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Abstract

Adeno-associated virus (AAV) gene therapy vectors often suffer from low capsid filling,
resulting in high proportions of empty capsids that reduce efficacy and complicate
manufacturing processes. This study investigates whether chronologically distributed
transfection could improve capsid filling for AAV2 and AAV2/8 serotypes. We used an
empirical approach to test different transfection chronologies by varying the timing of Helper,
RepCap, and Payload plasmid delivery across two timepoints, T1 and T2 (24 and 44 hours
post-seeding respectively). Our results revealed distinct serotype-specific responses to
altered transfection chronologies, with AAV2/8 production being robust to a broader range of
chronologies than AAV2. All non-standard chronologies reduced physical and biological titres.
Notably, T1 transfection with Helper and Payload plasmids, followed by RepCap plasmid at
T2, increased capsid filling efficiency by approximately 7.5-fold for both AAV2 and AAV2/8.
This finding provides empirical support for a temporal misalignment hypothesis, whereby
suboptimal AAV capsid filling results from capsid assembly occurring before peak genome
replication. Our study demonstrates a re-scheduled transfection procedure that can enhance
AAV production outcomes and reveals fundamental differences in assembly dynamics
between serotypes. These insights contribute to understanding AAV assembly mechanisms

and offer a novel method for process development in gene therapy manufacturing.
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Introduction

Recombinant adeno-associated virus (AAV) is a leading gene therapy tool, effecting long-term
transgene expression in both dividing and non-dividing therapeutic target cells *. AAV serotype
2 (AAV2) has strong tropism for neurons and retinal cells, making it particularly suitable for
central nervous system and ocular gene therapies 2. AAV2/8 exhibits robust liver tropism and
ability to cross the blood-vessel barrier, enabling efficient systemic delivery for liver-directed
gene therapies 3.

AAYV production methods typically yield a high proportion of empty capsids lacking the genome
encoding the therapeutic transgene, sometimes exceeding 90% of total viral particles 4. Empty
capsids can burden manufacturing capacity, complicate downstream purification and reduce
efficacy by triggering immune responses and competing with full capsids for cellular receptors
5.

Typical AAV production is via transient, three-plasmid (Figure 1.1) co-transfection of HEK293-
based cells . The 'Payload’ plasmid encodes the therapeutic transgene flanked by inverted
terminal repeats (ITRs). The 'RepCap’ plasmid encodes AAV Rep and Cap genes, which direct
production of four and six proteins respectively 7. ITRs are omitted from the RepCap plasmid
to prevent formation of replication-competent AAV virus 8. The 'Helper' plasmid encodes a
subset of adenoviral genes that support AAV production but are insufficient for replication-
competent adenovirus formation, to ensure safety & °. After three-plasmid co-transfection
(Figure 1.2), proteins encoded by the Helper and RepCap plasmids bring about targeted
replication of the 'payload genome' segment of the Payload plasmid, spanning the two ITRs
and the region they flank. These proteins also bring about formation of viral capsid particles
and insertion of the payload genome into those particles 1% 11,

The precise nature and schedule of the intracellular molecular events that define AAV capsid
assembly and genomic filling remains incompletely understood. The potential gene therapy
benefits of improving capsid filling with intended genomic payload (the ‘empty:full' ratio)
motivate ongoing investigation into the events that define AAV particle synthesis and

assembly within transiently transfected host cells.
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The temporal misalignment (TMA) hypothesis

Separation of RepCap genes onto the RepCap plasmid and ITRs onto the Payload may
contribute to the lower packaging efficiency observed with recombinant AAV compared to the
wild type 1?14, Spatial dispersion of RepCap and Payload plasmids within transfected host
cells may disrupt the regulatory dynamics of AAV gene expression, impacting the sequence
and duration of events that occur in wild-type AAV 15 and triple transfection 6. Nguyen et al.
developed a general mechanistic model of recombinant AAV assembly which predicted an
early peak of capsid synthesis followed by a later peak of payload replication /. They
interpreted this as a temporal misalignment between capsid assembly and DNA replication,
that may contribute to the high 'empty:full’ ratio.

This hypothesis was supported by observations reported by Lee at al.*8, and Lu et al.*® 2%, who
engineered separate inducible control into a selection of Helper and RepCap plasmid genes
then stably integrated them into HEK293 cells for AAV2 production. Ohba et al. ?* engineered
inducible control into a version of the Cap gene removed from the context of the RepCap
plasmid, and achieved maximal improvement in AAV2 capsid filling by delaying Cap induction
until 12 hours after standard three-plasmid transient transfection. Srinivasan et al. 22
distributed the standard three-plasmid transient transfection over two or three separate
transfections, with each individual transfection having one half or one third the usual plasmid
mass, respectively. Their experimental observations were used to refine a model which again
supported a temporal misalignment hypothesis, in which AAV5 capsids formed at an early
stage achieve maximal filling only when accompanied by an optimal expression timing and

abundance of proteins encoded by the Rep gene.

Transfection chronologies to test the TMA hypothesis and improve AAV production

The consistent set of results and simulations from the above reports strongly support temporal
misalignment (TMA) as a hypothesis for packaging inefficiency in AAV production from the
standard triple-plasmid transient transfection. Specifically, TMA predicts an early peak of

4
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capsid assembly and a later peak of payload replication as a cause of low capsid filling
efficiency. Therefore, we sought to apply a new test of the TMA hypothesis by performing a
series of novel, chronologically distributed single-, double- and three-plasmid HEK293F cell
transfections. We anticipated that empirical screening of seven different transfection
chronologies (Table 1) would reveal a pattern of viral filling activities that either aligns with or
conflicts with TMA, thereby providing valuable insight into the role of the timing of RepCap,
Payload and Helper-encoded gene functions in AAV vyield and filling performance.
Furthermore, by using only standard plasmids and reagents, we considered that any
transfection chronologies that might improve upon the performance of standard methods
would be readily implementable by the wider gene therapy bioprocess community, with no
requirement for plasmid re-design.

We performed chronologically distributed, three-plasmid transfection reactions, with
transfection being performed 24 hours ('T1") and 44 hours ('T2") after seeding of host cells and
with viral harvest 96 hours after seeding (Figure 1.3). The chronologies we tested included all
possible combinations and sequences of 2-plasmid and 1-plasmid transfections. We
combined this empirical design with a rational schema, described below, of how the combined
actions of the three plasmids lead to AAV particle formation (Figure 1.4) plus three reasonable
assumptions regarding AAV production by transient transfection.

