity, with some approved therapies costing over a
million USDY’. Increasing interest in the widespread adoption of AAV vectors from clinicians

and industry has only served to further highlight this limitation,

First generation AAV vectors are generated by removal of all elements of the viral
genome except the flanking ITR sequences, which are the only elements required in cis to ensure
transduction in target cells*®®. Vectors are generated by expressing CAP, REP, and with the
minimal elements from a helper virus in trans. The resultant vector is replication incompetent
and has a packaging capacity of approximately 4kb'3. Since genomic integration is mediated by
REP, vectors are unable to incorporate into the genome and persist as extragenomic episomes**.
Episomes do not co-replicate with the cell, and thus expression typically declines as a function of

cell division rate®.



2.14 Manufacturing of AAV vectors

2.14.1 AAV production by transient transfection of mammalian cell culture

AAV can be generated via transfection with a triple plasmid system composed of a
transfer, packaging, and helper plasmids into a number of mammalian cell lines such as HEK-
293. The transfer plasmid encodes the transgene cassette flanked by ITR sequences, the
packaging plasmid encodes the CAP and REP genes, and the helper plasmid encodes the
minimal helpervirus factors (commonly adenovirus E1, E2a. E4, and VA RNA) (Daya 2008).
Alternatively, REP and CAP may be split onto separate plasmids to allow for optimization of
viral protein ratios, which has shown considerable success in increasing yield *°. In terms of
transfection reagents, polyethylenimine (PEI) is generally preferred as it is relatively inexpensive

compared to cationic lipids, but much more robust compared to calcium phosphate methods.

Production of AAV vectors by transient transfection suspension cells is commonly
employed to generate vectors for clinical trials, and when properly optimized can generate
specific yields of up to 10*4VG/L on a 20L bioreactor scale '°. However, producing AAV by
transient transfection is generally not considered viable on an industrial scale due to the spiraling

costs associated with transfection reagents and plasmid DNA.

2.14.2 AAV production by mammalian packaging cell lines

In order to avoid the costs associated with transient transfection and facilitate scale-up of
AAYV production, stable packaging cell lines derived from suspension adapted HelLa cells have
been generated'®. Packaging cell lines incorporate CAP, REP, and the transgene cassette

flanked by ITR sequences on one or more plasmids that are retained via drug selection. Cells are



then infected with replication competent adenovirus to supply helper virus proteins and initiate

AAV vector production.

Packaging cell lines show volumetric yields comparable to transient transfection at a
much lower cost, and have been shown to be scalable in stirred tank bioreactors up to 250L,
However, contamination with replication competent adenovirus complicates downstream
processing. This can be mitigated somewhat by using cold adapted adenovirus. These viruses
express sufficient quantities of helper virus proteins to allow vector production, but are
attenuated in their own reproduction®. The natural tendency for AAV to repress adenovirus

replication presumably also helps to limit adenovirus contamination?62,

2.14.3 AAV production by baculovirus expression vector system (BEVS)

The baculovirus expression vector system (BEVS) is a platform used to produce biologics in
insect cells, in this case Spodoptera frugiperda (Sf-9) cells derived from the Fall Army Worm®63,
Briefly, separate recombinant baculovirus vectors expressing CAP, REP, and the transgene
cassette flanked by ITR sequences are used to infect bioreactor cultures of Sf-9 cells. Expressed
proteins and vector genomes then self-assemble into mature AAV vectors'®, Yields are
typically quite high, with optimized processes producing approximately 10V G/cell on a 200L
scale'®®. Recently advances have simplified the system to the use of one baculovirus that
expresses all necessary factors, and also shown that the system can manufacture a range of AAV

serotypes©,

The system offers many advantages; Sf-9 cells can be grown to densities exceeding 2x10°
cells/ml in animal component free suspension culture'®®. The system is also quite safe in that no

virus with human tropism (save the vector itself) is used during the production process. The use



of a non-human derived cells also all but eliminates the possibility of adventitious agents
contaminating the culture. The BEVS platform has been shown to be highly scalable for the
production of AAV vectors, as evidenced by its use in the production of Glybera, a recently

approved AAV vectored gene therapy for lipoprotein lipase deficiency®’.

2.15 CRISPR/Cas9 genome editing

Clustered regularly interspaced short palindromic repeat (CRISPR) and CRISPR
associated proteins (Cas) are components of a prokaryotic adaptive antiphage system. Though
many of the genetic elements of CRISPR operons were first identified in 1987, it wasn’t until
2012 that Doudna and Charpentier demonstrated that they could be adapted as programmable
nucleases®®®. Since then, CRISPR has effectively replaced previous genome editing tools such as
TALENS and been expanded to a host of applied and research applications. Speaking generally,
CRISPR editing tools consist of an effector nuclease enzyme or holoenzyme complexed with
RNA that determines nuclease specificity towards either an RNA or DNA target. Many
prokaryotes encode variations of CRISPR nucleases including Cas12a, Cas13, and the most

commonly used Cas9'°.

As a class 1l CRISPR/Cas system, the Cas9 nuclease consists of only one subunit that can
be readily expressed in a wide range of prokaryotic and eukaryotic cells. In the endogenous
Cas9 system, the protein complexes with both an 18-20 bp CRISPR RNA (crRNA) and a longer
trans-activating RNA (tracrRNA). The crRNA is unique and complimentary to the target
sequence, while tracrRNA acts as a generic binding scaffold for the Cas9 nuclease!®®. In
recombinant systems these two RNA species are commonly fused into an sgRNA. Once the
Cas9-sgRNA complex is formed it will bind DNA sequences complimentary to the 18-20 bp

guide sequence. Following the recognition of a short downstream consensus sequence known as



a protospacer adjacent motif (PAM), Cas9 will cleave the target site and induce a dSDNA break
3-4 bp upstream of the PAM sequence. The requirement for a downstream PAM sequence is an
adaptation that evolved to prevent self-cleavage of CRISPR arrays in the endogenous Cas9
system. The PAM sequence varies between species, but the majority of Cas9 systems use the

enzyme derived from S. pyrogenes which has a PAM sequence of NGG'.

CRISPR/Cas9 can be used to induce both gene knockins and gene knockouts depending
on the DNA repair pathway exploited. For knockouts, no repair template is supplied, and the
cell is forced to use the error-prone nonhomologous end joining (NHEJ) pathway. Cas9-sgRNA
complex will continue to cleave the target site until the NHEJ pathway introduces an indel at the
cleavage site. If these indels occur within an exon of a protein coding gene, this results in a
frameshift mutation and loss of gene expression'’t. sgRNAs designed for gene knockout thus
normally target an early exon of that gene. The median size of CRISPR/Cas9 indels is 1bp in
length, but this is not an absolute and much larger indels can occur at high frequencies depending
on the target site’’?. In the event a repair template is cotransfected or otherwise introduced with
the Cas9 nuclease the cell will use the homology directed repair (HDR) pathway and incorporate
the repair template at the target site'’®. This allows the knockin of virtually any sequence (from
SNPs to insertions of thousands of nucleotides) as long as it is flanked by sequences homologous
to either side of the cleavage site}’*. This process is similar to homologous recombination
techniques that have been used in bacteria for decades but is many orders of magnitude more

efficient due to the presence of a dSDNA break proximal to the integration site.

2.16 CRISPR/Cas9 as a genetic screening tool

Genetic screens involve the perturbation of gene expression using a library of constructs

to generate a heterologous array or pool of mutants. These mutants then undergo selection or are



assayed to determine the genetic contribution to a given phenotype. CRISPR screens use a
library of sgRNA, each targeting a different locus, to create a panel of mutants. Genetic screens
have been previously conducted using short hairpin RNA (shRNA) or random mutagenesis but
are greatly improved with CRISPR for several reasons. Unlike sShRNA, which ‘“knocks down” or
reduces the expression of a given gene, CRISPR/Cas9 screens can completely ablate target gene
expression with high efficiency, allowing the elucidation of phenotypes that would otherwise be

masked by low-level expression®”™

. ShRNA is also only able to target genes that produce an
RNA product, whereas CRISPR can be used to target both transcribed and non-transcribed
genetic elements'’®. The use of engineered Cas9 variants also allows for genetic perturbations

beyond simple gene knockouts (described further in section 2.17).

CRISPR screens may be carried out in one of two formats: arrayed screens or pooled
screens. In an arrayed screen subpopulations of knockouts are physically separated, typically in
wells of a microtiter plate. By contrast, in a pooled screen a heterogeneous pool of knockouts is
cultured together in one or more culture vessels. The main advantage of an arrayed screen is that
they’re far more flexible in terms of readout; virtually any physical or chemical characteristic of
the cells or media that can be assayed in a high-throughput manner can be used'’’. This includes
the yield of excreted metabolites or viral biologics. On the other hand, pooled CRISPR screens
must be designed such that the pool undergoes some form of selection to change the abundance
of mutant subpopulations’8. Samples of the pool that have undergone different treatments are
then deep sequenced to identify which mutants were enriched/depleted by selection. The
reliance on deep sequencing for pool deconvolution means that the cells in a pooled screen must
also be barcoded to identify which mutation they carry. This is accomplished by delivering the

CRISPR/Cas9 expression construct with a lentiviral vector, which integrates into the cell



genome. The unique crRNA potion of the encoded sgRNA then acts as the barcode'’®. Arrayed
screens also commonly use lentiviral vectors as they require little optimization to achieve high
transduction efficiencies, but as mutant populations aren’t mixed there is no requirement to
barcode cells. Thus, arrayed screens may alternatively employ transfection with plasmids or

Cas9/sgRNA nucleoproteins if cells are not amenable to lentiviral transduction®,

Though arrayed screens offer flexibility in terms of readout and CRISPR/Cas9 delivery
method, this flexibility comes at a high cost. Arrayed screens can require thousands of microtiter
plates and hundreds of thousands of individual manipulations to achieve genome-wide coverage,
necessitating the use of automated liquid handling and other high-throughput robotics'’’. The
enormous expense and time required to run a genome-wide arrayed screen, exceeding the
resources of all but the most well-funded groups, has doubtlessly contributed to efforts in recent
years to expand the utility of pooled screens. In addition to lower costs, pooled screens are not
without their inherent advantages; the pooling of all cells together in a small number of culture
vessels (compared to the thousands required for an arrayed screen) ensures nearly identical
culture conditions for all cells in the pool, reducing variability. Pooled screens also offer great
flexibility and fine control in terms of how the cells are cultured, as opposed to arrayed screens
which can only feasibly be run in microtiter plates. This difference is critical given that the
entire field of process development is predicated on the idea that cells behave very differently
depending on cell density, oxygen transfer kinetics, batch versus perfusion bioreactor modes,
adherent versus suspension culture, etc. Pooled screens are thus uniquely suited to elucidate
context-specific genetic contributions to phenotype, highlighting their potential as a valuable tool

for process development if their inherent limitations can be overcome.



2.17 Design considerations of pooled CRISPR/Cas9 screens

Careful design of a pooled CRISPR/Cas9 screen is critical to avoiding screening
artefacts, minimizing signal to noise ratio, and ensuring repeatability. CRISPR libraries are
capable of inducing different genetic perturbations depending on the goals of the screen. The
most common perturbation is gene knockout, which employs unmodified Cas9 and the NHEJ
mediated frameshift mechanism described in section 2.15. CRISPR libraries are also able to
induce overexpression of genes. These activation libraries employ a catalytically dead Cas9
(dCas9) mutant that maintains high affinity for target sequences but is unable to catalyze a
dsDNA break. This dCas9 is fused to a strong transcriptional activator such as 4x Herpes
Simplex Viral Protein 16 (VP64) that enhances expression of nearby genes®. dCas9 is also
used in gene repression libraries. In this case rather than a transcriptional activator, dCas9 is
fused to a transcriptional repressor and induces localized reduction in transcription®?,
Repression libraries are useful in screens on cell lines that are particularly sensitive to dsSDNA
breaks. More exotic perturbations such as modification of RNA splicing, small insertions using
CRISPR-prime editing, and promotor methylation are also possible with various Cas9 fusion

proteinst®3-18°,

The selection of which model or cell line to run a screen on has important implications
for screen design and is often intrinsically linked to library selection. Though it is theoretically
possible to construct a pooled CRISPR library for any model with an annotated genome, time
and monetary constrains often limit the choice to commercially available libraries for well-
studied models such as mouse, human, or E.coli*®. Additionally, the scope of the screen (eg.
genome-wide or a subset of genes) is in part dictated by the number of cells that can reasonably

sustained in culture. While not an issue for immortalized cell lines, if primary or otherwise



difficult to culture cells are used it may be difficult to maintain adequate library coverage (a
concept discussed in detail bellow). While immortalized cell lines are easy to maintain in
culture, many of them are aneuploid. Ploidy is proportional to the number of dsDNA breaks that
must be generated to knock out a given gene, which can be stressful for the cell and lead to non-

specific effects on cell growth®’.

