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Abstract

Recombinant adeno‐associated virus (rAAV) is a commonly used in vivo gene ther-

apy vector because of its nonpathogenicity, long‐term transgene expression, broad

tropism, and ability to transduce both dividing and nondividing cells. However, rAAV

vector production via transient transfection of mammalian cells typically yields a low

fraction of filled‐to‐total capsids (~1%–30% of total capsids produced). Analysis of

our previously developed mechanistic model for rAAV2/5 production attributed

these low fill fractions to a poorly coordinated timeline between capsid synthesis

and viral DNA replication and the repression of later phase capsid formation by Rep

proteins. Here, we extend the model by quantifying the expression dynamics of total

Rep proteins and their influence on the key steps of rAAV2/5 production using a

multiple dosing transfection of human embryonic kidney 293 (HEK293) cells. We

report that the availability of preformed empty capsids and viral DNA copies per cell

are not limiting to the capsid‐filling reaction. However, optimal expression of Rep

proteins (<240 ± 13 ag per cell) enables enrichment of the filled capsid population

(>12% of total capsids/cell) upstream. Our analysis suggests increased enrichment of

filled capsids via regulating the expression of Rep proteins is possible but at the

expense of per cell capsid titer in a triple plasmid transfection. Our study reveals an

intrinsic limitation of scaling rAAV2/5 vector genome (vg) production and
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underscores the need for approaches that allow for regulating the expression of Rep

proteins to maximize vg titer per cell upstream.
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1 | INTRODUCTION

Recombinant adeno‐associated virus (rAAV) is the most widely used

in vivo gene therapy due to its nonpathogenicity, long‐term expres-

sion, and broad tropism (Li & Samulski, 2020). Starting with the

approval of LUXTURNA® in 2017, by 2023 five rAAV‐based gene

therapy products have been approved by the U.S. Food and Drug

Administration (FDA, 2023). In addition, over 200 rAAV‐based

therapies are in clinical trials to treat various genetic disorders,

some of which comprise a large patient population, such as with

hemophilia, or require high vector genome (vg) dosage per patient,

such as with Duchenne Muscular Dystrophy (Bulcha et al., 2021). The

pace of clinical development and commercialization of rAAV‐based

gene therapy drives the demand for rAAV vector manufacturing, and

therefore the need for manufacturing process development.

Several culture‐based approaches have been developed for rAAV

production (Sha et al., 2021), including transient transfection of

HEK293 cells using multiple plasmids (Grimm et al., 1998; Matsushita

et al., 1998; Xiao et al., 1998), stable integration of rAAV genes into

HEK293 cell lines (Clark et al., 1995; Liu et al., 2000), infection of Sf9

cells with recombinant baculovirus (Kotin, 2011), and infection of

BHK cells with Herpes Simplex Virus (Conway et al., 1997). Transient

transfection of HEK293 cells remains the most flexible method to

produce different serotypes of rAAV and is widely used to produce

clinical material (Bulcha et al., 2021; Clément & Grieger, 2016).

However, these cell cultures typically yield between 1% and 30%

filled capsids in the crude harvest with the remaining lacking thera-

peutic transgene (Gimpel et al., 2021). The presence of empty par-

ticles in the final product increases the total capsid exposure,

potentially triggers an adaptive immune response, and reduces the

efficacy of gene transfer (Gao et al., 2014). Additionally, removal of

empty capsids is challenging because of the structural similarities

between filled and empty capsids, resulting in product loss and

necessitating additional process development based on serotype

(Gimpel et al., 2021; Wright, 2014).

The conventional triple transient transfection is performed in

batch with all three plasmids delivered at the same time to cells once

a target cell density has been achieved. Cotransfection of all three

plasmids results in concomitant expression of four Rep isoforms

(Rep78, Rep68, Rep52, and Rep40), three different capsid proteins

(VP1, VP2, and VP3), and multiple helper proteins including

assembly‐activating protein and membrane‐associated accessory

proteins (Maurer & Weitzman, 2020). We previously developed a

mechanistic model to elucidate the dynamics of rAAV production in

HEK293 cells via triple plasmid transfection. Our model predicted a

poorly coordinated timeline between viral DNA (vDNA) replication

and capsid production that we hypothesized contributes to poor

capsid filling and that Rep proteins repressed capsid filling at later

time points (Nguyen et al., 2021). Furthermore, several earlier pub-

lications reported that unregulated overexpression of Rep78/68

negatively impacts some key steps of rAAV production in cells

(Chiorini et al., 1998; Jain et al., 2024; King et al., 2001; Li et al., 1997)

in addition to promoting cytotoxicity (Schmidt et al., 2000).