Our first assumption was that, over time, intracellular plasmid concentration and plasmid gene
expression reduce from a post-transfection maximum. Such decreasing plasmid abundance
has been observed to result from plasmid degradation 23, and plasmid dilution by cell division
24, Decreasing expression of plasmid-encoded genes, after a post-transfection maximum, has
been reported in the context of mammalian cell transient transfection for production of AAV 25
, lentivirus 26, virus-like particles 2’ and recombinant protein 22,

Our second assumption was that Payload plasmids cannot be packaged in totum into AAV
capsids. Payload plasmids are covalently closed circular, double-stranded DNA (dsDNA)
molecules, therefore with no exposed 5' phosphate or 3' hydroxyl groups. A typical payload
plasmid, such as the pAAV-GFP plasmid used in this study, is 5.7 kilo base pairs in size,

5
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totaling approximately 11,400 nucleotides. This far exceeds the typical AAV packaging
capacity of 4.7 kilo bases of single-stranded 2°, linear DNA (approximately 4,700 nucleotides).
Furthermore, when others have surveyed the range of DNA molecules packaged into a
population of AAV virus particles 3023, no in totum Payload plasmids were detected.

Our third assumption was that, in the context of multiple (2-3) transfections being performed
on the same group of HEK293 cells, prior transfection procedures do not significantly
compromise the performance of subsequent transfections in terms of functional transgene
expression. This assumption is supported by reports by Cervera et al. 3 and Riedl et al. 3°
when using multiple HEK293 transfections to increase the yield of plasmid-encoded

recombinant protein.

Results

'‘Occam schema' as an abductive reasoning aid to predict transfection performance

In recombinant AAV production, the Payload plasmid is the essential initial template substrate
for nicking and DNA replication to produce multiple copies of the linear, ITR-flanked,
recombinant payload genome (referred to henceforth as 'payload genome(s)' for brevity). It is
understood that a combination of host cell functions, and RepCap and Helper plasmid gene
functions, all contribute to this process’: 3% 36,

In Figure 1.2 we propose an ‘Occam schema' of this plasmid-based AAV production, as an
abductive reasoning aid to guide our predictions regarding the likely impacts of the seven
different transfection chronologies we have trialed. In this schema, we refer collectively to all
the combined functions that lead to payload genome production as 'zeta procedures', with the
Greek zeta symbol, {, as a crude graphical representation of a single-stranded, linear DNA
payload genome. Once at least one payload genome has been produced, RepCap and Helper
plasmid gene function can then support production and correct filling of capsids, without the
absolute requirement for the presence of the Payload plasmid. In Figure 1.2 we refer to these
functions that lead to production of correctly packaged capsids as ‘theta procedures’, with the
Greek theta symbol, 6, crudely representing a correctly filled capsid. Our proposed schema
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makes no prediction of correctly packaged AAV production dynamics and is not intended as
a mechanistic model. However, we use it here as an abductive reasoning aid to guide our
predictions regarding the likely impacts of the seven different transfection chronologies we
have trialed.

Before performing the standard, '‘Benchmark’, transfection, and seven alternative transfection
chronologies, we used the Occam schema of conventional AAV production (Figure 1.2) as a
framework for our predictions of the likely impacts of the seven chronologies. We set out these
predictions below and provide graphical summaries in Figure 1.4. The uppermost row of
Figure 1.4 shows the benchmark (Bmk) transfection chronology, with all three plasmids
present in a single transfection performed 24 hours after cell seeding (T1). As all three
plasmids are present, {- and B-procedures are both theoretically supported throughout the
transfection period. With respect to the TMA hypothesis, we can interpret the Bmk transfection
yield performance, in terms of payload genomes, capsids and correctly filled capsids, as being
characteristic of the proposed misalignment. Changes to performance against any of these
metrics can be interpreted as improvement or exacerbation of the misalignment of assembly

events.

Transfection chronologies A, B and C

In Figure 1.4, the row labelled 'A' (Figure 1.4A), depicts the likely impacts of transfection
chronology A (Table 1). Only the RepCap plasmid is present in a first transfection performed
24 hours after cell seeding (T1). Helper and Payload plasmids are only provided in a second
transfection performed 44 hours after cell seeding (T2). In the context of the Occam schema,
no {- or B-procedures are possible for the 44 hours between seeding and T2. During this
period, a level of capsid particles may be assembled, albeit at a very low level due to the
absence of Helper, but correct capsid filling will be impossible due to the absence of Payload
plasmid. For the T2 graphic in Figure 1.4A, we have faded the RepCap plasmid, as we predict
that a decrease in RepCap plasmid gene expression during the 72-hour period after T1 is
likely to precede the decrease in Payload and Helper plasmid gene expression during the 52-
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hour period after T2 (see Figure 1.3 for timeline). For chronologies B-to-F, the graphics for
plasmids used in T2 transfections are faded for the same rationale.

Given that ¢- and B-procedures are impossible for 46% of the post-seeding period for
chronology A, as opposed to 25% for the Bmk chronology, we predict an overall reduction in
volumetric genome vyield performance for transfection A compared to Bmk. Such a result
would also be in line with TMA, as, in effect, transfection A exacerbates the misalignment
between early capsid production peak and a later payload genome production peak.

For transfection chronology B (Table 1, Figure 1.4B) only Payload plasmid is present for T1,
Helper and RepCap plasmids only for T2. {- and B-procedures are not possible for the 44
hours between seeding and T2, and we predict no payload genome or capsid production
during that period as a result. We would expect that, for a fixed amount of RepCap and Helper
plasmid, the total amount of Payload plasmid template present would delimit the final yield of
payload genomes. As such, compared to the Bmk chronology, for chronology B RepCap and
Helper plasmid gene functions are likely to have a lesser amount of Payload plasmid to use
as template for ¢-procedures. Overall, we would again predict a reduced genome yield for
chronology B, and that this would be consistent with TMA.

Transfection chronology C (Table 1, Figure 1.4C) has only Helper plasmid for T1 and as such
we suggest the same yield predictions for chronologies A and B would apply, as this plasmid
alone is insufficient for payload genome or capsid production. Overall, for transfection
chronologies A, B and C, the T1 transfection is a single-plasmid, and therefore insufficient to

support - or 8-procedures.

Transfection chronology D

For transfection chronology D (Figure 1.4D) Payload and RepCap plasmids are present for
T1, and Helper plasmid is only provided at T2. We would predict that {- and 8-procedures can
take place within the 20-hour T1-T2 intervening period, but to a reduced level of production
compared to Bmk, due to the absence of Helper plasmid for this period. Any rescue of
production from T2 forward, with the addition of Helper plasmid, would be balanced against

8
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the relatively decreasing contribution of Payload and RepCap plasmid gene function over time.
In the context of the TMA hypothesis, chronology D could be predicted to either i) leave net
yields unchanged, or ii) further exacerbate misalignment of capsid and payload genome
production, depending on which of these processes is more sensitive to the presence of

Helper plasmid gene function.

Transfection chronology E

In transfection chronology E (Figure 1.4E) Helper and RepCap plasmids are present for T1,
and Payload plasmid is provided at T2. We would predict that neither - or 8-procedures can
take place within the T1-T2 intervening period, with only empty capsid production possible.
From T2 forward, the addition of Payload plasmid would enable - and 8-procedures to
commence, against a background of decreasing relative abundance of Helper and RepCap
plasmid gene function over the 52-hour, post-T2 period. Chronology E could be firmly
predicted to exacerbate the misalignment of capsid and payload genome production as part

of the TMA hypothesis.