An important concept in pooled screen design is that of SgRNA coverage. Coverage
refers to the absolute number of a unique guide in the sgRNA pool, and the total number of cells
that must be maintained to elucidate statistically significant changes in the enrichment or
depletion of corresponding mutant subpopulations. Pools constructed from validated libraries
are assumed to be evenly distributed during initial library transduction, and thus the required
number of cells to maintain coverage is simply the desired coverage (generally 200-500x during
pool generation and maintenance) multiplied by the number of unique sgRNA in the library®.
Failing to maintain coverage during the generation and maintenance of the pool can result in
population bottlenecks and subsequent loss of mutant subpopulations within the pool*. Note
that guides can also be lost when the pool is kept in culture over a high number of passages, both
due to random population drift and differences in growth rate between various mutants*e®,
Untreated control conditions, where the library is expected to be complete and evenly
distributed, should be sampled at similar coverage as pool maintenance. Calculation of coverage
(or the number of cells to collect) for enriched/depleted conditions a far more complicated
question that depends on whether the screen is positive or negative and the signal to noise ratio
of the screen. A positive screen where a small number of sgRNA species are expected to be
highly enriched over background (e.g. drug selection) can collect comparatively few cells and

still have an adequate sample size to quantify fold-changes in sgRNA abundance for these hits.



On the other side of the scale, a negative screen trying to detect the depletion of a few sgRNA on
a very noisy background will likely have to sample at higher coverage!’®. The number of cells to
sample is also dependent on the tolerance of the screen for false negatives; often the goal of the
screen is to identify only the most significant hits, and thus underrepresentation of weak hits is
not a concern. Often pilot experiments are necessary to determine sampling parameters, though

software tools such as CRISPulator can also assist in this®,

As previously stated, in pooled screens measurement of a particular phenotype must be
paired with enrichment or depletion of cells in the pool that display that phenotype. Not
surprisingly, pooled CRISPR screens have been often used elucidate fitness genes within the
cell*®192 pooled screens also naturally lend themselves to studies of cytotoxic drug resistance,
or any trait that directly impacts cell survival. In an effort to expand the utility of pooled
CRISPR screens, many studies have employed more sophisticated enrichment/depletion
methods. One of the most common is the use of FACS to enrich populations displaying a
fluorescent marker, either expressed from a reporter or applied through fluorophore staining®®2.
If a reporter cell line is used, extensive validation is necessary to ensure that reporter expression
correlates strongly and specifically with the phenotype of interest. Staining with fluorophores or
antibody-fluorophore conjugates offers a more direct method of quantifying a given phenotype
and circumvents the need to construct a custom cell line or reporter construct. However, staining
of intracellular targets may necessitate cell permeabilization and fixation which can interfere
with measurements and complicate extraction of DNA for deep sequencing'®®. While FACS is a
powerful tool for pooled sgRNA screening, depending on the screen design the pool to be
enriched may consist of hundreds of millions of cells. In cases where sorting this many cells is

unfeasible, alternative methods such as antibodies conjugated to magnetic beads may be used*®.



In addition to conventional readouts for pooled screens, consisting of a raw count of the
abundance of each sgRNA in the pool, recent studies have demonstrated that more complex
readouts are possible. Single cell CRISPR sequencing (scCRISPR-seq) leverages single cell
transcriptomics to generate a transcriptome profile for each cell in the pool. sgRNA are also
captured during the RNA sequencing step, allowing a given knockout to be linked to each
transcriptome profile'®®. Spatial imaging combined with in situ sequencing of SgRNA inserts is
able to generate a similarly rich data set'®. These so-called “high content” CRISPR screens
offer exciting potential to expand the utility of pooled screens, but currently practical limitations

on sequencing capacity and imaging make whole genome coverage an expensive endeavor.

2.18 CRISPR/Cas9 screening as a tool to intensify the production of influenza vaccines and

other viral biologics

Deletion of innate immune “restriction factors” that defend the cell against viral infection
could create a more permissive environment to produce viral biologics. Genome-wide
CRISPR/Cas9 screening offers a means of identifying these factors with the goal of increasing
the yield of cell-based influenza vaccines and other viral biologics such as AAV. In theory a
review of previously conducted screens should be sufficient for this purpose. However, the use
of data from the relevant literature to identify and rank candidate restriction factors is mired by a
lack of agreement between the results of independent studies. For instance, three genome-wide
studies to identify influenza restriction factors by Heaton et al. (2017), Tripathi et al. (2015), and
Sharon et al. (2020) showed overlap of less genes than would be expected by random chance

(see Figure 2 below):197:1%,
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Figure 2. Comparison of overlapping gene hits for genome-wide screens conducted to identify influenza
restriction factors. See Sharon et al. (2020) supplemental data S1 for detailed analysis®.



These results reflect the importance of cell line, culture parameters, strain, and other
contextual factors in determining the host response to viral infection. This is particularly true for
cell lines used to produce viruses such as MDCK, Vero, and HEK-293, which diverge heavily
from primary cells and each other in terms of their innate antiviral response'223, The question of
which gene knockouts will give the greatest increase in virus yield is then best probed on a case-

by-case basis, using a genome-wide screen conducted on the relevant host cell line.

Wu et al. (2017) and van der Sanden et al. (2016) have attempted to use genome-wide
screens to identify viral restriction factors in Vero cells and improve polio vaccine yield, with
variable success®9-201, |n a retrospective analysis, Hoeksema et al. (2018) identified several
factors that may explain the difficulties encountered®®, particularly the issue of using human-
specific libraries in non-human primate derived cell lines. Both screens also used sShRNA-based
methodologies to probe for restriction factors. Difficulties can be encountered translating the
results of ShRNA screens into CRISPR/Cas9 knockout cell lines 2. A further possible source of
error is the arrayed format of previous screens, which as previously mentioned tend to result in

high variability77178,

Genome-wide screens to improve the yield of AAV have also been conducted. Barnes et
al. (2021) used a CRISPR/Cas9 activations screen coupled with an iterative enrichment method
to identify ITPRIP and SKA2 as AAV host dependency factors. Overexpression of both factors
resulted in a 4-fold increase in AAV vector yield. Further investigation showed this was

primarily due to an increase in the full to empty ratio of AAV capsids®%.



3.0 MATERIALS AND METHODS

3.1 Cell culture transfection

HEK-293SF cells (RRID accession: CVCL_4V94) were obtained from the National Research
Council of Canada 2%, In all cases, cells were maintained in serum-free suspension at a density
of 0.5-4.0x10° in Hyclone Hycell TransFX-H media (GE Healthcare) supplemented with 4 mM
Glutamine and 0.1 % Pluronic F68 (Sigma-Aldrich). Cells were incubated in vented PETG
shake flasks (Corning), spun at 110rpm in a 37°C incubator in a humidified 5 % CO>
atmosphere. Cell counts and viability were determined by trypan blue exclusion assay using a

Vi-CELL XR Cell Viability Analyzer (Beckman Coulter).

All transfections were performed at a cell density of 10° cell/ml using linear polyethylenimine
with a mean molecular weight of 25000Da (Polysciences) complexed with plasmid DNA ata 1:2

ratio. The final concentration of plasmid DNA in all cases was 1ug/ml.

3.2 Lentiviral vectors

Lentiviral vectors were produced in the HEK-293SF cell line as described previously 2%, The
psPAX2 (Addgene #12260) and CMV-VSVG (Addgene # 8454) plasmids were gifts from Didier

Trono and Bob Weinberg, respectively 2%,

HEK-293SF cells were transduced with the lentiviral vectors by spinfection at 1000 rcf for 45
minutes in media supplemented with 8 ug/mL of polybrene. Cells were then immediately

resuspended in normal growth media to eliminate polybrene.

In all cases, infectious titer of lentiviral vectors was determined by ddPCR assay, using a

protocol adapted for Baczak et al. (2015)?%. Briefly, HEK-293SF were transduced with serial



10-fold dilutions of lentivirus. After 48 hours, genomic DNA was extracted from cells using the
Purelink Genomic DNA mini kit (Thermo Fisher) according to the manufacturer’s instructions.
ddPCR targeting the Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE) sequence of the vector genome was then used to determine the number of integrated
vector genomes/cell. A parallel ddPCR assay targeting the albumin gene was used as a

normalization control. See Apprendix 3 for primers and thermocycling conditions.

3.3 A/Puerto Rico/8/1934 influenza

PR/8 influenza (NCBI txid:211044) stocks were generated by reverse genetics in HEK-293SF
cells. The process was described previously in Milian et al. (2017)!L. The reverse genetics
constructs used were a generous gift from Xuguang Li’s group at Health Canada, and their

construction was described previously in Neumann et al. (2005)%%7.

To determine infectious particle titer, 10-fold dilutions of virus were used to infect HEK-293SF
cells. After a 3-hour incubation, cells were stained for influenza NP expression and the percent
of cells expressing influenza NP quantified by flow cytometry. See section 3.11 for details on

staining and flow cytometry. Only cultures showing between 2-20% of cells infected were used

for quantification to minimize error due to superinfection.

Viral genomes were quantified by extracting RNA from cell-free supernatants using the QlAamp
Viral RNA Mini Kit (Qiagen) according to the manufacturer’s instructions. RNA was then
reverse transcribed with the iScript Select Reverse Transcription Kit (Bio-Rad) according to the
manufacturer’s instructions and using gene specific primers targeted to influenza genomic
segment 7(M). ddPCR assay using the same primers was then used to determine viral genome

copy number. See Appendix 1 for primers and thermocycling conditions.



All PR/8 infections were carried out at an MOI of 0.1 at a cell density of 10° cells/ml. PR/8
cultures were supplemented with 1 pg/mL of 6-(1-tosylamido-2-phenyl) ethyl chloromethyl

ketone (TPCK) trypsin (Sigma-Aldrich) to allow proteolytic activation of HA.

3.4 PR/8GFPAHA renorter influenza

The PR/8SFPAHA virus was a generous gift from Alain Townsend (Oxford University). The
cloning and production of this virus was previously described in Powell et al. (2012)%%. Briefly,
the coding sequence of the HA gene is removed and replaced with that of GFP. The virus is then
propagated in an HA-expressing MDCK line. All PR/8CFPAHA infections were carried out at an

MOI of 5.

3.5 AAV Plasmids

For the generation of rAAV2, plasmids pAdDeltaF6 (Addgene #112867), pAAV-RC2 (cell
biolabs inc.), and pAAV-CMV-GFP (Addgene #67634) were transfected in a 1:1:1 molar ratio.
pAdDeltaF6 was a gift from James M. Wilson and pAAV-CMV-GFP was a gift from Connie
Cepko 2%, Stocks of rcAAV2 were generated by equimolar transfection of pAdDeltaF6 and
pAV2-Cla. pAV2-Cla, which contains a sequence identical to wildtype AAV2 apart from a point
mutation to generate a Clal restriction site in the 3> UTR. pAV2-Cla was generously provided

by Dr. Thomas Webber.

3.6 rcAAV2 infection

Initial stocks of rcAAV2 were generated via plasmid transfection and titrated by ddPCR. When
using rcAAV?2 infection as a positive control for capsid assembly, HEK-293SF cells at an initial

cell density of 10° cell/ml were infected with rcAAV?2 stocks and hAd5 and an MOI of 10.



3.7 Knockout pool generation

sgRNA for all knockout pools were randomly selected from corresponding Brunello library
guides for that gene®'®. This sgRNA was then cloned into LentiCRISPR.V2 (Addgene #52961)
using standard techniques and verified by Sanger sequencing. LentiCRISPR.V2 was a gift from
Feng Zhang?®*. Lentiviral vectors produced using this construct were used to infect HEK-293SF
at an MOI of 10. Following selection with 2ug/mL Puromycin for 48 hours, CRISPR editing
efficiency was assessed using the TIDE webtool (v2.0.1)?!!. Cells were then incubated for a
further 10 days to allow knockout phenotypes to manifest and recover the drop in cell viability
arising from DNA cleavage. TBK1 knockout was further verified by Western blot using mouse
aTBK1 (Santa Cruz, sc9085) at a 1/200 dilution. af-Actin (Sigma A1978) at a 1/1000 dilution

was used as a loading control.

3.8 Genome-wide CRISPR knockout/activation pool generation

The Human Brunello CRISPR knockout pooled library and Human Calabrese CRISPR
activation libraries (set A) were gifts from David Root and John Doench (Addgene #73178 and
#92379, respectively)?'?. Lentiviral preparations obtained were used to transduce cells at an
MOI of 2, incubated for 48 hours, and then selected with 2 ug/mL Puromycin for 48 hours.
Cells were then incubated for a further 10-15 days to allow knockout phenotypes to manifest and
recover the drop in cell viability arising from DNA cleavage. Aliquots of cells were then frozen
in 10% DMSO. Cells were thawed and subcultured for 48 hours before use in the screen. Atall
points, a minimum representation of 300 copies/sgRNA was maintained. See Appendix 1 for

primers used to generate the amplicon libraries.



3.9 Digital droplet PCR (ddPCR)

All ddPCR assays were carried out on the QX200™ Droplet Digital™ PCR System (Bio-Rad)
using the QX200 EvaGreen Digital PCR Supermix (Bio-Rad) according to the manufacturer’s
instructions. Primers and thermocycling conditions for all ddPCR assays are listed in Appendix

1.