In this paper, we explore a multistage transfection strategy to

understand the plasmid dosing effects on transient rAAV2/5 pro-

duction. By differentially administering a set amount of plasmid DNA

over multiple, time‐separated doses we observe a modulation in Rep

protein expression. Using the experimental data set, we improved our

previously developed mechanistic model accounting for the effect of

Rep protein expression on the key intermediate steps of rAAV2/5

capsid filling. Consistent with previous studies, the updated mecha-

nistic model indicates that Rep proteins suppress both Rep and Cap

protein synthesis while enhancing vDNA replication. This leads to a

misalignment between capsid synthesis, vDNA replication, and en-

capsidation, the effects of which can be partially mitigated by

reducing the intracellular concentration of Rep protein.

2 | RESULTS

2.1 | Experiments and mechanistic modeling of
multistage triple transfection cell culture

We transfected HEK293 cells with plasmid (pAAV‐GFP, pRC5, and

pHelper at a 1:1:1 molar ratio) in three different experimental con-

ditions to produce rAAV2/5 pseudotype (AAV vectors with an AAV5

capsid and a genome containing AAV2 inverted terminal repeats). In

each condition, the total plasmid input remained constant but was

evenly divided between stages in one, two, or three‐stage transfec-

tions (S = 1, 2, 3, respectively), each 24 h apart (Figure 1). The 24 h

interval between stages of plasmid additions was chosen to promote

plasmid uptake into cells as it has been shown to peak 24 h after

transfection (Carpentier et al., 2007).

In addition to the experiments, we developed a mechanistic

model (Section 4) that describes the viral production process during

triple transfection, extending our previous model (Nguyen
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et al., 2021). We based our mechanistic model on a reaction network

starting from transfection‐mediated plasmid DNA delivery into the

cell nucleus, leading to the synthesis of viral particles, and their

release into media. The set of uncertain parameters were estimated

to accurately fit the experimental data obtained at discrete time

points to preserve the dynamic trends of multiple variables.

2.2 | Cell growth and viability improves, and
plasmid uptake decreases with multiple doses

We first studied the effect of multi‐stage transfection on cellular

growth. Both cell density and viability improve with decreasing dose

size. In particular, S = 3 showed higher cell growth and viability than

the S = 2 and S = 1 conditions (Figure 2a,b). This is inverse to the

plasmid uptake values (Figure 3), in which S = 3 had lower amounts of

total plasmids per cell than both the S = 1 and S = 2 conditions for the

first 72 h of culture after which the concentrations converge. We

observed a statistically significant difference in the total plasmids per

cell (Figure 3) between different dosing schemes (***p = 0.0004 using

two‐way ANOVA analysis) with a reduced likelihood of measurement

time influence for t > 72 h (p > 0.9999 using Tukey's multiple

comparison test for t > 72 h). This suggests that differences in the

plasmid uptake per cell via multi‐dosing can possibly be attributed to

events at the early time points (t < 72 h). This result is complemented

by the observed difference in the model‐predicted total amount of

DNA:PEI polyplexes taken up by the cells for different values of S

when t < 72 h (Supporting Information S1: Figure S1A,B). Notably the

model predicts that the total plasmid DNA taken up by cells over the

120 h production timeline is roughly the same for all values of S

(Supporting Information S1: Figure S1B). A possible explanation for

this negligible predicted difference is that the higher growth rate of

the S = 3 condition balances the lower total plasmids per cell,

resulting in a similar number of total plasmids taken up by the cells.

Furthermore, we notice that the rate of plasmid DNA uptake depends

on the state of the cells and the amount of plasmid DNA available.

Although cells take up a larger total amount of the initial dose at 0 h

for larger dose size (Supporting Information S1: Figure S1C), cells

appear to take up a larger percentage of the initial dose with smaller

dose size (Supporting Information S1: Figure S1D). In summary,

multistage transfection can enable the modulation of the per cell

availability of plasmid DNA (Figure 3), generating differential ex-

pression profiles that are useful for understanding rAAV2/5 pro-

duction dynamics.