Transfection chronology F

For transfection chronology F (Figure 1.4F) Helper and Payload plasmids are present for T1,
and RepCap plasmid is provided at T2. Nash et al. ¥ and van Lieshout et al. %8 report that
Helper plasmid and the intracellular environment are sufficient to support a level of payload
genome replication from Payload plasmid template. As such, we would predict that C-
procedures can take place within the 20-hour T1-T2 intervening period. From T2 the addition
of RepCap plasmid enables both - and 6-procedures to commence. Chronology F may
remedy the misalignment of capsid and payload genome production of the TMA hypothesis
and mimic the wildtype AAV dynamics '/, by preventing any capsid assembly and Rep
synthesis during the first 44 hours of cultivation post-seeding. An increase in an AAV

production metric resulting from chronology F may therefore further support the TMA
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hypothesis, as well as representing a potential route to improving AAV upstream

bioprocessing.

Transfection chronology G

In transfection chronology G (Figure 1.4G) Helper and Payload plasmids are present for T1,
and one half the mass of RepCap plasmid used in the Bmk chronology is provided at T1 and
T2. In this case, we have depicted the RepCap plasmid graphic as being faded at both these
time points to depict this use of half-Bmk mass. We predict that both - and 6-procedures can
take place from T1 onward, with the relative abundance of Helper and Payload plasmid gene
function declining at a point after T1, while RepCap plasmid abundance has two peaks within
the 72-hour period post-T1. We again anticipate that this chronology may remedy capsid and
payload genome production misalignment, by distributing the abundance of RepCap over time
compared to Bmk chronology (Figure 1.4, uppermost row). As with chronology F, if chronology
G increases performance against an AAV production metric, this would be consistent with the

TMA hypothesis and may be a promising method for AAV production.

Influence of transfection chronology on production of nuclease-protected viral genomes

To lend this study maximum relevance for the gene therapy bioprocess community, we
performed all yield-based experimentation on AAV2 and AAV2/8 serotypes at the lowest scale
compatible with statistically rigorous observations. For AAV2 this minimal production scale
was 10 mL and for AAV2/8 it was 1 mL. We anticipated that using these scales would lower
the barriers to other groups wishing to expand or replicate the results we report. Process
development benefits significantly from operating at the smallest practical scale, primarily due
to resource efficiency and the ability to explore a broader experimental space. By minimizing
the scale, the consumption of costly raw materials such as plasmid DNA, transfection
reagents, and cell culture media is substantially reduced, enabling more experimental

conditions to be tested within the same budget. This increased throughput is particularly

10



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

valuable during the initial phases of process development where multiple parameters need to
be screened and optimized.

We used standard bench-scale procedures for AAV2 and AAV2/8 production by transient
transfection and analysis of crude lysate using gPCR (see Materials and Methods, and Tables
1-2). This standard gPCR procedure included an incubation with nuclease in order to degrade
all DNA present in soluble crude cell lysate material, including unpackaged payload genomes
39,40 We therefore reasoned that all genomes quantified are likely to have been protected by
association with capsids capable of sequestering them from nuclease-based degradation.

All transfection chronologies achieved or exceeded a minimum level of 108 vg/mL (Figure 2A,
2B). These values were three orders of magnitude above the 10° vg/mL limit of quantitation
(LOQ) for the assay. For both serotypes, chronologies A-E represented a lower plateau of vg
yield performance, compared to F and G (Figure 2C, 2D). This is particularly notable when
comparing chronologies D and F, where the T1 presence of Helper plasmid (chronology F) is
associated with greater vg yield than the T1 presence of RepCap plasmid (chronology D). This
is counter to expectations of a greater role for RepCap in payload genome replication and also
supports the concept of plasmid presence and cellular protein functions having the ability to
'‘prime’ cells for subsequent virus production 4% 42,

Payload genome production is possible for 54% of the total post-seeding time period for
chronology A, and 75% for chronology D (Figure 1.3). Despite this, the vg/mL yield for AAV2/8
chronology A is markedly higher than D (Figure 2D). For AAV2, choronology A and D vg/mL

yields are broadly the same (Figure 2C).

Influence of transfection chronology on production of transducing units

We next used standard bench-scale transduction and flow cytometry procedures to quantify
the level of GFP payload genome transfer to HEK293T cells (Figure 3), achieved by the cell
lysate material tested in Figure 2. We also determined the fluorescence of untreated target

cells and plotted this as a notional TU/mL level to represent the limit of quantitation (LOQ) for
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the procedure. We interpreted TU/mL levels from transduction experiments that were at or
below the LOQ as an abolition of infectiousness.

In line with observations reported by Ellis et al 3, the AAV2, Bmk transfection resulted in crude
lysate with a markedly higher TU/mL yield than AAV2/8 (Figure 3). AAV2 chronologies A, B,
D and E yielded TU/mL levels at or below LOQ (Figure 3A), while all AAV2/8 chronologies
exceeded LOQ (Figure 3B). Comparing the vg/mL data of Figure 2 and the TU/mL data of
Figure 3, we concluded that associations between capsids and payload genomes had
manifested that were sufficient for nuclease protection but insufficient for infection
competence. This may be an indication of the degree to which capsids can adopt a native,
infection-competent conformation 44 45,

For AAV2/8, the relative TU/mL yields of chronologies A-G (Figure 3B, 3D) match the pattern
of vg/mL vyields (Figure 2B, 2D), with chronology D the lowest in both cases. However, for
AAV?2 this is not the case, with the vg/mL yield pattern for chronologies A-E being inverted for
TU/mL with chronology C going from lowest (Figure 2A, 2C) to highest (Figure 3A).
Chronology F is the only transfection chronology which, for both AAV2 and AAV2/8,
completely omits a plasmid from a transfection timepoint and yields both measurable vg/mL
and TU/mL. As such, we selected chronology F, with Bmk as comparator, for analysis by TEM
(Figure 4). TEM images revealed that chronology F was able to yield viral particles of
comparable gross morphology to the Bmk chronology, for AAV2 and AAV2/8. A
comprehensive structural investigation, beyond the scope of this current investigation, will be
needed to achieve more conclusive insights. However, we can conclude from these images
that, for both AAV2 and AAV2/8, the reduction in TU/mL, from Bmk chronology to chronology

F, was not due to total loss of formation of particles with expected gross morphology.

We next wished to determine if the yield effects of chronology F were an artefact of unexpected
toxicity or extreme metabolic burden on host cells. To do this we monitored the total number
and viability of transfected cells over the 72 hours post-T1 for chronology F, and the Bmk and
G chronologies as comparators (Figure S1). No major differences between the chronologies
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were observed in terms of viable cell number and viability. This was consistent with
observations reported by Cervera et al. ** and Riedl et al. 46, that multiple transfections of a
given batch of HEK293 cells did not negatively impact their growth or viability relative to a

single transfection procedure.