3.10 Microscopy

HEK-293SF cells were seeded at low confluence on a 35mm plate with coverslip (MatTek). 24h
post seeding, the cells were transfected for the production of AAV2-GFP. 72h post seeding, the
media was removed, and the cells fixed and stained as previously described 22, AAV capsid
monomers were detected with anti-VP1/VP2/VVP1 (Progen) labelled with AlexaFluor 700
(Invitrogen), hAd5 E2A by anti-E2A labelled with AlexaFluor 350 (Invitrogen). Anti-E2A was
a gift from Arnold J. Levine 23, Antibodies were incubated at room temperature for 1 hour. Cells
were then imaged using an Olympus 1X-83 confocal microscope. The images were analyzed

using F1JI v1.53 214,

3.11 Flow cytometry

Flow cytometry to assess GFP expression was carried out on the Accuri C6 (BD Biosciences)
instrument. Influenza NP protein expression was assessed by first fixing and permeabilizing
cells with the BD Transcription Factor Buffer Set (BD Pharmingen). Infected cells were then
identified by staining with a 1:50 dilution of mouse aNP-FITC (Thermo Fisher, clone D67J) for
50 minutes. In cases where GFP expression interfered with the use of the conjugated FITC
fluorophore, goat amouse-PE-Cy5.5 (Thermo Fisher, cat#M32218) was used as a secondary

antibody, and any GFP/FITC fluorescence compensated for. To assess the percentage of cells



expressing assembled AAV capsids, cells were fixed and permeabilized as previously described
212 Flow cytometry was carried out on the BD FACSJazz (BD Biosciences) or the BD
LSRFortessa (BD Biosciences). Assembled particles of AAV2 were detected by staining with
anti A20R (Progen) labelled with AlexaFluor 594 (Invitrogen). In all cases, data analysis was

conducted using FlowJo (v.10).

3.12 FACS

In the case of the Brunello screen, cells were sorted live. Cells were sorted 33-40 hours hpi.
Two fractions of cells were collected: the top 10% of GFP/AAV2 expressing cells (“high yield”),
and a control fraction consisting of all infected cells (i.e. GFP positive). The number of cells
collected was such that a minimum representation of 300 copies/sgRNA was maintained. In the
case of the Calabrese screen, cells were fixed and permeabilized as previously described 22,
Assembled particles of AAV2 were detected by staining with anti A20R (Progen) labelled with
AlexaFluor 594 (Invitrogen). Cells were sorted 48 hpi. Two fractions of cells were collected:
the top 25% of AAV2 capsid expressing cells (“high yield”), and a control fraction consisting of

all AAV?2 capsid positive cells. A total of 1-2x10° cells were collected in each fraction.

In all cases, sorting was carried out on the FACSJazz (BD Biosciences) instrument using 1.5

drop yield mode and an event rate of 7000-9000 events/second.

3.13 Deep sequencing sample preparation and sequencing

Genomic DNA (gDNA) was extracted from cells using the JetQuick Blood and Cell Culture
DNA Midiprep Kit (Thermo Fisher). PCR was then used to amplify the sgRNA inserts and
append Illumina adaptors and hexamer barcodes to the amplicons. PCR was performed using the

Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs). Before creating the



amplicon library, ddPCR was used to assay the copy number of sgRNA inserts in extracted
genomic DNA. Sufficient genomic DNA template was used to ensure a minimum read depth of
300 per sample. PCR products were then pooled, concentrated by isopropanol precipitation, and
gel purified on a 2% agarose gel before sequencing. Gel extraction was carried out with the
PureLink Gel Extraction kit (Thermo Fisher). The purified, barcoded amplicon libraries were
then pooled and sequenced. Amplicons for the Brunello screen were sequenced on the lllumina
HiSeq 4000 (lllumina) as 50bp single ended reads. Amplicons for the Calabrese screen were
sequenced on the Illumina Novaseq (Illumina) as 100bp single ended reads. Amplicons for the
validation of the MK lines were sequenced on the Illumina MiSeq (Illumina) as 300bp paired

ended reads. See Appendix 1 for Illumina adaptor sequences.

3.14 Bioinformatics

Data to assess sequencing quality and read mapping, as well as quantification of the changes in
sgRNA abundance between the high yield and control cell populations was carried out using the
MAGeCK software suite (v.0.5.9.2) 21527 In this analysis, read counts were normalized using
a set of 1000 nontargeting control sgRNA’s that were provided in the Brunello and Calabrese
library. The initial set of 1000 was reduced to 963 after the removal of outliers whose difference
in normalized read counts between conditions were outside of the range [Q1 — 1.5 * IQR, Q3 +
1.5 * IQR], where Q1, Q3, and IQR are the first quartile, third quartile, and interquartile range,
respectively. To test for significance of sgRNA abundance between conditions, the MAGeCK
“tool” test was used with additional parameters --remove-zero and --remove-zero-threshold set to
"control" and "30 ", respectively. This removed 1760 sgRNA’s that have an average read count
in the control condition that is less than 30. All other parameters were left at the default setting.

Of note, sgRNA-level p-values were adjusted using the Benjamini-Hochberg procedure, which



controls the False Discovery Rate at level oo =0.25. To obtain gene-level p-values from multiple
sgRNA’s targeting a single gene, version 0.5.9 of the modified Robust Rank Aggregation (RRA)
algorithm, named o-RRA, was used 28, Data analysis of lllumina MiSeq data to validate the
MK clones was carried out as previously described using the CRIS.py python package®®. GO
analysis was carried out using the Metascape webtool (v.3.5), and plotted using default
parameters®?°, Plots were created using Cytoscape (v.3.7.2)??%. Protein complex enrichment
analysis was carried out using the COMPLEAT webtool (v.1.0)??2. Genes were submitted as a

single list using Ifc as a ranking metric.

3.15 Statistical analysis

Except where otherwise stated, the coefficient of correlation and statistically significant
differences between two groups of means were determined by Student’s t-test using Prism

GraphPad (v.6.01). Error bars in figures represent SEM.



4.0 APOOLED GENOME-WIDE CRISPR/CAS9 KNOCKOUT
SCREEN TO IDENTIFY AND RANK INFLUENZA HOST

RESTRICTION FACTORS IN HEK-293SF

4.1 Screen design

This chapter details the results of a pooled screening strategy using a reporter virus
coupled with a FACS based selection method to identify and rank host restriction factors for
A/Puerto Rico/8/1934 H1IN1 (PR/8) influenza in HEK-293SF cells. The screen components and

workflow are described in Figure 3.
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The components of the screen are shown: a) The lentiviral-vectored Brunello Human CRISPR Knockout Pooled
Library, consisting of a pool of 76,411 unique sgRNA as well as 1000 non-targeting controls, each with a
CRISPR/Cas9 expression cassette packaged in lentiviral vectors; The HEK-293SF cell line; The A/Puerto
Rico/8/1934 GFPAHA (PR/GGEPAHA) reporter virus, wherein the HA coding sequence on genomic segment 4 of the virus
has been replaced with the coding sequence of GFP. b) The workflow of the screen is shown, including library
transduction, infection with reporter influenza, and selection of a “high yield” knockout population via FACS. The
high yield fraction is composed of the top 10% of all GFP expressing cells. A control population, composed of all
GFP-expressing cells, is also collected. Deep sequencing is then used to determine the abundance of integrated
sgRNA expression cassettes in the genomic DNA (gDNA) of the two fractions. Fold-change enrichment of sgRNA
species in the high yield fraction relative to the control is then used to identify and rank putative restriction factors.



The Brunello Human CRISPR/Cas9 Knockout Pooled Library (Figure 3a) consists of a
pool 76,411 unique sgRNA, each with a CRISPR/Cas9 expression cassette, packaged in
lentiviral vectors?®®. This library was selected due to redundant (~4x) coverage of all protein
coding genes and the inclusion of extensive (n=1000) non-targeting controls, which are useful
for normalization during downstream analysis?'®. The HEK-293SF cell line (Figure 3a), a
serum-free and suspension adapted variant of the HEK-293 parent line, was selected due to its
human origin and the availability of a well-annotated genome to ensure minimal off-target
effects?®223, The HEK-293SF line is also highly attractive from a bioprocess standpoint and,
though currently less popular than the Vero or MDCK lines for influenza vaccine production, has

shown considerable potential as a scalable and high yield vaccine production platform?*-203.224.225,

The screen presented in Figure 3 was designed to enable a pooled screening format, using
a single-cycle reporter virus and a FACS-based selection step. The A/Puerto Rico/8/19346FPAHA
(PR/8 SFPAHA) reporter virus (Figure 3a) can enter cells and replicate wild-type infection kinetics
for one infection cycle, but it is unable to produce infectious progeny due to the lack of the HA
coding sequence, a critical entry and attachment factor 2. Furthermore, as we will show in
subsequent results, PR/8STPAHA transcribes GFP in direct proportion to wildtype PR/8 HA
transcription, and GFP expression predicts relative wildtype viral titer. Critically, this allows the
individual viral yield of each cell in the knockout pool to be approximated via GFP fluorescence
intensity. High yield cells in the knockout pool can then be selected via FACS. The relative
abundance of various CRISPR/Cas9 cassettes within the genomic DNA of these cells, integrated
via the lentiviral vectors, can then be determined with deep sequencing to identify candidate
restriction factors (Figure 3b). The pooled screening format enables the entire knockout pool of

a given replicate to be contained in a single 3L shaker flask, ensuring identical conditions for all



cells during the screen. The use of a single-cycle infection virus avoids the confounding effects

of secondary infection from neighboring cells.

4.2 PR/8CGFPAHA closely replicates PR/8 infection kinetics and effects on host cells for one

infection cycle

The first step before conducting the screen was to investigate how closely PR/8SFPAHA
mirrors the infections kinetics of PR/8 for a single infection cycle. HEK-293SF cells were
infected under conditions identical to those used in the screen. Over the next 72 hours, samples
of cells were assayed for the percentage of cells infected, cell density, and cell viability. In
addition, cellular levels of mMRNA for genomic segment 4 (HA/GFP) were measured over 40
hours in the two cultures to determine whether the modified genomic segment 4 in PR/GCSTPAHA jg

transcribed at the same rate as that of wildtype PR/8. Results are shown in Figure 4.
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Figure 4. Comparison of PR/8 and PR/8 G¥PAHA infection kinetics and effect on cell viability and growth

a) Effect of PR/8 and PR/8SFPAHA on cell viability and growth compared to mock-infected controls. b) Infection
kinetics of PR/8 and PR/8CFPAHA infected cells are defined as those expressing the influenza nucleoprotein, as
measured by flow cytometry. c) Correlation between expression of PR/8 HA mRNA and PR/8CfPAHA GFP mRNA
over the course of a 40 hour infection. Cellular mRNA content was measured by strand-specific ddPCR. d)
Comparison of infective viral particle titer in cell-free supernatant (CFS) of PR/8 and PR/8S™2HA infected cultures
72 hours hpi. In all experiments, datapoints represent the average of n=3 independent replicates run in parallel.
Error bars represent standard error of the mean (SEM). Whisker plots show mean, range, and individual data points.
R? value was determined by linear regression, and p-value was determined using 2-tailed Student’s t-test.



Both PR/8SFPAHA and PR/8 infected cultures showed identical effects on host cells,
inducing immediate cell cycle arrest and declining viability 40 hours post-infection (hpi)
compared to mock infected controls (Figure 4a). In terms of infection kinetics, PR/8CFPAHA
cultures showed a 1-2 hour delay in viral entry and expression of the influenza nucleoprotein
(NP) as assessed by staining and flow cytometry (Figure 4b). However, within 4 hours, virtually
all cells in both cultures were infected (Figure 4b), indicating that PR/8SFP2HA has no significant
defects in attachment and entry compared to wildtype. See Sharon et al. (2020) supplemental
data S2 for flow cytometry gating®. There was also a strong linear correlation (R?=0.83) between
the absolute levels of cellular GFP mRNA and HA mRNA expressed over the course of 40 hours
in PR/8 STPAHA and PR/8 cultures (Figure 4c) showing that the modified genomic segment 4 of
PR/8CFPAHA s transcribed at a similar rate as that of PR/8 segment 4 and is an accurate predictor
of PR/8 transcription levels. Overall, PR/8S™PAHA closely replicates PR/8 infection kinetics and
effect on host cells under the conditions tested. Finally, we also sought to verify the “single
cycle” nature of PR/8CSFPAHA infection. As expected, PR/SSFPAHA cyltures 72hpi contain
negligible concentrations of infectious viral particles compared to wildtype PR/8 (Figure 4d).
The small titer of reporter virus that was observed likely indicates carryover from the initial

infection.