Influence of transfection chronology on AAV2 capsid yield as determined by ELISA

To determine the level of intact capsid formation for AAV2 transfection chronologies, we used
the '"AAV2 Titer Capsid ELISA Kit' (Genscript, Oxford, UK, L00942), which, according to the
company recognizes 'intact capsids'. To confirm that the ELISA kit detection was epitope
conformation dependent, we used purified AAV2 standards and regular cell lysate samples
that had been heated at 75°C for 10 minutes prior to analysis (Figure S2). The heating step
resulted in ELISA signal loss, which was consistent with loss of conformational epitope.
Comparing Figure 5A with Figure 3C shows that the relative pattern of AAV2 capsid/mL yield
matched the pattern of TU/mL yield, with respect to transfection chronologies. We interpreted
this as evidence that, for AAV2, the ability to achieve the conformational epitope recognised
by the ELISA kit antibodies (Figure 5A) correlated with infectiousness (Figure 3C) but did not
correlate with ability to protect viral genomes from nuclease activity (Figure 2A, 2C).
Furthermore, the formation of capsids capable of protecting genomes from nuclease activity

is less sensitive to transfection chronology than the formation of infectious capsids.

Evidence of AAV2 capsid filling based on ELISA and gPCR data

ELISA and gPCR data can provide a useful indication of the level of correct capsid filling that
has been achieved by a given AAV production procedure 4’. A simple approach is to divide
vg/mL by capsids/mL (Figure 5B). For AAV2, this approach was only possible for the
chronologies (Bmk, F and G) that yielded measurable capsids/mL levels by ELISA (Figure
5A). For chronologies A to E, although absorbance values were higher than the blank samples
(see Materials and Methods), they were still below the ELISA kit's LOQ. Bmk and chronology
G both yielded similar levels of capsid filling, with chronology F resulting in an average 7.5-
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fold increase in filling. This observation arguably supports our hypothesis that the presence of
Helper and Payload plasmid at T1 (Figure 1.3, 1.4) may 'prime' host cells for the subsequent
onset of capsid and payload genome production which commences from T2 onward (the latter

54% of the post-seeding period).

Inference of AAV2 capsid filling using a novel, ELISA-free method

To further assess the capsid filling level in AAV2, we sought to trial a novel assay for capsid
upload that is ELISA-free (A-CUE), which we would then validate by comparison with the more
commonly used method based on qPCR and ELISA data. Step 1 of the A-CUE procedure was
to normalise cell lysate samples from each AAV2 transfection chronology with respect to
vg/mL, to match total vg content and volume. In Step 2 these matched samples were then
each incubated with the same amount of Dynabeads™ CaptureSelect™ AAVX Magnetic
Beads (referred to from here as 'beads'). These beads have been shown by others to capture
AAV?2 virus particles in a manner that does not selectively enrich for full or empty capsids 4849
50,51 As such, they are not expected to introduce any bias into concentration procedures and
are understood to capture a representative population of AAV2 particles from a given sample.
After incubation with lysate, for Step 3 beads were washed and resuspended in the same
volume of protein loading buffer for each sample. No elution step was performed. In Step 4
equal volumes of bead solution were analysed by standard acrylamide gel electrophoresis,
with the notional vg count in the bead sample being based on the normalised, known vg counts
of lysate that had been incubated with beads in Step 1. The gel was processed for Western
blotting (Figure 6C) using the Progen B1 antibody, which targets a linear epitope, IGTRYLTR,
present in the VP1, VP2 and VP3 capsid monomers of multiple AAV serotypes, including
AAV2 and AAV2/8 2,

With respect to transfection chronology, the resulting pattern of Western blot antibody binding
(Figure 6C) from the A-CUE method approximated the patterns of capsids/mL yield (Figure
5A), as determined by ELISA, and TU/mL yield (Figure 3A, 3C). The similar patterns of A-CUE
data, ELISA data and infectivity data for AAV2 (Figures 3, 5 and 6) suggested that the A-CUE
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method could be a viable alternative to ELISA for estimating capsid filling in combination with
gPCR data (Figure 6A for workflow). As such, we proceeded to used ImageJ to quantify an
antibody binding signal in each Western blot lane. We termed these guantification values as
'Image Quantification Capsids' (IQ capsids) / lane. We then divided 'lQ capsids' / lane by 'vg
loaded' / lane and plotted this as 'Inferred percentage full capsids' (Figure 6B). These inferred
filling levels arising from the A-CUE procedure closely tracked those determined in Figure 5B
by ELISA and qPCR, with both methods indicating chronologies Bmk and G resulted in similar

filling, while chronology F had an approximately 7.5-fold higher level.

Inference of AAV2/8 capsid filling based on the novel 'A-CUE' procedure

Given the alignment between the ELISA-and-gPCR method and the A-CUE methods for
determining AAV2 capsid filling, we next sought to use A-CUE alone to determine AAV2/8
capsid filling, in the absence of an effective AAV8 ELISA kit. We processed samples to the
Western blot stage, as before (Figure 6F) and divided the resulting 'lQ capsids' per lane value
with the matched 'vg per lane' values to inferr percentage full capsids for each AAV2/8
transfection chronology (Figure 6E). In common with AAV2, the levels of AAV2/8 capsid filling
resulting from chronology F were higher than those for the Bmk chronology and chronology
G. The Figure 6F Western blot image revealed that every AAV2/8 chronology yielded a
detectable level of antibody binding, including a VP3 band which is visible for chronology D
upon close inspection. By contrast, AVV2 chronologies B, C and D show now Western blot
signal even after close inspection (Figure 6C).

The A-CUE data for AAV2/8 (Figure 6E) suggested that chronologies A, C, D and G all
exceeded the capsid filling level of the Bmk transfection. However, this filling pattern for

AAV2/8 did not map onto TU/mL (Figure 3B, 3D) or vg/mL (Figure 2B, 2D) yield performance.

Discussion
With respect to AAV2 process understanding, only transfection chronologies F and G (where
both Payload and Helper plasmid were present in the first transfection) yielded both infectious
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virus and ELISA-positive capsids. All other chronologies abolished either production of
infectious capsids or ELISA detection, or both, indicating almost no correctly assembled
capsids could be formed in a temporally misaligned AAV2 production process. By contrast, all
AAV2/8 transfection chronologies yielded infectious viruses. This difference between AAV2
and AAV2/8 is consistent with AAV capsid serotype-specific differences in optimal scheduling
of synthesis and assembly events required for correct capsid assembly, observed by Earley
etal. %

The data in Figure 6 is consistent with transfection chronology F resulting in the highest level
of filling for both AAV2 and AAV2/8. Compared to a conventional, benchmark transfection,
chronology F has a 20-hour delay in the introduction of RepCap plasmid into host cells that
are already theoretically capable of viral genome replication (Figure 1.4). As such, it is possible
that chronology F represents a more productive temporal alignment of genome replication,
followed by capsid assembly, in agreement with the TMA hypothesis.

The AAV2/8 transfection chronology that yielded the lowest TU/mL average overall was
chronology D, where both RepCap and Payload plasmids were present at T1 (Figure 3B, 3D).
This was lower than chronology A, which featured only RepCap plasmid for the T1
transfection. One possibility is that the suboptimal peak of capsid synthesis predicted by TMA
was further exacerbated by the presence of both the RepCap and Payload plasmids together
(chronology D) compared to the presence of RepCap alone (chronology A).

For chronologies B, C and F, RepCap plasmid is only present for 54% of the post seeding
period, compared to 75% for the Bmk transfection. As such, capsid yield for B, C and F might
be expected to be less than that of Bmk. For AAV2, this is indeed the case, with F having less
capsids, and both B and C having no detectable capsids, for both ELISA (Figure 5A) and A-
CUE data (Figure 6C). For AAV2/8, while C and E did yield less capsid than Bmk, chronology
B yielded significantly more capsid signal then Bmk, as determined by A-CUE procedure
(Figure 6F). We interpreted this as evidence of divergence between serotypes in terms of
optimal viral assembly schedule. Ohba et al. also reported observations consistent with
serotype-based differences in viral assembly schedule. When they placed Cap gene
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expression under inducible control for AAV serotypes 1, 2, 3, 5, 6, 7, 8, 9 and 10, only AAV8
did not show an improvement in capsid filling levels when Cap expression was delayed relative
to Rep gene expression L.

From a bioprocess perspective, for AAV2 and AAV2/8, chronology G matched but did not
exceed the performance of the conventional, single transfection benchmark (BmK) procedure
in terms of resultant vg/mL, TU/mL and capsid filling. As such, for non-automated systems,
the additional human operator labour required for the second transfection would not be
justified. Chronology F achieved a 7.5-fold increase in filling for AAV2 (Figures 5 and 6), with
a similar increase in filling hinted at in the A-CUE data arising from AAV2/8 (Figure 6). When
considering implementation, this process benefit of chronology F would have to be balanced
against additional operator labour and the reductions in vg/mL and TU/mL yield performance.
For both AAV2 and AAV2/8, there may be a sweet spot between chronologies G and F, where
the vg/mL and TU/mL could be enhanced by a small dose of RepCap plasmids delivered
alongside Helper and payload at the first point, while the capsid filling levels could be improved
by a larger second dose of RepCap at the second time point. Further empirical studies may
identify this optimised chronology.

In conclusion, our systematic investigation of chronologically distributed transfection revealed
several important insights into AAV production dynamics. The most striking finding was the
serotype-specific differences in tolerance to varied transfection schedules, with AAV2/8
demonstrating greater robustness than AAV2 across different chronologies, and it suggests
bespoke optimization strategies may be needed for each serotype 5 5.

The success of chronology F in improving capsid filling efficiency, particularly for AAV2,
provides empirical support for the temporal misalignment hypothesis and suggests that
strategic scheduling of plasmid delivery can enhance production outcomes. However, the
trade-off between improved filling and reduced overall yields highlights the complexity of
optimizing AAV production processes. These findings not only advance our understanding of
AAV assembly schedules but also provide practical considerations for process development
in gene therapy manufacturing. Future studies combining this chronological approach with
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detailed molecular analyses of intracellular events could further elucidate the mechanisms
underlying serotype-specific assembly patterns and guide the development of more efficient

production strategies.

Materials and Methods

Plasmid identities and propagation

AAV genomic payload for all transfections was encoded by pAAV-GFP (Cell Biolabs, AAV-
400). AAV2 RepCap genes were encoded by pRC2 (Cell Biolabs,VPK-422). The plasmid
pAAV2/8 (Addgene plasmid #112864), encoding AAV2 Rep and AAV8 Cap genes, was used
for AAV2/8 production, and the Helper plasmid for all transfections was pAdDeltaF6 (Addgene
plasmid #112867), both kind gifts from James M. Wilson, University of Pennsylvania, USA.
Standard molecular biology techniques were used for all plasmid propagation, purification and

analytical procedures.

Mammalian cell cultivation

FreeStyle™ HEK293-F cells (Life Technologies Limited, Paisley, UK, catalogue number
R79007) were cultivated in FreeStyle™ 293 Expression Medium (Life Technologies, cat. no.
12338018) at 37°C with 5% CO, and shaken at 135 rpm inside a humidified incubator (PHC
Europe B.V., Loughborough, UK, model MCO-170AICD-PE). Adherent HEK293T cells (Cat
.0. CRL-3216) from American type culture collection (ATCC) were cultivated using Dulbecco’s
modified Eagle’s medium (DMEM) with 10% v/v heat inactivated fetal bovine serum (FBS),
both purchased from Gibco, UK. Cells were kept at 37°C, 5% CO, also in a PHC Europe,

model MCO-170AICD-PE, humidified incubator.

Transient transfection
All transfection chronologies are depicted in Tablel and were performed as follows. 24 hours
prior to transfection HEK293-F host cells were seeded at 5x10° cells/mL in FreeStyle™ 293
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Expression Medium, in either six-well plates (Sarstedt, Germany, 83.3920.500), with a total
volume of 1 mL per well, or in 125mL shake flasks (Corning™ 431143) with a total volume of
10 mL per flask. For the benchmark (Bmk) transfection, Helper, RepCap and Payload plasmid
solutions were combined at a 1:1:1 molar ratio, to a total mass of 1.5 ug per mL of cell culture
and then diluted with Opti-MEM™ (Fisher Scientific, Lough borough, UK, 12559099) to a
volume equivalent to 5% of the total cell culture volume. A total of 1.5 yL PElpro® (Sartorius
Stedim, Epsom, UK, 101000017) per 1.5 ug of plasmid was diluted with Opti-MEM™ to the
same total volume as the plasmid DNA solution. PEI and DNA solutions were then combined
and incubated at room temperature for 15 minutes for complex formation. This PEI-DNA
solution was then added, dropwise to suspension cell cultures.

Transfections with chronologies A-G were performed using the same mass of each plasmid
as used in the Bmk transfecion procedure, but split across two transfections, performed at 24
hours and 44 hours after seeding of host cells. Each transfection featured either one or two
plasmids, with PEIpro® volume scaled down on the basis of a 1:1 PEI volume-to-mass of
plasmid ratio (uL:ug). PEI and DNA solutions were each made up to a total Opti-MEM™ volume
proportional to the plasmid volume, with specific volumes provided in Table 2. Thes solutions

were combine for complexing and added to cells as in the Bmk procedure.