4.3 PR/8CFPAHA GEP reporter intensity predicts PR/8 viral yield

Though the results of Figure 4c show that GFP reporter transcription in PR/8CFPAHA
infected cells correlates well with wildtype PR/8 transcription, we wanted to assess whether GFP
reporter expression was also indicative of viral yield using a positive control wherein a known

restriction factor is knocked out. Results are shown in Figure 5.
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Figure 5. Validation of PR/8CFPAHA GFP intensity as a reporter for increased viral yield using a HEK-
293SFATBKI knockout pool

a) TIDE analysis of gDNA extracted from the HEK-293SFATBX! knockout pool at the sgRNA cut site. Frameshift
from control sequence indicates successful indel at the gRNA target site and disruption of the TBK1 gene. Indel
frequency is estimated at 68%. b) Western blot for TBK1 against extracts from the HEK-293SFATBK! knockout pool
and control cells showing a reduction in TBK1 protein levels in the knockout pool. c¢) Timecourse measurement of
wildtype PR/8 viral titers in terms of genomes/mL in HEK-293SFATBK! and control HEK-293SF CFS. Results show
significantly elevated viral titers generated by the HEK-293SFATBK! knockout pool. d) Timecourse measurement of
GFP reporter intensity in HEK-293SFATBX! and control HEK-293SF cells infected with PR/8CS™PAHA - Results show
significantly elevated GFP reporter intensity in HEK-293SFATBK! cells. TIDE analysis was conducted using the
TIDE webtool. Datapoints of figures ¢) and d) represent the average of n=3 independent replicates run in parallel.
Error bars represent SEM. All p-values were determined using using 2-tailed Student’s t-test.



Tank binding kinase 1 (TBK1) is a serine-threonine kinase and a key component of the
RIG-1 dsRNA sensing pathway'%. Disruption of TBK1 expression has been shown to increase
PR/8 titer in HEK-293%2227 " |n order to examine whether GFP expression in PR/8 SFPAHA
infected cells could predict increases in wildtype viral yield, CRISPR/Cas9 was used to knock
out TBK1 in HEK-293SF cells, generating a HEK-293SFATBK! knockout pool. Tracking of
Indels by Decomposition (TIDE) analysis (Figure 5a) and Western blot (Figure5b) show
successful modification at the target DNA loci and a reduction in TBK1 protein levels in the
HEK-293SFATBKI pool, respectively. Wildtype PR/8 yield was then assessed in these cells. As
shown in Figure 5c, cells from the HEK-293SFATBK! knockout pool showed a significant increase
in viral yield compared to controls. Both unmodified cells and those from the HEK-293SFATEK!
knockout pool were then infected with PR/8SFPAHA "and the mean GFP fluorescence intensity of
infected cells was measured over 48 hours via flow cytometry. The flow cytometry gating
strategy can be found in Sharon et al. (2020) supplemental data S2. As shown in Figure 5d, the
mean GFP intensity of the HEK-293SFATBX! knockout pool was significantly elevated relative to
control cells. This demonstrates that high yield knockout populations can be identified by GFP

intensity from PR/8 SFPAHA reporter virus infection, validating its use in the screen.

4.4 Screen controls and quality metrics performed as expected

Three independent replicates of the screen depicted in Figure 1 were run, each generating
a control (all infected cells) and high yield fraction (cells in the 90" percentile of GFP
expression), totaling six samples. FACS gating strategy for sample collection is shown in Figure
6, while Figure 7 shows assessment of screen replicates in terms of deep sequencing base calling

quality, read mapping, and the distribution of these reads within the library.
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Figure 6. FACS gating strategy for sample collection

a) whole cells are isolated from debris and large clumps followed by b) doublet discrimination based on pulse width.
For cell sorting during the screen, two populations of cells were collected: c) a high yield fraction consisting of the
top 10% of GFP expressing cells and d) a control fraction consisting of all infected (GFP positive) cells.
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Figure 7. Deep sequencing and read mapping quality metrics

Six samples, consisting of high yield and control fraction for each of the three replicates (abbreviated R1, R2, and
R3), were sequenced together as a barcoded pool. a) Average per base Illumina Q score, an aggregate measure of
base-calling quality, for each sample. b) Distribution of average GC content per read for each sample. c)
Ilustration of total reads per sample and reads that were successfully mapped to the library. d) Gini index for each
sample, a measure of read distribution across the library. E) Number of zero counts, elements in the library for
which no read was mapped, for each sample. F) Heat map showing sample grouping and correlations between
samples. Data was generated using the MAGeCK software suite.



For all samples, average per base Illumina Q score, an aggregate measure of base calling
quality, was > 30 for the entirety of the 50 bp read (Figure 7a), indicating good base calling
during sequencing. GC content per read was consistent between samples and indistinguishable
from the theoretical distribution for the library (Figure 7b), indicating that there was no
significant bias in the PCR used to generate the amplicon libraries or in the deep sequencing
itself. For all samples, > 65 % of reads were mapped to the library (Figure 7c), further indicating
satisfactory sequencing quality. The library was also well represented in terms of both average
read depth (~300 per sgRNA) (Figure 7c), and a Gini index, a measure of read distribution across
the library, below 0.1 for all samples. Zero count sgRNAS, elements in the library for which no
read was mapped, comprise <1 % of total library elements (n=76,411) for all samples (Figure
7e). Figure 7f shows correlation and clustering between samples. As expected, the strongest
correlations are seen between the three control samples and between the three high yield

fractions, respectively.

The library contains an average of four distinct sgRNA targeting towards each protein
coding gene. Figure 8a shows the median abundance and enrichment of sgRNA reads for the

three replicates.
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Figure 8. sgRNA abundance, enrichment, and controls

a) Log-Log plot of abundance for each individual sgRNA in high yield and control samples. Values represent the
median of three replicates. A pseudocount of +1 was added to all SJRNA to allow plotting of zero count sgRNA.
Elevation above or below the line x=y indicates enrichment or depletion of that SgRNA, respectively. Significantly
enriched or depleted sgRNA (n=754), non-targeting control (NTC) sgRNA (n=1000), and controls in the form of
sgRNA that target essential ribosomal subunits (n=34) are highlighted. sgRNA with a median read count in control
samples of <30 (n=1760) are displayed but were excluded from downstream analysis due to insufficient
representation. b) Mean abundance in control samples of all targeting SgRNA, sgRNA targeting essential ribosomal
subunits, and NTC sgRNA. Significant enrichment/depletion of individual syRNAs was determined using the
MAGeCK software suite. Note that p-values have been adjusted for multiple testing using the Benjamini-Hochberg
procedure. Significance values in plot b) were determined using 2-tailed Student’s t-test. Whisker plots represent
mean and SEM.



A total of n=754 sgRNA were significantly enriched or depleted with a threshold of
p<0.01 in high yield fractions. As shown in Figure 8b, the mean count of all SgRNA targeting
essential ribosomal subunits (as identified by Hart et al. (2014)) is significantly lower (p=3.9x10
10) than the mean of all other targeting sgRNA in control samples 2?8, The depletion of this
subpopulation in which essential cell survival factors have been targeted for knockout indicates
efficient CRISPR/Cas9 activity in the screen. Non-targeting controls were found to be
significantly elevated compared to targeting sgRNA, which is an expected result considering we
observe a 24-48 hour growth arrest in HEK-293SF following CRISPR/Cas9 knockout. We
speculate this is due to cells resolving the DNA damage that mediates CRISPR/Cas9 activity, as

has been reported elsewhere??®,

4.5 ldentification and analysis of putative influenza restriction factors in HEK-293SF

A total of n=135 significantly enriched gene knockouts were identified by Robust Rank
Aggregation (RRA) analysis using the MAGeCKFlute software suite and a significance
threshold of p<0.012'°. See methods section for analysis parameters. An arbitrary threshold for
minimal biological significance of log. fold-change (Ifc) >0.4 was also imposed to refine the

results. Results are shown in Figure 9.
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Figure 9. Summary of significantly enriched and depleted genes and hit validation

a) Volcano plot showing the mean log fold enrichment (Ifc) and p-value for each gene knockout. Gene “hits” are
defined as having p<0.01 and |Ifc|>0.4. Using these criteria, n=64 putative restriction factors were identified, as well
as n=37 significantly depleted genes. b) Individual sgRNA Ifc for the six most depleted genes in the screen, i.e.
knockouts which were detrimental to influenza replications. c) Enrichment of individual sgRNA corresponding to
the top six putative restriction factors identified in the screen. d) Validation of top putative restriction factors DDX6,
SMG9, and CARM1 using wildtype PR/8 virus at an MOI of 0.1. Results indicate a 6-3 fold increase in viral titer at
48hpi following restriction factor knockout. Significance values in plot d) were determined using 2-tailed Student’s
t-test, with n=3 independent replicates run in parallel. Error bars represent SEM. Values in panels a), b), and c)
were obtained by Robust Rank Aggregation (RRA) analysis with the MAGeCKFlute software suite and plotted in
Prism. Note that p-values have been adjusted for multiple testing using the Benjamini-Hochberg procedure. See
methods section for analysis parameters.



Overall, n=64 gene knockouts were identified with these criteria, hereafter referred to as
putative restriction factors (Figure 9a). Although not a goal of this study, we also identified a
subset of genes that were significantly depleted that may be of interest, particularly those looking
to identify host targets of antiviral drugs (Figure 9b). However, we caution that the screen lacks
adequate controls to distinguish whether these depleted factors exert a specific effect on
influenza replication, or merely that their knockout is detrimental to the cell’s overall
biosynthetic capacity. Top putative restriction factors in the screen are shown in Figure 9c. In
addition, because this screen used an indirect readout (GFP fluorescence) to assess viral titer. It
was important to validate a portion of the putative restriction factors identified by direct
measurement wildtype PR/8 titers to verify the integrity of the dataset. For each of the genes
DDX6, SMG9, and CARM1, a knockout pool was generated using a randomly selected SgRNA
sequence from the Brunello Library. Editing efficiency was estimated by TIDE analysis as
>80% for all pools (see Sharon et al. (2020) supplemental data S5). Cells were then infected
with PR/8, and fold-change in influenza yield measured compared to cells transduced with a
non-targeting control sgRNA (Figure 9d). Results show an increase of viral titer of 3-6 fold over
non-targeting controls, verifying the results of the screen. See Sharon et al. (2020) supplemental

data S4 for full analysis and raw sequencing data’

In order to identify common biological pathways, processes, and protein-protein
interactions (PPI) within our list of putative restriction factors, a Gene Ontology (GO) analysis

was conducted using Metascape (Figure 10)?%°.
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Figure 10. Gene ontology (GO) analysis of putative restriction factors

a) Significantly enriched GO clusters obtained from the 64 putative restriction factors in the screen. In total, n=274
individual GO terms were found to be enriched with a threshold of p<0.01. Associated GO terms were clustered,
with the name of that cluster represented by the individual GO term with the lowest p-value. Within the first cluster,
selected individual GO terms related to influenza have also been displayed. b) Graphical representation of the
association between GO clusters. Nodes represent subclusters, with node size corresponding the to the number of
genes in that node. Edges represent association between subclusters in terms of biological processes, pathways, or
PPI. GO analysis was conducted using the Metascape webtool and plotted in Cytoscape.



A total of n=274 individual GO terms were significantly enriched with a significance
threshold of p<0.01. As expected, we see highly significant enrichment of terms related to
influenza (Figure 10a) including Transport of Virus (p=2.0x10®), Influenza Life Cycle
(p=5.8x10), and Influenza Infection (p=7.7x10"*). While enrichment of influenza-related terms
serves as a supporting additional validation of the screen results, the majority of the putative
restriction factors identified are not associated with these ontology terms, suggesting analysis of
other highly enriched GO terms may provide insight into novel antiviral pathways in the cell.
Highly significant GO clusters, groups of related GO terms, are shown in Figure 10a. Figure 10b
provides a graphical representation of the interactions between subclusters. See Sharon et al.

(2020) supplemental data S6 for the full list of significantly enriched GO terms.

In addition to the GO analysis, we also conducted an analysis for the enrichment of stable
protein complexes using COMPLEAT??2, If an individual restriction factor exerts its antiviral
effect as part of a multiprotein complex, it follows that the knockout of any protein in that
complex which is required for complex functionality should exert a similar antiviral effect. We
would thus expect to see that some of the top ranked genes in the screen are part of the same
protein heterocomplexes. This analysis is useful both as an indirect validation of the screen, and
to guide subsequent efforts to create high yield knockout cell lines based on the screen results, as
the knockout of multiple restriction factors that exert their effect through a common protein

complex would be redundant. Results are summarized in Figure 11.
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Figure 11. Protein complex enrichment analysis

a) Significance and enrichment score (based on the COMPLEAT aggregate scoring system that factors in complex
size, gene Ifc, and other factors) of individual protein complexes. n=84 protein complexes were found to be
significantly enriched at a threshold of p<0.01. b) The top five enriched protein complexes identified, showing the
individual genes corresponding to a given protein and Ifc of that gene in the screen, as well as the interactions

between proteins in the complex. Both p-values and enrichment scores were generated using the COMPLEAT web
tool.



As shown in Figure 11a, n=84 protein complexes (either described in literature or
predicted through proteomics studies) were found to be significantly enriched with a threshold of
p<0.01. The highest scoring complexes as determined by the COMPLEAT algorithm are
depicted as well in Figure 11b. See Sharon et al. (2020) supplemental data S7 for the full list of

significantly enriched complexes®.