AAV harvest

For all transfection procedures, a volume of the Gibco™ AAV-MAX Lysis Buffer (Fisher
Scientific, cat. no. 17331899) equivalent to 10% of total cell culture volume was added to host
cells 96 hours post-seeding, and the cell culture vessel returned to the incubator for 2 hours
under standard cultivation conditions. The total volume of cell culture plus lysis buffer was
then transferred to falcon tubes and centrifuged at 4500rpm for 30 minutes at 4°C (Eppendorf,
UK, 5910R). The supernatant was gently removed, taking care not to disrupt a small pellet,

aliquoted and stored at -80°C prior to further manipulations.

Real-time quantitative PCR (QPCR)
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AAV payload viral genomes per mL (vg/mL) in crude lysate were determine by gPCR. A 5 pL
crude lysate sample, 35 uL of molecular biology grade water (Corning, UK, 46-000-CM), 5 uL
of 10X DNAse | reaction buffer (New England Biolabs, Hitchin, UK, M0303S) and 5 puL of 2 U
/ uL DNase | (New England Biolabs, Hitchin, UK, M0303S) were added together followed by
a 30-minute incubation at 37°C, in order to degrade all DNA not sequestered within AAV
capsids. Samples were then incubated at 95°C for 10 mins to denature capsids. Primers of
sequence GTCCGCCCTGAGCAAAGA and TCCAGCAGGACCATGTGATC °¢ were then
added to PCR-amplify the segment of the AAV genome encoding the green fluorescent protein
(GFP) open reading frame (ORF). Dilutions of the linearised pAAVGFP plasmid of known
purity and concentration, were used to establish a standard curve of cycle threshold (Ct)
determinations. Serially diluted samples were mixed with SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, Watford, UK, 1725271) and loaded onto the CFx Connect device
(Bio-Rad, UK), set for a 3-minute incubation at 98°C for polymerase activation and DNA
denaturation, followed by 39 cycles of amplifications. Each round of amplification consisted of
a 15 second, 98°C denaturation step and a 30 s, 60°C annealing/extension step. Melt curve

analysis was then performed in an automated manner by the CFx Connect device software.

Enzyme-linked immunosorbent assay (ELISA)

To quantify the number of intact AAV2 particles, the AAV2 Titer Capsid ELISA Kit (Genscript,
Oxford, UK, L00942) was used according to the manufacturer’s instructions. Briefly, crude
lysate samples from AAV2 production and the AAV2 controls provided with the kit were serially
diluted and loaded onto a 96-well plate plate coated with the capture antibody. This was
followed by incubation with Biotin Anti-AAV2 Antibody and the Streptavidin Horseradish
Peroxidase conjugate (Streptavidin-HRP), with washing steps between incubations. The
3,3',5,5'-Tetramethylbenzidine solution (TMB Solution) was then added, followed by Stop
Solution. The intensity of the colour in each well was measured at 450 nm and 650 nm using
the CLARIOstar® plate reader (BMG LABTECH, Aylesbury, UK). To eliminate the background
signal from turbidity, the absorbance at 650 nm was subtracted from the absorbance at 450nm
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of the same well. A standard curve was established using a four-parameter logistic (4-PL)
model, with the AAV2 control concentration (capsids/mL) plotted on the x-axis and the
corresponding mean absorbance value on the y-axis in GraphPad Prism 9.4.1. Limit of
guantitation (LOQ) was set up according to the CLSI method guideline EP17-A2 by the
manufacturer. It was defined as the actual concentration at which the analyte is reliably
detected and at which the uncertainty of the observed test result is less than or equal to the

goal set by the laboratory (10% coefficient of variation).

Viral transduction and flow cytometry

50 pL of a solution of adherent HEK293T cells were seeded as target cells at 1 x10° cells/mL
in 10% v/v FBS DMEM into each well of a 96-well plate (Fisher Scientific, Loughborough, UK,
10212811) to give a total of 5x10* cells/well. 1 hour post seeding, serially diluted samples of
crude lysate were added to each well to 12 pL total volume. 24 hours after lysate sample
addition 100 pL of 10% v/v FBS DMEM was added to each well. 72 hours after lysate sample
addition all liquid was removed from each well, cells were harvested by standard trypsinisation
procedure (Gibco, 25200056) then fixed by incubation with a solution (Thermo Scientific, cat.
no. 15424389) of 4% v/v paraformaldehyde solution in phosphate-buffered saline (PBS) for
10 minutes. These fixed cell solutions were centrifuged at 1000 rpm (Eppendorf, 5910R),
supernatants removed and cell pellets resuspended in PBS in round bottom 96-well plates
(Thermo Scientific, 268200) prior to flow cytometry.

To quantify fluorescence arising from viral transfer of the GFP-encoding AAV payload
genome, an excitation wavelength of 488 nm was used for the LSRFortessa™ Cell Analyzer
Flow Cytometer (BD Biosciences, UK). A minimum of 10,000 cell measurement events were
recorded per sample. Data gathered from the flow cytometry experiments were analysed using
Flowjo v10.8.1 (BD Biosciences, UK) software. To count the number of live GFP-positive cells,
forward and side scatter gating analyses were applied to isolate live cells, forward scatter

height and forward scatter area were applied to isolate singlet cells. The percentage of GFP-
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positive cells was measured and normalised against non-transduced cells. The number of

transducing units /mL was calculated using the following formula:

Equation 1
TU/mL = {(% GFP positive cells)*(no. cells at transduction)]/vector input volume}*dilution

factor.

Bead-capture and electrophoresis of AAV particles

As part of the A-CUE procedure, the vg/mL levels in AAV2 and AAV2/8 cell lysates were used
to inform sample dilution with PBS (Fisher Scientific, 12549079) to achieve the same vg
concentration and volume (1.8 mL) for all samples for a given serotype (4x108 vg/sample for
AAV2, 1 x 108 vg/sample for AAV2/8). These vg-matched samples were then mixed with the
same volume of prewashed Dynabead™ CaptureSelect™ AAVX Magnetic Bead solution. The
lysate / bead slurry was then placed on a Tube Rotator (Cole-Parmer,TR-200) at 20 rpm for
30 minutes to allow binding to occur. Sample tubes were then placed in an Invitrogen™
DynaMag™-2 Magnet (Fisher Scientific, 10723874) to immobilise the beads. While beads
were immobilised, lysate was removed and two PBS washes performed, each with typically
500uL PBS. Washed beads were then resuspended in protein loading buffer which composes
of 30 pL 1x Gibco™ AAV-MAX Lysis buffer (Fisher Scientific) plus 9 pL of 4X Laemmli buffer
(Bio-Rad, Watford, UK, 1610747) and 1uL of 2-mercaptoethanol (Bio-Rad, Watford, UK,
1610710). This sample was then incubated at 10 min at 95 °C in a ThermoMixer™ C
(Eppendorf, UK, 15158953) with the purpose of denaturing capsid proteins such that bead-
bound particles would disassemble into soluble constituent proteins. Samples were then
placed in the Invitrogen™ DynaMag™-2 Magnet (Fisher Scientific, 10723874), supernatant
was removed and loaded onto a 10% Mini-PROTEAN® TGX™ Protein Gel for electrophoresis

at 160 volts for 40 minutes before being processed for Western blotting.