5.0 ATTEMPTS TO DEVELOP A SCALABLE, HIGH YIELD
MULTIPLE KNOCKOUT CELL LINE FOR THE CELL-BASED

PRODUCTION OF INFLUENZA VACCINES

5.1 Single gene knockout pools guided by screen results show cell-density dependent effects

on viral yield

While the screening data is informative in terms of understanding host-virus interactions,
the primary purpose of this screen is to direct the creation of high-yield knockout cell lines.
Based on screen rank and a review of available literature, n=12 putative restriction factors
identified in the screen were selected for follow-up analysis and validation. To this end, separate
CRISPR/Cas9 knockout pools were generated for each of these genes to analyze in impact of

individual knockouts on cell growth characteristics and influenza yield.

Initial experiments examined cell doubling time and viral yields in single knockouts
under infection conditions that were optimized for unmodified HEK-293SF. Results are shown

in Figure 11 below.
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Figure 12. Cell growth rate and PR/8 influenza yield of knockout pools

a) Growth rate of knockout pools compared to HEK-293SF cells transduced with a non-targeting control sgRNA.
Growth rate is defined as the average doubling time of the cells when maintained between 0.5-2.0 x 108 cells/ml. b)
PR/8 influenza yield of knockout pools compared to HEK-293SF cells transduced with a non-targeting control
sgRNA. Yield is measured as VG/ml in cell-free supernatant at 48 hpi. Cells are infected a MOI=0.001 at a density
at 1 x 10° cells/ml. Error bars represent SEM of n=3 replicates.



As shown in Figure 12a, TSC1 and TSC2 knockout significantly decreased the growth
rate of the cells, and so these pools were not included in subsequent experiments. While
unfortunate that these knockouts could not be evaluated further, it was encouraging to see that
the knockout of both genes generated similar effects on the cells as the proteins are active as a

heterodimer 2%,

Increases in viral yield under these conditions were modest, with a 60% increase in yield
at best (Figure 12b). As discussed earlier though, many of the restriction factors identified are
activated during metabolic stress and play a role in mediating the consequent downregulation of
anabolic metabolism. Metabolic stress from buildup of toxic metabolites and nutrient starvation
is thought to be a key mechanism behind the cell density effect?1-233, The effect is conserved
across many different cell lines and viruses and is often a major limiting factor in process design
for virus production in mammalian cells, necessitating complicated and expensive fed batch or
perfusion culture systems to overcome 2°42%*, This raised the interesting question as to whether
any of the mutations we had generated would allow cells to maintain their specific productivity
at higher cell densities. This is particularly pertinent for the HEK-293SF cell line, which
exhibits steeply declining specific and volumetric yield of influenza, adenovirus, AAV, and

lentivirus when initial infection densities exceed 1 x 106 cells/mI2.

To investigate this, cells were infected at two different densities: 1x10° cells/ml and 3x10°
cells/ml, and yields compared to controls. In addition, a non-exhaustive panel of double
knockout pools was generated to investigate whether any restriction factor knockouts exhibited
synergy. Selection of double knockouts was based on literature review and identification of
restriction factors that participate in parallel (and potentially compensatory) biological processes.

Results are shown in Figure 13.
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Figure 13. PR/8 influenza yield of selected knockout pools under high cell density culture and double mutants

a) PR/8 influenza yield of knockout pools compared to HEK-293SF cells transduced with a non-targeting control
sgRNA. Yield is measured as viral genomes/ml in cell-free supernatant at 48 hpi. Cells are infected a MOI=0.001
at the indicated cell density. Note that yield is relative to a control infected at that same cell density. b) PR/8
influenza yield of knockout pools compared to HEK-293SF cells transduced with a non-targeting control sgRNA.
Yield is measured as VG/ml in cell-free supernatant at 48 hpi. Where present, error bars represent SEM of n=3
replicates.



As shown in Figure 13a. the DDX6, SMG9, and CARM1 knockout pools exhibited
greatly increased (up to 400%) yields over controls at high cell densities. In addition, a
synergistic effect between NXF1 and NXT1 was identified that also substantially increased

culture productivity (Figure 13b).

5.2 Generation, clonal expansion, and genotyping of multiple knockout clones

Rather than continuing to investigate different culture conditions for single knockout
pools, | proceeded directly to clonal isolation of cells featuring simultaneous knockouts of
DDX6, SMG9, CARM1, NXT1 and NXF1. Any further data collected from single knockout
pools would have been of questionable value for two reasons. Firstly, it was impossible to
accurately predict potential interactions between individual knockouts. Secondly, any
optimization of cell density or other culture conditions at the 125ml shake-flask scale may not

translate to eventual scaleup to a 1L bioreactor.

To this end a pool of HEK-293SF were simultaneously transfected with five
CRISPR/Cas9 plasmid constructs to generate the desired mutations. Calculations based on the
efficiency of the respective sgRNA indicate that in order to have a >90% chance of generating at
least 3 clones featuring complete knockout of every allele, 200 clones must be isolated. HEK-
293SF is generally difficult to isolate clonally, and so this task was completed by collaborators at
the NRC using the CellCelector™ system. Of the 384 clones that were originally isolated, 160
survived and were designated multiple knockout (MK)1-160. Clone genotyping was

accomplished by using multiplex PCR and deep sequencing strategy illustrated in Figure 14.
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Figure 14. MK clone genotyping by MiSeq amplicon sequencing

a) Multiplex two step PCR strategy to generate amplicons for MiSeq. gDNA from each clone was extracted and the
regions flanking the five sgRNA cut sites amplified, barcoded, and appended with Nextera adaptors. Amplicon
libraries from the 160 respective MK clones were then pooled prior to MiSeq. b) Comparison of total and uncalled
reads for the MiSeq run. c) Called reads per gene for each MK clone. Box plot and whisker plot represents mean,
interquartile range, and max/minimum.



The multiplex two step PCR strategy to generate an amplicon pool for MiSeq depicted in
Figure 14a was generally successful. Amplicons were ~350bp in length and sequenced as 300bp
paired-end reads that were later merged to generate a single contiguous read. Of the n=4.8x10°
reads generated, 72.4% were successfully called and mapped to a particular clone and cut site
(Figure 14b). On average, each clone had ~2750 reads per cut site, with no clone having less
than 624 reads for any one of the five cut sites (Figure 14c). Considering that the ploidy of the
HEK-293SF cell line ranges from diploid to tetraploid, each allele has a minimum mean
coverage of >500x and an absolute minimum coverage of 156x, which should be more than

sufficient to accurately survey indel frequencies®®.

The MiSeq data analysis pipeline to characterize indels frequencies in clones MK1-160
was modified from the CRIS.py and CRISPresso2 software packages (see methods section for
details)?*%%5, The primers to generate the amplicons for sequencing were designed such that the
primer binding sites were at least 100bp from the sgRNA cut sites, enabling the detection even of

large indels. Results of the analysis are shown in Figure 15 below.
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Figure 15. Indel frequencies by gene for MK clones

a) Indel frequencies by gene for all 160 MK clones. An indel frequency of 100% indicates that all MiSeq reads at a
particular locus contained an indel, while 0% indicates wildtype. b) Indel frequencies of clones containing the
highest summed percentage of indels. These clones were expanded for further characterization



As shown in Figure 15a, the overall indel efficiency in the isolated MK clones was
unexpectedly low, ranging from 6.5-25%. Indeed, 46 of the 160 MK clones screened had no
detectable indels at all, and only genes SMG9 and CARM1 were completely knocked out in any
clone. This is somewhat surprising as the SgRNA sequences used were validated as part of the
Brunello library, and transfection with any single sgRNA construct had previously been shown
to produce indel efficiencies in excess of 80% (See Sharon et al. (2020) supplemental data S5).
Despite disappointingly low editing efficiencies, four clones (Figure 15b) were expanded for
further characterization. The four expanded clones represent the “most modified” clones based

on the summed percentage of indel frequencies for the five gene knockouts.

One interesting point that can be gleaned from Figure 15a is the highly aneuploid nature
of the HEK-293 cells line. While the genotyping protocol used doesn’t give absolute copy
number, only a ratio of modified alleles to unmodified, it can be inferred from the ratios achieved
that ploidy varies between diploid to tetraploid. Moreover, it appears that not every chromosome

shares the same copy number within the cell.

5.3 Characterization and scaleup of multiple knockout clones

Selected clones were characterized in terms of growth rate and influenza yields in terms

of VG/mlI at different densities. Results are shown in Figure 16.
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Figure 16. Grow curves and viral yield of selected clones

a) Growth curve of MK clones compared unmodified HEK-293SF cells. Cells were seeded at 1x10°cells/ml and
cultured without medium replacement b) PR/8 influenza yield of selected MK clones compared to unmodified HEK-

293SF cells at varying cell densities. Yield is measured as VG/ml in cell-free supernatant at 48 hpi. Error bars
represent SEM of n=3 replicates.



As shown in Figure 16a, with exception of MK43 all clones achieved a final cell density
~40% lower than that of the parental HEK-293SF line, as well as a markedly slower growth rate.
While not ideal, this slower growth rate in the knockout clones was offset by a remarkable
insensitivity to the cell density effect when measuring yield in terms of VG/ml (Figure 16Db).
While the parental HEK-293SF line showed maximal yields at 1x10° cells/ml, the majority of
clones achieved maximal yields at the maximum cell density tested (1x107 cells/ml). Moreover,
the maximal yields of clones MK43 and MK56 are nearly 10-fold higher than the maximum
yields of the parental cell line. In an effort to confirm these results, the same samples were
assayed for total influenza particle yield via a hemagglutination assay. This assay measures total
viral particles by testing the ability of the HA protein on virions to agglutinate red blood cells.
Critically, this assay relies directly on the content of active HA, the primary measurement of

vaccine potency?®. Results are shown in Figure 17.
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Figure 17. HA yield of selected MK clones

PR/8 influenza yield of selected MK clones compared to unmodified HEK-293SF cells at varying cell densities.
Yield is measured as units of active HA and used to estimate viral particles/ml in cell-free supernatant at 48 hpi.
Error bars represent SEM of n=2 replicates.



As shown in Figure 17, the results of the hemagglutination assay (which measures active
HA/mI) vary considerably from those of the ddPCR based assays (which measure VG/ml), a
curious result as these two measures generally correlate quite well?”. While VG/ml seems to
roughly approximate HA content in the parental cell line, in the MK clones this is not the case.
Rather than the roughly linear relationship between cell density and yield observed when
measuring VG/ml in MK clones, measurement by hemagglutination assay indicates that maximal
yields are attained at 3x10° cells/ml. Moreover, rather than a 10-fold increase in maximum yield

between MK clones and the parental cell line, the difference is instead roughly 2-fold.

The HEK-293SF cell line is extremely amenable to scaling in bioreactor culture, a chief
reason it is used industrially. In an effort to assess how the knockouts induced impacted the cell
line’s scalability and whether increases in yield were conserved, the best performing clone
(MK30) was tested at the 1L bioreactor scale in batch culture. A bioreactor with unmodified
HEK-293SF was run in parallel. Generally during bioreactor production of influenza, cells are
seeded into a bioreactor and allowed to come up to a predetermined density before infection.
During this time cell density and viability were monitored. Unfortunately, the MK30 clone

failed to thrive in bioreactor culture, as shown in Figure 18.
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Figure 18. Growth of MK30 in bioreactor culture and average cell diameter of selected MK clones

a) Growth of PR/8 influenza yield of selected MK clones compared to unmodified HEK-293SF cells at varying cell
densities. Yield is measured as units of active HA and used to estimate viral particles/ml in cell-free supernatant at
48 hpi, . Error bars represent SEM of n=2 averaged replicates per clone.



Viable cell density and declined for the MK30 after the 12 hour timepoint, whereas the
parallel bioreactor containing unmodified HEK-293SF grew as expected (Figure 18a). This
precluded any measurement of influenza yields at the 1L bioreactor scale for the MK30 clone.
Parameters such as pH and dissolved oxygen were identical between the two bioreactors,
confirmed by independent measurement with separately calibrated probes (data not shown).
Samples taken from the bioreactor and inoculated into new HEK-293SF cultures also did not
cause any loss of viability in the new culture, arguing against microbial contamination. One of
the main differences between shake flask culture and bioreactor culture is the level of sheer
stress imposed on cells, caused by agitating the culture with an impeller. Measurements show
that the average cell diameter of the MK30 clone, as well as other three clones that were
expanded, was significantly higher than the HEK-293SF parent line (Figure 18b). Given that
larger cells are more susceptible to sheer stress, this may explain the inability of the MK30 clone

to survive and grow in bioreactor culture.



6.0 INTRACELLULAR MEASUREMENT OF ASSEMBLED AAV
VECTOR CAPSIDS AS ADIRECT REPORTER IN POOLED

GENOME-WIDE CRISPR/CAS9 SCREENING

6.1 Application of CRISPR/Cas9 genome-wide screening to intensify transfection-based

manufacturing of AAV vectors

Attempts to directly measure cell-specific yield of viral biologics in pooled screens is
inherently complicated by the fact that for enveloped viruses such as influenza, virion maturation
and egress are simultaneous processes. Since it’s impossible to distinguish between viruses
originating from different mutant subpopulations once they leave the cell, indirect reporters
(such as the GFP reporter used in section 4) are necessary. However, many nonenveloped
viruses assemble and aggregate within the cell and egress via lysis. With appropriate timing just
before cell lysis, it should be possible to directly measure the yield of mature virions within the
cell and avoid the difficulties inherent in using an indirect reporter. This in turn would result in a
reduction of false-positives in the genome-wide screen. One non-enveloped virus with

significant utility as a viral biologic is AAV.

In addition to viral vaccines, HEK-293SF can also be used to produce AAV vectors. The
bulk of AAV vectors used for research, clinical trials, and approved therapies are currently
produced by multi-plasmid transfection of mammalian cells °. Low yields from transfection-
based manufacturing platforms currently make it difficult to supply these activities with adequate
material. AAV assembles intracellularly and is released from the cell only upon lysis.
Additionally, conformation specific antibodies exist that selectively bind fully assembled viral

capsids, allowing viral yield to be approximated via staining coupled with flow cytometry. AAV



production by transfection-based manufacturing thus seemed like an ideal platform to explore for

process intensification via CRISPR/Cas9 screening.

6.2 Establishing a model for transfection-based manufacturing of AAV

To establish a model for subsequent experiments, a triple plasmid transfection to produce
AAV2-GFP was carried out on HEK-293SF cells in suspension, based on an optimized process

developed by Chahal et al. 2%, Results are shown in Figure 19.
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Figure 19. Production of rAAV2-GFP by plasmid transfection

HEK-293SF cells in serum-free suspension were transfected with equimolar amounts of pAdDeltaF6, pAAV-RC2,
and pAAV-CMV-GFP to produce AAV2 vectors carrying a GFP transgene. These plasmids correspond to the
helper, packaging, and transfer plasmids, respectively. a) Cell density in transfected and mock transfected cells
tracked until harvest at 48 hpt. b) Volumetric vector yield in terms of nuclease-resistant vector genomes measured
by digital droplet PCR. Also shown are two controls; transfection with equimolar amounts of pAdDeltaF6 +
pAAV2-Cla (an infectious clone of wildtype AAV?2) to produce replication competent AAV (rcAAC) by
transfection, and infection with rcAAV and hAd5 at an MOI of 10 to produce rcAAV. Error bars represent SEM.
Significance was determined using a non-parametric t-test with Welch’s correction.



As seen in Figure 19a, cell density was relatively stable up to the harvest point at 48 hpt,
the previously determined optimal harvest point for this process 2%. The mean vector yield 48
hpt was measured at 2.08 x 108 VG/ml, in line with previous studies where AAV vectors were
produced by transfection in HEK-293 or derivative cell lines (Figure 19b). Two controls used in
subsequent experiments were also assayed for AAV particle yield; transfection with an AAV
infectious clone and helper plasmid to generate replication competent AAV (rcAAV) (1.26 x 10°
VG/ml), as well as cells infected with rcAAV2 and a human adenovirus type 5 (hAd5) helper
virus (2.97 x 10° VG/ml) (Figure 19b). It should be highlighted that the relatively crude
measures of AAV yield used here do not fully capture the differences between rcAAV and AAV
vectors; nearly 100% of rcAAV particles are infectious, whereas <1% of AAV vector particles
are able to successfully transduce cells. The reasons behind this are poorly understood, but there
is evidence that cis-acting sequences within the REP and CAP genes are necessary for efficient

particle maturation?3,

6.3 Only a small fraction of cells produce assembled viral capsids during transfection-based

manufacturing of AAV

To determine what proportion of cells in our triple transfection model produce fully
assembled vector capsids, transfected cells were stained with a conformation-specific antibody
that binds only to assembled viral capsids, allowing the measurement of this subpopulation by
flow cytometry 244241 The presence of a GFP expression cassette on the transfer plasmid
allowed simultaneous assessment of transfection efficiency. Cells infected with rcAAV2 and
hAd5 helper virus were used as a positive control for capsid assembly, while cells transfected

with an infectious AAV2 clone and helper plasmid were used to determine how capsid assembly



is impacted by transfection and/or the recombination of AAV2 genes. Results are shown in

Figure 20.
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Figure 20. Comparison of transfection efficiency and assembled AAV capsid production in transfected cells
producing AAV2-GFP vectors

HEK-293SF cells producing AAV2-GFP vectors by transfection were fixed 48 hpt and stained for assembled AAV
capsids. a) Gating for transfection marker (GFP) and assembled AAV capsids following exclusion of debris and
singlet gating. Positive gates were set using mock-transfected control set to 1-2% positive (not shown). Also shown
are a positive control for capsid assembly consisting of cells infected with rcAAV2 and a hAd5 helper virus, and
cells transfected with pAdDeltaF6 + pAAV2-Cla b) Quantification of flow cytometry results from n=3 biological
replicates. Error bars represent SEM.



As expected, nearly all cells in the rcAAV2 and helper virus infected control are positive
for assembled AAV capsid. However, despite a transfection efficiency of approximately 60%,
only a small only a small fraction (~7%) cells in our triple transfection model produced
measurable amounts of assembled AAV capsid. Interestingly, transfection with an AAV2
infectious clone and helper plasmid improves the proportion of cells positive for assembled AAV
capsid by 4-5 fold (Figure 20), commensurate with the differences in particle yield observed in
Figure 1b. Evidently the process of transfection is not inherently detrimental to AAV capsid

assembly.

6.4 Attempts to utilize intracellular measurement of assembled AAV capsids as a screening

reporter

The revelation that only a small fraction of cells produce assembled AAV capsids during
transfection-based manufacturing of AAV vectors is interesting and previously unreported in
literature. However, it does complicate any genome-wide screen since the population of cells in
which we can measure AAV vector yield is now only ~7% of the total pool. If the screen were
to enrich for the top 10% of AAV producers (is in the previous screen in section 4), this means
the “high yield” sorted fraction consists of only 0.7% of the total pool. Maintaining library
representation in the sorted fraction of cells is thus all but impossible, since for a typical library

consisting of 70,000 unigque elements the number of cells to be sorted would be approximated by:

(70,000 cells)x (coverage of 200x)

9
0.007 2.0 x10

cells to be sorted =

As previously discussed in section 2.17 though, samples in enriched conditions do not
necessarily require full coverage. Enriched sgRNA can be highly overrepresented in these

samples, and thus depending on signal to noise ratio a much smaller enriched pool may still be



sufficient to show statistically significant fold-changes in sgRNA abundance for hits. Attempts
at both genome-wide knockout and genome-wide activation screens, conducted by the NRC and
at McGill respectively, were thus undertaken. The knockout screen utilized the Toronto
Knockout (TKO) library V3 and the activation screen utilized the Human CRISPRa Calabrese
library (sgRNA set A)?*2243, The FACS gating used in both screens is identical to that employed
in Figure 20, sorting the top 25% of AAV-producing cells and collecting enriched fractions of 1-
2x108 cells. Samples for the Calabrese activation screen conducted at McGill were processed
and analyzed in a similar manner to those in section 4.0, except that lllumina NovaSeq rather
than Illumina HiSeq was used to sequence the amplicon library. Selected quality control metrics

for NovaSeq run and subsequent read mapping are shown in Figure 21.
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Figure 21. Selected quality control metrics for pooled genome-wide pooled Calabrese activation screen

The screen was carried out in duplicate (with respective replicates labeled R1 and R2), generating two control
samples and two enriched samples. a) Comparison of total and mapped reads following NovaSeq of the amplicon
library. b) Zero count sgRNA in respective samples following read mapping.



In total the NovaSeq run produced 3.3x108 raw reads, 67% of which were successfully
mapped to the Calabrese library index (Figure 21a). Mapped read distribution was unexpectedly
skewed towards enriched samples, but the number of reads in the least represented sample (R1
control, n=3.1x107 reads) still corresponds to a coverage of >500x, significantly overshooting

even the upper bound of recommended coverage for pooled screens.

As shown in Figure 21b, there was a loss of guide diversity in unsorted control fractions
of the activation screen. Given that the plasmid library used to produce lentiviral vectors for this
library displays an expected distribution of guides (Figure 21Db), it seems likely that this pool
underwent a population bottleneck during initial transduction and drug selection. The knockout
screen conducted by collaborators at the NRC, which did not encounter population bottlenecks,
was frought with other issues arising from the cell fixation process that was necessary for
intracellular antibody staining. The fixation process cross-linked DNA to bound proteins and
chemically modified the DNA itself, resulting in extracted DNA yields being reduced by 90%
(data not shown). Use of a DNA extraction kit specifically designed for extraction from fixed
tissues partially ameliorated this, but DNA recovery was still reduced by ~50%. Fixed cells also
displayed a high binding affinity to polypropylene used in laboratory plasticware and pipette tips,
and thus the number of cells in the already small sorted fractions was further reduced with every

pipetting or transfer step.

In addition to (and perhaps more importantly than) the technical challenges encountered,
attempts to optimize and repeat the planned genome-wide screens were highly impacted by the
COVID-19 pandemic and the associated reagent shortages, reprioritizing of core facilities to

address the pandemic, and reductions in support staff at McGill and the NRC. Ultimately the



decision was made by the NRC, the primary source of funding for this project, to withdraw

support due to protracted delays.

6.5 Expression of a transfection marker does not reliably indicate co-expression of AAV

proteins or helper virus factors

Attempts at using genome-wide CRISPR/Cas9 screening to intensify transfection-based
manufacturing of AAV were unable to yield useable screening data, in part due to the low
proportion of cells producing assembled virus capsids. However, this result was in and of itself
interesting because it contradicts the prevailing assumption that all successfully transfected calls
in transfection-based AAV manufacturing processes are productive?824. This assumption is
derived from the fact that commonly used cationic transfection reagents (polyethyleneimine,
calcium phosphate, lipofectamine, etc.) coprecipitate heterogeneous plasmid mixtures into larger
complexes for transit across the cell membrane, and so in theory all successfully transfected cells
contain the genetic elements necessary to produce AAV 24247 Thus, the results shown in Figure
19 that indicate that transfection efficiency and the proportion of productive cells in culture vary

by 10-fold was surprising and warranted further investigation.

The observation that only ~7% of transfected cells appeared to produce assembled AAV
capsids raised the question as to what proportion of cells were expressing the necessary factors
for AAV vector production. The three transfected plasmids collectively encode ~17 protein and
RNA elements, making measurement of every factor impractical ?°. Instead, a subset of
proteins from each of the three transfected plasmids were visualized in our triple transfection

model and controls via immunofluorescence.
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Figure 22. Expression of transfected plasmids during AAV2-GFP vector production
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Immunofluorescence of transfected cells producing AAV2-GFP vectors 48 hpt. Images show the expression of GFP
from the transfer plasmid, hAd5 E2A from the helper plasmid, and AAV capsid monomers VP1, VP2, and VP3
from the packaging plasmid. Images are taken at 40x magnification. Scale bar is 10pum.



As shown in Figure 22, GFP was broadly expressed in our triple transfection model,
consistent with the flow cytometry results in Figure 20. Interestingly though, GFP expression
does not seem to reliably indicate coexpression of AAV capsid monomers or the hAd5 E2A
helper factor, both of which were expressed at detectable levels in a much smaller subset of cells.
This may partially explain the observation in Figure 20b that only ~7% transfected cells contain
assembled AAV capsids, despite an apparent transfection efficiency nearly tenfold higher.
Transfection with an infectious AAV2 clone and helper plasmid dramatically increased
expression of AAV capsid monomers compared to our triple transfection model; a predictable
result given that CAP copy number is static during vector production, but exponentially
increasing in systems with rcAAV. In contrast, hAd5 E2A was weakly expressed in both
transfection systems compared to cells infected with rcAAV and hAd5 virus. This is intriguing
given that the two transfection systems show substantial differences in particle yield (Figure 19b)
and proportion of cells positive for capsid assembly (Figure 20). Speculatively, this could
indicate that the threshold for effective helper factor expression is low relative to other factors
necessary for AAV vector production, or highlight the importance of cis-acting elements within

the REP and CAP genes in capsid assembly.



7.0 DISCUSSION

In this work, | designed and executed a novel pooled, genome-wide CRISPR/Cas9
screening strategy to identify and rank host restriction factors in vaccine-producing cell lines,
using the HEK-293SF cell line and PR/8 influenza as a model. The results of this screen were
then used to direct the creation of high yield, multiple knockout cell lines for influenza vaccine
production. In an attempt to improve upon the indirect reporter system used in the
aforementioned screen, | also explored the use of conformation specific antibodies to allow
direct measurement intracellular assembled capsids during the transfection-based manufacturing

of AAV vectors.