Western blotting
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PROTEAN® TGX™ Protein Gel were transferred to nitrocellulose membranes using the trans-
Blot Turbo Mini 0.2 um Nitrocellulose Transfer Pack (Bio-Rad, cat. no. 1704158) and the
Trans-Blot® Turbo™ Transfer System (model 1704150). Membranes were blocked with
EveryBlot Blocking Buffer (Bio-Rad, cat. no. 12010020) for 5 minutes and five five-minute
washes with Tris-buffered saline and 0.05% v/v Tween 20 (Bio-Rad, 1706435 and Merck Life
Science, Gillingham, UK, P9416) were performed after each antibody incubation step. The
anti-AAV VP1/VP2/VP3 mouse monoclonal (PROGEN, cat. no. 690058) was added first, at
1/250 dilution before incubation at room temperature (RT) for 1.5 hour with rocking. Rabbit
Anti-Mouse IgG H&L (HRP) antibody (Abcam, Cambridge, UK, AB6728-1001) was then added
at 1/2000 dilution prior to 1 hour RT incubation. Bound antibodies were detected using Clarity
MAX ECL substrate (Bio-Rad, cat. no. 1705062) and the luminescent image analyzer
(Amersham Imager 600, Cytiva).

Densitometric analysis of Western blot band intensity was performed using ImageJ (National
Institutes of Health, USA) without no manipulation of image brightness or contrast. The
acquired images were black/white inverted in Imaged prior to analysis. The ‘Rectangular
Selection’ tool was used to draw a region of interest (ROI) encompassing each VP protein
band and a blank area. The same ROI size was applied to all VP bands to ensure consistency.
The intensity of each band in a gel image was normalised by subtracting the intensity of a

blank area of the ROI size within the same gel.

Transmission Electron Microscopy (TEM)

To prepare samples for TEM, the productions were linearly scaled up to 50 mL for AAV2 and
12.5 mL for AAV8 in 250 mL and 125 mL Erlenmeyer shake flasks (Coring, 431143). After the
72-hour production period, the cell culture was centrifuged at 2000 rpm for 15 min, then
resuspended in PBS to 4% of the original cell culture volume. A volume of Gibco™ AAV-MAX
Lysis buffer (Fisher Scientific, 17331899) equivalent to 10% of the cell suspension was added,
followed by 2-hours incubation under standard cultivation conditions. The cell suspension was
subjected to three cycles of freezing and thawing process between a dry ice / 70% ethanol
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bath and a 37°C water bath. 0.8 pl (200 units) of Benzonase® nuclease (Merck KGaA,
Darmstadt, Germany, E1014) was added to each sample and incubated at 37°C for 1 hour.
The cell lysate was then centrifuged at 12000 rpm for 10 minutes and the supernatant removed
and stored at 4°C prior to purification. Manufacturer's insctructions for the Dynabeads™
CaptureSelect™ AAVX Magnetic Beads (Life Technologies Limited, Paisley, UK,
2853522001) system were then followed to purify viral particles from crude lysate. Briefly,
beads were incubated with sample for 30 minutes before two washes and a final elution step
in 60 pL of elution buffer and 6 pL of neutralisation buffer.

Formvar/Carbon films on 200 mesh copper grids (TAAB, Berkshire, UK, FO77/100) were glow
discharged using the PELCO easiGlow machine. 3 uL of purified samples were loaded onto
the grid and incubated for 2 min at RT. The excess sample was removed. 3 pL of 1% v/v
uranyl acetate was loaded onto the grid and incubated for 40 second at RT. The samples were
dried for around 20 minutes prior to imaging with the transmission electron microscope (T12

Tecnai Spirit biotwin, FEI).
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Tables

Table 1. Transfection chronologies used in this study. Overview of transfection

chronologies investigated in this study. The benchmark (BmK) procedure introduces all three

plasmids (pRepCap, pHelper, and pPayload) in a single transfection at time point T1 (Figure

1.3). Chronologies A-to-F explore various combinations of plasmid delivery timing and

grouping across two transfections (T1 and T2). Chronology G is the same as Bmk except that

half the RepCap plasmid mass is used in the T1 transfection and the remaining half used in a

T2 transfection.

Reaction Code | Transfection 1 (T1) Plasmids(s) | Transfection 2 (T2) Plasmid(s)
Benchmark (Bmk) pRepCap pHelper pPayload

A pRepCap pHelper | pPayload

B pPayload pRepCap pHelper

C pHelper pRepCap pPayload

D pRepCap pPayload pHelper

E pRepCap pHelper pPayload

F pHelper pPayload pRepCap

G (pRepCap)/2 | pHelper pPayload (pRepCap)/2
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Table 2. Component volumes used in transfections in this study. Component volumes

used in DNA transfection reactions across one (T1) or two timepoints (T1 and T2) for

serotypes and production volumes indicated. Each reaction condition (Bmk through G)

consists of a DNA mixture, containing plasmid DNA diluted in Opti-MEM™ medium, and a

polyethylenimin (PEI) mixture, containing PEI diluted in Opti-MEM™ medium. All volumes are

recorded in microliters (uL). Volumes indicated are per individual transfection. For all

transfections a 'Master Mix' was made with a sufficient volume for a given number of repeats

plus one more. As such the smallest volume actually pipetted was 0.66 pL using a Gilson P2

pipette.

Transfection T1 T2
chronology DNA mixture PEI mixture DNA mixture PEI mixture
puL uL uL uL uL uL uL uL
Plasmid Opti- PEI Opti- Plasmid | Opti- PEI Opti-
MEM™ MEM™ MEM™ MEM™

AAV2 (10 mL)

1 Bmk 54.8 445.2 15 485 0 0 0 0

2 A 4.3 34.6 4.1 131.2 50.5 410.6 10.9 | 353.8

3 B 4.4 35.4 2.4 77.8 50.4 409.8 12.6 | 407.2

4 C 46.2 375.2 8.5 276 8.6 70 6.5 209

5 D 8.6 70 6.5 209 46.2 375.2 8.5 276

6 E 50.4 409.8 12.6 | 407.2 4.4 35.4 2.4 77.8

7 F 50.5 410.6 10.9 | 353.8 4.3 34.6 4.1 131.2

8 G 52.7 427.9 13 419.4 2.1 17.3 2 65.6

AAV2/8 (1 mL)

9 Bmk 5.1 44.9 15 48.5 0 0 0 0

10 | A 0.4 3.3 0.4 12.6 4.7 41.6 1.1 35.9

11 | B 0.6 5.4 0.3 9.3 4.5 39.5 1.2 39.2

12 | C 4.1 36.2 0.8 26.6 1 8.7 0.7 21.9

13 | D 1 8.7 0.7 21.9 4.1 36.2 0.8 26.6

14 | E 4.5 39.5 1.2 39.2 0.6 5.4 0.3 9.3

15 | F 4.7 41.6 1.1 35.9 0.4 3.3 0.4 12.6

16 | G 4.9 43.2 1.4 42.2 0.2 1.7 0.2 6.3
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Figures Legends