In contrast to previous arrayed screens to identify host restriction factors in cell-based
vaccine production systems, the use of a replication defective reporter virus and a pooled screen
format allows genome-wide coverage without high-throughput robotics. The coculture of all
cells in a given replicate also removes much of the inherent variability seen in large-scale
arrayed screens'’®, Using HEK-293SF cells and PR/8 influenza as a model, we identified 64
putative restriction factors that met the threshold for biological (Ifc>0.4) and statistical (p<0.01)
significance. The antiviral function of many of these restriction factors is implied from the fact
that they are direct or indirect targets of influenza during infection; nuclear pore components like
RAE1, NUP98, NXF1, and NXT1 are downregulated by influenza during infection, which has
been shown to benefit influenza replication®*. Similarly, TSC1 and TSC2 negatively regulate
the mTORCL1 complex, which influenza has been shown to activate during late-stage replication
to maximize viral protein production?°2%, Other factors identified have known antiviral activity

against influenza or similar viruses; DDX6 and DPC2 encode components of the decapping



complex, which has been shown to inhibit the expression of Bunyavirus mRNA by competing
with the viral “cap snatching” pathway (similar to that utilized by influenza) for the 5’ cap of
host MRNAZ!, DDX6 has also been shown to interact with an RNA Hairpin in the 39 UTR of
the Dengue Virus Genome, as well as augment RIG-I signaling®?2°, SMG9 and UPF2 encode
components of the nonsense mediated RNA decay (NMD) pathway, which normally functions to

degrade aberrant transcripts with internal stop codons®>*

. Internal stop codons are a common
feature of viral transcripts, including those of influenza. Accordingly, NMD has been shown to
exert antiviral effects on several RNA viruses®®. Inhibition of arginine methyltransferase

CARML1 activity has been shown to reverse HIV latency?®®.

While antiviral function of many putative restriction factors identified in the screen is
apparent, n=41 of the factors identified have no association with a GO viral or antiviral process
(See Sharon et al. (2020) supplemental data S6)*. The results of this study therefore serve not
only to guide the development of high yield knockout cell lines for influenza vaccine production,

but also as a basis for studies into novel host antiviral pathways.

Interestingly, though by no means absent from the results, key mediators of canonical
antiviral pathways, such as interferon and RIG-I, had a relatively minor impact on viral yield in
this study. One explanation for this is that many vaccine production cell lines such as HEK-293,
Vero, and MDCK show impaired antiviral signaling compared to primary cells, hence their
inherent utility for virus production'?2®2% Another aspect to consider is that in vivo a major
function of these pathways is to upregulate antigen presentation and recruit specialized immune
cells, which is obviously not possible within in vitro cell culture systems®*2%, Far more
represented in the results are metabolic factors, particularly negative regulators of nucleic acid

anabolism and translation (Figure 10a). Even the highly represented non-canonical “antiviral”



pathways identified, such as the decapping pathway, are activated not just in response to viral
infection, but nutrient starvation as well. Together these results imply that in cell-based vaccine
production systems, influenza yield is primarily determined by host cell metabolic state, rather

than innate antiviral immunity, though there is significant overlap between these pathways.

The screening strategy presented here can in theory be applied to any cell-based vaccine
production system. Even within the space of a single virus-host system, the FACS collection
parameters can be adjusted depending on the end-use of the data. In this screen, for instance, we
used a 1.5 drop yield mode and a high event rate during FACS acquisition, allowing a significant
amount (~20%) of cells not in the 90" percentile of GFP expressing cells to contaminate the high
yield fraction. In doing so, we sacrificed readout signal dynamic range to collect large numbers
of cells and maintain library representation. This allowed us to generate a large list of hits for
rich downstream bioinformatics analysis, while potentially compromising our ability to
accurately rank those hits. Alternatively, if one was solely concerned with accurately ranking a
smaller list of highly significant restriction factors for knockout cell line development, FACS
acquisition could be run under more stringent conditions and with a lower fraction of cells
collected (e.g. the 99" percentile of GFP expression). It should be noted though that even with
the low dynamic range of the screen (z Ifc1.2) the ranking of putative restriction factors was
remarkably consistent between replicates; DDX6, for instance, was the top ranked gene in every

replicate (see Sharon et al. (2020) supplemental data S4)*.

While the screen presented here is a useful tool for identifying and ranking viral
restriction factors, it does have limitations. There is no way to differentiate knockouts that induce
a generic upregulation of translation from restriction factors that specifically inhibit viral

replication, though this could be easily remedied with a stably expressed passive fluorescent



reporter in host cells. Furthermore, only restriction factors with an impact on viral protein
expression can be identified, while those impacting viral packaging and egress are not. Finally,
the use of an indirect reporter reporter (the translation of GFP inserted into the HA reading
frame) to measure a phenotype (active HA in mature virions) introduces the potential for false
positive results. Though this can be mitigated somewhat by careful validation of the reporter
system, as was conducted in this case, genetic perturbation can have unpredictable effects on the

biology of the cell, leading to decoupling of normally correlated metrics.

Attempts to translate the results of the screen into high yield, multiple knockout cells for
influenza vaccine production were successful in that the best performing MK clones exhibited a
10-fold increase in the volumetric yield of in terms of VG/mL and a 2-fold increase in active HA
yield. This is an interesting result, as VG/mL and the volumetric yield of HA are normally quite
tightly correlated?®’. While the measurements of VG/mL may indicate free VRNA in the culture
media, this is unlikely given that unprotected RNA is quickly degraded in culture by RNAses.
An alternative explanation is that the knockouts created an environment within the cell that was
favourable for vVRNA replication and viral protein translation, but not necessarily incorporation
of additional active HA into mature virions. The latter process requires not only HA translation,
but also chaperone-dependent folding of HA monomers, trimerization, several post-translational
modifications, and efficient transit through the ER and TGA to reach the cellular membrane®.
By contrast, the packaging of VRNA into virions requires only the cytosolic expression of viral
proteins necessary to form VRNPs, as well as the M1 matrix protein to drive budding. Results
obtained are consistent with those reported by Karlas et al. (2010), which showed knockout of

NUP98 in HEK-293 greatly increased influenza VRNA levels and viral protein translation but



was detrimental to infectious viral titer>®. This example is especially relevant given that NUP98

was also a top hit in this screen (Figure 9b).

The false positive screening artefacts observed in this study could be reduced by adopting
a more direct measure of HA vyield as the screen reporter. A recent pooled genome-wide screen
for influenza host dependency factors conducted by Li et al. (2020) used staining for surface
expression of HA on host cells as a basis for pool enrichment by FACS?®°. This reporter not
only directly measures host cell HA yield, but also ensures that the HA measured has been
successfully processed through the ER and TGA. However, even this strategy does not
guarantee that the detected HA is incorporated into budding virions, and theoretically may
specifically enrich for mutant subpopulations that inhibit budding and keep surface HA
associated with the host cell. Since viral particle maturation and egress are simultaneous
processes with influenza and other enveloped viruses, the ideal screening reporter would not be
reliant on physical association of a barcoded cell and the virus it produces. One way to
accomplish this would be to barcode the HA itself with a library of unique peptide tags that are
optimized for deconvolution by mass spectroscopy, such as those reported by Egloff et al.
(2019)?%. The speculative library used for such a screen would feature lentiviral vectors that
encode expression cassettes for both sgRNA and an associated barcoded HA. Following library
transduction, cells would then be infected with HA-deleted influenza (similar to the PR/8SFPAHA
reporter virus used in this study) to allow the incorporation of the barcoded HA onto virions?®.
Rather than the relative abundance of barcoded cells in a FACS enriched population, the readout
for the screen would be relative abundance of HA-associated peptide tags detected on a pool of
influenza viral particles. Though an interesting concept, the library size of this speculative

screen would be entirely dependent on the resolution of the mass spectroscopy technique and its



ability to quantitatively measure the abundance of thousands of unique peptide tags in an

unbiased manner.

The results of section 5 also highlight the technical challenges inherent in creating
multiple knockout cell lines, such as achieving a high knockout efficiency for several genes
simultaneously, and the differing ability of the resultant cell lines to thrive in bioreactor culture
compared to the parental line. The apparent drop in sgRNA editing efficiency observed in
Figure 14 when CRISPR/Cas9 constructs are transfected together (as opposed to individually)
could be due to non-specific growth effects caused by multiple dsSDNA breaks, which would
result in enrichment of unedited cells in the transfected pool. The results of Figure 8b support
this, clearly indicate that dsSDNA cleavage at only a single loci strongly impacts HEK-293SF
growth. Similar non-specific growth effects following dsDNA cleavage by Cas9, proportional to
the number of dsDNA breaks induced, have been reported by other authors??®. A sequential
transfection strategy (as opposed to simultaneous transfection of all CRISPR/Cas9 constructs)

might therefore improve editing efficiency.

It’s also important to note that although in theory any knockouts that impact cell survival
will drop out of a pooled CRISPR screen, in practice this is not the case. Parallel screens for
cellular fitness genes conducted using RNAI and CRISPR libraries show little overlap in their
results, suggesting a large subset of essential gene knockouts do not drop out of CRISPR screens
as expected?®?, Indeed, it has been previously reported that homozygous knockouts of genes
identified in genome-wide screens aiming to increase polio vaccine yield are lethal®®t. The
reasons for this are unclear, but it’s speculated that due to differences in mMRNA and protein
turnover some lethal knockout phenotypes can take a protracted amount of time to manifest,

longer than the 9-12 days a pooled screen can be run before library coverage in the pool is lost



due to population drift?®2, This would also explain why lethal knockouts would not have been
detected during evaluation of single gene knockout pools in Figure 12a, as these pools were only
cultured for ~10 days before evaluation (as opposed to the ~6 weeks required to clonally expand
and evaluate the MK clones). It follows then that homozygous knockout of some of screen hits
that were incorporated into the MK lines, particularly genes such as NXT1 and NXF1 that
impact fundamental processes like shuttling of mMRNA across the nuclear membrane, may
ultimately be incompatible with cell survival®?*, In addition to reducing the apparent editing
efficiency of sgRNA that target these particular genes, the coprecipitation of plasmids
transfected using cationic transfection reagents (such as the PEIpro used in this study) means that
these lethal sygRNA would have likely been co-expressed with any other sJRNA?*>247_ In this
way, even one sgRNA that negatively impacts cell survival acts as a “poison pill” during
simultaneous transfection of multiple sgRNA expression constructs, resulting in dropout of all
cells that were efficiently transfected and reducing the apparent editing efficiency of all SRNA.
This may explain the generalized reduction in sgRNA efficiency observed in Figure 15, and

further argues for a sequential, rather than simultaneous, transfection strategy.

Although barcoding to allow pooling of amplicon libraries for deep sequencing is a
standard technique, this is generally carried out using singleplex PCR reactions, with a single
primer pair and associated amplicon per reaction. By contrast the two-step, multiplex PCR
barcoding strategy described in Figure 14 allowed simultaneous barcoding of amplicons
generated from different sgRNA target loci in the same reaction. Variations of this technique
have been previously described for large-scale genotyping in ecology studies, but to my
knowledge this is the first time it has been applied to clone screening in cell line development?63,

Though this technique was applied here to genotype 160 clones with an average ploidy of n=3.2



at 5 different loci (~2560 unique reads), this was a severe underutilization of the sequencing
power available. An Illumina NovaSeq run can generate roughly 1.5 billion paired-end reads,
and so at a generous coverage of 500x over 1000-fold more clones or sgRNA target loci could
have been surveyed in a single sequencing run. Thus, this technique may have utility as a
scalable and efficient sample preparation method for parallel screening of extremely large panels

of clones harboring multiple genomic edits.

The poor growth of MK30 mutant in bioreactor culture highlights that cell line
engineering may also necessitate process redesign to accommodate the divergent biology of
modified cell lines. Assuming that poor growth was due to increased susceptibility to sheer
stress, as the results of Figure 18b suggest, growth of the MK30 mutant may have been improved
by reducing the agitation rate in the bioreactor or switching to an impellerless design (e.g. the
WAVE bioreactor)?4, Alternatively, if one wishes to avoid the need for additional process
development, the pooled screen itself can be conducted under the same conditions are the current
process (i.e. in the bioreactor). In this way, any mutant subpopulations that fail to thrive under

the existing process conditions will be negatively selected for and drop out of the pool.

As discussed previously, the selection of an appropriate screening reporter is critical to
obtaining accurate results from a pooled genome-wide CRISPR screen. The results of section 6
serve as a convincing demonstration that at least for viral vectors such as adenovirus and AAV
vectors where virions mature intracellularly, direct measurement of assembled viral capsids is
possible. This screening reporter represents a significant improvement over the PR/g SFPAHA
reporter virus, as it allows mutations that impact the viral lifecycle downstream of viral protein

translation to be detected in the screen. It should be noted though that this is still not a perfect



proxy for vector yield, as AAV vectors are prone to assembling capsids without encapsulating a

genome?®,

More broadly, the demonstration that pooled genome-wide screening could be used to
intensify the production of not just viral vaccines, but also viral gene therapy vectors, is
important to maintaining the relevance of the technology as mRNA vaccines become more
prominent. Viral vaccines currently make up the bulk of viral biologics produced. However, the
COVID-19 pandemic and the approval of two highly effective mRNA vaccines has marked a
paradigm shift in vaccinology. mRNA vaccines allow intracellular expression of viral antigens,
and are therefore far more effective at promoting a cell-mediated immune response than
inactivated virion or subunit vaccines, which rely almost exclusively on humoral immunity for
their protective effect?®>. Notably, cell-mediated immunity has been shown to be considerably
more refractory to antigenic drift, facilitating superior protection against novel COVID-19

266 \While live-attenuated vaccines are

variants and, theoretically, seasonal influenza endemics
capable of inducing cell-mediated immunity, mRNA vaccines also have several advantages from
a manufacturing and regulatory standpoint. mMRNA vaccines provide a generic platform for
which vaccines for virtually any virus can be manufactured with minimal changes to the
production process. This contrasts with cell-based vaccine production, which generally requires
selection of an appropriate cell line and viral strain, upstream and downstream process
optimization, and development of analytics to characterize the product for each new vaccine.
The use of vectored vaccines, such as Oxford’s ChAdOX1-nCoV and CanSino’s Ad5-nCOV
COVID-19 vaccines, does circumvent the need for entirely de novo process development, but

these are still inherently slower to produce than mRNA vaccines due to the need to clone, grow,

and purify the vector from culture?®’. mRNA vaccines are also more attractive from a regulatory



standpoint, with the product being inherently free of replication competent viruses, adventitious
agents, or much of the natural variability seen in viral vaccines. Viral vaccines are still far more
economical to produce than mRNA vaccines and do not require a -80°C cold chain for transport,
a critical difference particularly for vaccinating populations in the developing world, but as
mRNA technology matures these advantages are expected to diminish?®. Considering all the
above, it seems likely that mMRNA vaccines will eventually replace cell-based manufacturing of
vaccines for influenza and many other viral pathogens. Indeed, multiple mRNA vaccines for

influenza are already in the development pipeline?%®

. While mRNA therapeutics may supplant
viral biologics as the dominant vaccine platform, viral biologics remain the platform of choice
gene therapy applications due to their ability to confer long-term transgene expression. The last

decade has seen a resurgence of interest in viral vectored gene therapies, with 250 ongoing

clinical trials utilizing AAV vectors alone as of 20212,

The observation that only ~7% of transfected cells appeared to produce assembled AAV
capsids during transfection-based manufacturing of AAV2 vectors has significant implications
for optimization of this platform. As seen in Figure 19b, the difference in yield between AAV
produced by transfection versus those produced by infection with rcAAV and an Ad5 helper
virus (roughly 10-fold) is approximately proportional to the difference in productive cells
between the two cultures (Figure 20). Taken together, this implies that the reduced yields in
transfection-based AAV vector production are not due to lower cell specific productivity, but

simply that >90% of the culture biomass is nonproductive.

Interestingly, the proportion of productive cells in culture can be improved 6-fold (with a
commensurate increase in yield) when cells are cotransfected with the pAAV2-Cla infectious

clone and the pDeltaF6 helper plasmid (Figure 20b). This indicates that the process of



transfection does not inherently reduce the proportion of productive cells in culture, nor is the
expression of helper virus factors from a plasmid wholly limiting. It would seem then that the
proportion of productive cells during transfection-based manufacturing of AAV2 vectors is
instead limited by insufficient expression of REP and CAP from the pRC-AAV2 packaging
plasmid. This follows logically from the fact that the copy number of REP and CAP increases in
cultures transfected with the pAAV2-Cla infectious clone (as opposed remaining static during
the production of replication defective vectors), and is further supported by confocal microscopy
data in Figure 20 that shows that despite high transfection efficiency, few cells in the triple
transfection model express detectable levels of AAV capsid monomers?. This conclusion is
supported by DOE optimization studies conducted by Zhou et al. (2020), which showed that by
increasing the proportion of packaging plasmid (in addition to other optimization steps) AAV
vector yields in the order of 10'° VG/mL could be obtained for a wide range of AAV

serotypes®’°.

The results of Figure 20 also demonstrate that the expression of a transfection marker
does not necessarily imply a cell is producing AAV vector particles. While transfection
efficiency remains an important process development metric, the conformation-specific antibody
staining against assembled AAV capsids that was used here may also prove useful in the future

development and optimization of transfection-based AAV vector platforms.



8.0 CONCLUSION

The pooled genome-wide CRISPR/Cas9 knockout screen identified n=135 putative
influenza restriction factors, n=41 of which were not previously known to impact influenza
replication. Subsequent GO and PPI analysis of the genes identified demonstrates that the
genetic determinants of influenza yield in the HEK-293SF cell line are primarily metabolic, a
striking contrast to the innate immune factors identified in previous screens on other cell lines
intended to model human infection. This finding has broader implications for cell line
engineering efforts for HEK-293SF and other immortalized cell lines used to produce viral

vaccines and gene therapy vectors.

Attempts detailed in section 5.0 to apply screening data towards the creation of high-yield
multiple knockout cell lines for influenza vaccine production were highly instructive on several
fronts. It was shown that individual single guide RNA (sgRNA) efficiency can be adversely
impacted by simultaneous expression of multiple constructs. This finding suggests that multiple
knockouts should be induced sequentially, rather than in parallel, when constructing multiple
knockout cell lines. Section 5.0 also highlights the dangers of using indirect reporters as a proxy
for viral replication in pooled genome-wide screens. The results demonstrate that even with
careful validation of the reporter system, the genetic perturbations induced by screening can
cause decoupling of normally correlated biological processes (in this case total viral particles and

the yield of active HA protein), leading to unpredictable results.

The conformation-specific antibody staining to quantify the percentage of cells that
contain assembled viral capsids during the transfection-based production of AAV2 vectors

demonstrates proof of concept for direct reporter systems in pooled genome-wide CRISPR



screens on non-enveloped viral biologics. Such screens may reduce screen artefacts that hamper
indirect reporter screens. Though | was not able to carry out a screen using this reporter,
validation of the reporter system revealed the surprising result that despite achieving transfection
efficiencies in excess of 60% and nominal yields for the process, only ~7% of cells in culture
produced detectable amounts of assembled AAV capsid during transfection-based manufacturing
of AAV2 vectors. Subsequent experiments indicate that this is due to insufficient expression of
AAYV capsid monomers. This finding has important implications for future efforts to optimize
this widely used vector production platform, and suggests that the flow cytometry assay
developed here for AAV capsid assembly may prove a useful process development metric for

this purpose.
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Appendix 1: Primers and oligos

ddPCR assays

For measurement of total influenza and AAV viral particles and in CFS

Influenza A segment 7, forward GACCRATCCTGTCACCTCTGAC

Influenza A segment 7, reverse

AGGGCATTYTGGACAAAKCGTCTA

AAV2 ITR, forward

GGAACCCCTAGTGATGGAGTT

AAV2 ITR, forward

CGGCCTCAGTGAGCGA

1) 95°C, 10min 2) 95°C, 30s 3) 61°C, 30s 4) 72°C, 30s 5) Back to step 2, 39 cycles 6) 72°C,
10min 7) 4°C, hold

For measurement of integrated lentiviral vector copy number

WPRE, forward GTCCTTTCCATGGCTGCTC
WPRE, reverse CCGAAGGGACGTAGCAGA
Albumin, forward TTTGCAGATGTCAGTGAAAGAGA
Albumin, reverse TGGGGAGGCTATAGAAAATAAGG
1) 95°C, 10min 2) 95°C, 30s 3) 60°C, 30s 4) Back to step 2, 39 cycles 5) 72°C, 10min 6) 4°C,
hold

For measurement of influenza segment 4 mRNA (GFP and HA)

GFP, forward CTGCTGCCCGACAACCAC

GFP, reverse* TCACGAACTCCAGCAGGAC

HA, forward ATCGACTATGAGGAGCTGAGGG
HA, reverse* GCCGTTACTCCGTTTGTGTTGT
Actin, forward GTCATACTCCTGCTTGCTGAT
Actin, Reverse AAAGACCTGTACGCCAACAC

*Reverse transcription was carried out using these primers as gene-specific primers to selectively
amplify positive-sense RNA

1) 95°C, 10min 2) 95°C, 30s 3) 60°C, 30s 4) Back to step 2, 39 cycles 5) 72°C, 10min 6) 4°C,
hold
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Knockout pools

TBK1
SsgRNA sequence TTCCGCGGCCACGGTAATGA
TIDE assay primer, forward GGCCGTTTTCCAAAATACCGA
TIDE assay primer, reverse GATGCAGGTCGAGGACCG

1) 95°C, 60s 2) 95°C, 15s 3) 63°C, 15s 4) Back to step 2, 28 cycles 5) 72°C, 5min 6) 4°C, hold

DDX6
sgRNA sequence AGGTCTAGCCGTTCAAGTAA
TIDE assay primer, forward TGTTGCAGGGATGAGGTGTC

TIDE assay primer, reverse

CCTGTCTCACTGGAATGCTGT

1) 98°C, 3min 2) 98°C, 30s 3) 63°C, 30s 4) 72°C, 60s 5) Back to step 2, 34 cycles 6) 72°C, 5min

7) 4°C, hold

SMG9
sgRNA sequence GCTGAAATGAAGGAACGAGG
TIDE assay primer, forward TCAAAACATGCACTACCCCC

TIDE assay primer, reverse

CCAGTCAGTGCTAACGACAGT

1) 98°C, 3min 2) 98°C, 30s 3) 63°C, 30s 4) 72°C, 60s 5) Back to step 2, 34 cycles 6) 72°C, 5min

7) 4°C, hold

CARM1
sgRNA sequence TCGCGTCGCCGATGGTGAGG
TIDE assay primer, forward TTGTGTGGGGCGGGGTA
TIDE assay primer, reverse GCTCCCTTGCTCACTCTGG

1) 98°C, 3min 2) 98°C, 30s 3) 63°C, 30s 4) 72°C, 60s 5) Back to step 2, 34 cycles 6) 72°C, 5min

7) 4°C, hold *Use high GC buffer

Non-targeting control (NTC)

| sgRNA sequence

| TTCCGCGGCCACGGTAATGA
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Illumina HiSeq amplicon library prep/barcoding

P5 Ont_stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTTTGTGGAAAGGACGAAACACCG

P5 1nt stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTCTTGTGGAAAGGACGAAACACCG

P5 2nt_stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGCTTGTGGAAAGGACGAAACACCG

P5 3nt_stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTAGCTTGTGGAAAGGACGAAACACCG

P5 4nt_stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTCAACTTGTGGAAAGGACGAAACACCG

P5 6nt_stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTTGCACCTTGTGGAAAGGACGAAACACCG

P5_7nt_stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTACGCAACTTGTGGAAAGGACGAAACACCG

P5 8nt stagger*

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGAAGACCCTTGTGGAAAGGACGAAACACCG

P7 Barcodel

CAAGCAGAAGACGGCATACGAGATCGAGTAGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT

P7 Barcode2

CAAGCAGAAGACGGCATACGAGATTICTCCGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT

P7 Barcode3

CAAGCAGAAGACGGCATACGAGATAATGAGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT

P7 Barcode4

CAAGCAGAAGACGGCATACGAGATGGAATCGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT

P7 Barcode5

CAAGCAGAAGACGGCATACGAGATTITCTGAGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT

P7 Barcode6

CAAGCAGAAGACGGCATACGAGATACGAATGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT

*The eight P5 primers were pooled for use in barcoding PCR

1) 95°C, 60s 2) 95°C, 30s 3) 53°C, 30s 4) 72°C, 30s 5) Back to step 2, 28 cycles 6) 72°C, 10min

7) 4°C, hold

Illumina MiSeqg amplicon library prep/barcoding

DDX6_inner_2_ fw

DDX6_inner_2 rv

SMG9 inner_2 fw | tcgtcggcagcegtcagatgtgtataagagacagACAGCTCACAGGGTCACACTT

tcgtcggceagcegtcagatgtgtataagagacagTCATTAAGCAGCTCAGGACTGTAA

gtctcgtgggctcggagatgtgtataagagacagACTCCCTCTGACGGGTAAAACAC
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SMG9 _inner_2_rv

gtctcgtgggctcggagatgtgtataagagacagACATGGCTTGACTGGAAGCACA

CARML inner_2 fw

tcgtcggceagcegtcagatgtgtataagagacagACAGGAGTGCAGGAACGAATGG

CARML inner_2 rv

gtctcgtgggctcggagatgtgtataagagacagAGCCCTCATCTAGCCCAAGTC

NXF1_inner_1 fw

tcgtcggceagcegtcagatgtgtataagagacagACTTACTCGGCTAAGCTGCTTCTG

NXF1_inner_1 rv

gtctcgtgggctcggagatgtgtataagagacagTGGGAGCTACTGGGTCCTTG

NXTL1 inner_2_fw

tcgtcggcagcgtcagatgtgtataagagacagACTTGTTCCATTGTCAGGGCAGAAT

NXT1 inner_2_rv

gtctcgtgggctcggagatgtgtataagagacagAGTTCTGGTTGAAGTCCCGT

Outer_fw

aatgatacggcgaccaccgagatctacacATCGTAGCtcgtcggcagegtce

Outer_rv

caagcagaagacggcatacgagatTAGCGAGTgtctcgtgggctcgg

1) 95°C, 60s 2) 95°C, 30s 3) 53°C, 30s 4) 72°C, 30s 5) Back to step 2, 28 cycles 6) 72°C, 10min

7) 4°C, hold