Figure 1. lllustrative diagrams of AAV genome and caspid production and assembly
plasmids and transfection timelines. 1) Simplified diagrams of Payload (red), RepCap
(blue), and Helper (green) plasmids. 2) Occam schema of zeta ({) procedures, leading to
correct payload genome production, and theta (8) procedures, which require at least one
payload genome in order to commence, for production of capsids correctly loaded with
payload genomes. 3) Diagram of time points for the transfection chronologies used in this
study. At 0 h host cells are seeded, with transfection 1 (T1) 24 h post seeding, T2 44 hours
post seeding and harvest 96 h post seeding. The duration of time periods between those four
events are also depicted in hours and as a percentage of the 96 h total. 4) Graphical depictions
of the eight transfection chronologies used in this study and their predicted consequences.
For chronologies A-to-F the following applies: plasmids are depicted as being partially opaque
at T2 if they were present at T1. Payload genomes or correctly packaged capsids are absent
if their formation is not conventionally understood to be likely or possible. A prediction of empty
capsid formation is depicted for the T1 8 procedures whenever payload genome production is
predicted to be impossible for the T1 ¢ procedures. For chronology G the same rules apply
except for the RC plasmid, which is depicted as partially opaque at both T1 and T2, as half
the RC plasmid mass of the BmK transfection was used in both transfections. For BmK there
is only a single transfection, T1, and no predictions are made for the abundance of any

elements at T2, hence no diagrams.
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Figure 2. AAV2 and AAV2/8 viral genome yield performance as a function of
transfection chronologically. Viral genome titers were determined by gPCR for AAV2 and
AAV2/8 crude lysates arising from the transfection chronologies illustrated in Figure 1.4 by
letter code, at 10 mL and 1 mL scale respectively. Plots A) and C) show AAV2 results on log
and linear scales respectively, while plots B) and D) show AAV2/8 results on log and linear
scales respectively. Crude lysate from non-transfected cells (Ntf) were used as gPCR
template and interpreted as the limit of quantitation (LOQ) for the assay. The dotted line
highlights the lowest yield achieved by any transfection chronology. Error bars represent

standard deviation of three biological replicates.

Figure 3. AAV2 and AAV2/8 transducing unit yield performance as a function of
transfection chronologically. Volumetric transducing unit titers (TU/mL) were determined by
flow cytometry of target cells, to detect GFP expression, for AAV2 and AAV2/8 crude lysates
arising from the Figure 1.4 transfection chronologies, at 10 mL and 1 mL scale respectively.
Plots A) and C) show AAV2 results on log and linear scales respectively, with the equivalent
for plots B) and D) for AAV2/8. Crude lysate from non-transfected cells (Ntf) was incubated
wiith target cells and the resulting fluorescence signal interpreted as the LOQ for the assay.
The dotted lines and plots A) and B) highlights the lowest yield achieved by any transfection

chronology. Error bars represent standard deviation of two-to-four biological replicates.
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Figure 4. Transfection chronology F produces particles of standard morphology for
AAV2 and AAV2/8. Transmission electron microscopy (TEM) analysis of AAV2 and AAV2/8
viral particles. Representative TEM micrographs showing AAV2 (panels A and D) and AAV2/8
(panels C and F) particles. Benchmark (Bmk) preparations of both serotypes (panels A and
C) show characteristic ~28 nm spherical capsids. AAV2 produced using transfection
chronology F (panel D, labelled '2F") yielded intact particles similar to benchmark. AAV2/8
produced using transfection chronology F (panel F, labeld '8F") also demonstrated morphology
consistent with the benchmark preparation. Panel B (labeled 'X') is the HEK293F cell lysate
that had undergone the same production and sample preparation process as Bmk but without
the addition of plasmids and panel E (labelled 'Y") is PBS. No patrticle structures were observed

for either. Scale bar in panel 5 is 200 nm and applicable to all panels.

Figure 5. Correctly assembled AAV2 capsid yield and filling as a function of transfection
chronology. Panel A) is a plot of ELISA-based quantification of total correctly assembled
capsids (capsids/mL) in crude lysates arising from the Figure 1.4 AAV2 transfection
chronologies, performed at 10 mL scale. The dotted line highlights the lowest measurable
yield achieved. Non-detectable (N.D.) signal resulted from the indicated chronologies. ELISA
data were combined with the AAV2 qPCR data plotted in Figure 2 to calculate inferred levels
of capsid filling with payload genomes. The full/empty capsid ratios (QPCR/ELISA) were then
plotted in panel B), for the chronologies with measurable capsids/mL. Asterisk (*) denotes
statistical significance (p < 0.05). Error bars represent standard error of the mean from four

biological replicates.
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Figure 6. Inferred levels of correct capsid filling using the ELISA-free A-CUE procedure.
The novel, 'A-CUE', ELISA-free procedure for inferring the level of correct capsid filling with
payload genomes is set out in detail in the results section. Panel A) illustrates a workflow
whereby the A-CUE method can be validated against ELISA for AAV2. In panel i), comparison
of Figure 5A ELISA data and a Western blot image arising from the A-CUE procedure in Figure
6C reveal matching patterns of signal as a function of transfection chronology. As such, when
Western blot images (panel C) are quantified by antibody binding signal in a given lane, step
i), they can be combined with Figure 2 gPCR data (step iii)) to calculate an inferred level of
correct capsid filling. Panel B) plots this inferred correct filling level as a function of transfection
chronology, giving a comparable AAV2 filling pattern to Figure 5B. Panel C) is the Western
blotimage, annotated by red, purple and black, left-pointing triangles, to indicate the VP1, VP2
and VP3 bands. Thes sizes were inferred by comparison with band migration in the ladder
(unlabelled, leftmost lane). Panel D) is the A-CUE data analysis workflow for AAV2/8, which
omits step i) due to the lack of ELISA data. Steps ii) and iii) were then followed, based on the
panel F) Western blot image and the Figure 2 gPCR data. Resulting inferred level of correct
capsid filling were 56plotted in Panel E). Panel F) is the Western blot, annotated as in panel
C). For panels C) and F) the gel loading for every transfection chronology was normalised by
total number of viral genomes (vg) present in the bead incubation step. For panels B) and E)

error bars represent standard deviation from three biological replicates.
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AAV gene therapy vectors suffer from low capsid filling, reducing efficacy. Nesbeth and
colleagues tested chronologically distributed transfection timing for AAV2 and AAV2/8
serotypes. Physical and biological titres were always reduced, but delaying RepCap plasmid
delivery increased capsid filling 7.5-fold for both serotypes, supporting temporal
misalignment hypothesis and offering improved manufacturing methods.