F IGURE 1 Schematic of AAV vector production via multidose triple plasmid transfection. A transfection mix consisting of a 2:1 PEI:DNA
mass ratio and 1:1:1 equimolar plasmid concentration was used. The cell density at t = 0 h is ~1 million cells/mL. Timeline of multidose
transfection experimental design: one‐stage transfection (S = 1) represents the addition of 2 µg of plasmids/mL of culture as a single dose at 0 h;
two‐stage transfection (S = 2) represents the addition of 1 µg plasmids/mL of culture at 0 and 24 h; three‐stage transfection (S = 3) represents
the addition of 0.7 µg plasmids/mL of culture at 0, 24, and 48 h. Each cell culture experiment was performed in triplicate (n = 3) and
measurements were taken at least twice. Glucose and glutamine were added at 48 and 96 h (indicated as “Feed”) to a target postfeed
concentration of 5 g/L and 4mM, respectively. AAV, adeno‐associated virus; GFP, green fluorescent protein; PEI, polyethylenimine
hydrochloride.
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2.3 | Rep proteins upregulate vDNA replication

Rep proteins influence several important key steps of rAAV particle

production including vDNA replication (Li et al., 1997), vDNA tar-

geting to capsids, vDNA packaging into capsids (Dubielzig

et al., 1999; King et al., 2001; Wistuba et al., 1995), and Rep/Cap

protein expression (Pereira et al., 1997; Trempe & Carter, 1988). We

observe that the average total Rep protein concentration (Figure 4a)

reaches a maximum between t = 48 and 72 h irrespective of the

number of transfection stages. Notably, we observe differential ex-

pression of Rep proteins per cell (Figure 4c) for the duration of the

experiment in agreement with the total plasmids per cell concen-

tration profiles (Figure 3). The difference in Rep protein concentra-

tion for S = 1, 2, 3 correlates inversely with observed differences in

cell growth and viability, which may be attributed to the cytotoxic

effect of Rep proteins (Schmidt et al., 2000) and with other con-

founding impacts of transient transfection such as the presence of

PEI. The upregulation of vDNA replication by Rep protein appears to

reach a saturation limit in the dosing regimens considered (Figure 4b).

For instance, we observe no significant difference in the total repli-

cated vDNA even though Rep proteins were differentially expressed

within this period. However, there is a statistically significant differ-

ence in the replicated viral DNA per cell between different dosing

schemes (*p = 0.0203 using two‐way ANOVA analysis) with a post‐

hoc Tukey's multiple comparison test indicating statistically

F IGURE 2 Characterization of cell culture producing AAV via multidose triple plasmid transfection. (a) Viable cell density increased
from t = 0 h and reached a plateau for all dosing conditions. Model predictions agree closely with the experimental data. Two‐way
ANOVA analysis (α = 0.05) suggests a statistically significant difference in the viable cell density between the three different dosing
schemes (****p < 0.0001). Tukey's multiple comparison test indicates measurement time influences the statistical significance of the
experimental data of different dosing schemes at the later stage of the production timeline (t > 96) between S = 1 and S = 3 (**p = 0.0016,
**p = 0.003 at 96 and 120 h, respectively) and S = 2 and S = 3 (****p = 0.0008, ****p = 0.0001 at 96 and 120 h, respectively). (b) Cell
viability decreases over time after transfection at t = 0 h. Model predictions agree closely with the experimental data for all transfection
conditions. Two‐way ANOVA analysis (α = 0.05) suggests a statistically significant difference in the percent viability between the three
different dosing schemes (***p = 0.0004). Tukey's multiple comparison test indicates measurement time influences the statistical
significance of the experimental data of S = 1 and S = 3 at the later stage of the production timeline (t > 96 h; p = 0.0243). AAV, adeno‐
associated virus.

F IGURE 3 Dynamics of total plasmid uptake per cell after
multidosing transient transfection. Two‐way ANOVA analysis
(α = 0.05) suggests significant difference in the total plasmids per
cell between multidosing transfection stages (***p = 0.0004).
Tukey's multiple comparison test indicates that the differences
between conditions are statistically insignificant t > 72 h
(p > 0.9999).
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insignificant differences at the measured time points (p > 0.9;

Figure 4d).

2.4 | Rep protein expression impacts capsid
synthesis and filling

The total capsid titer for S = 1 and S = 2 nearly overlap and exceed

that of S = 3 (Figure 5a). We observe a statistically significant dif-

ference in the total capsid titer per cell between different dosing

schemes (****p < 0.0001 using two‐way ANOVA analysis) with a

post‐hoc Tukey's multiple comparison test indicating statistically

significant differences at multiple timepoints when comparing S = 1

and S = 2 with S = 3 (Figure 5c). Interestingly, both model and ex-

perimental data for S < 3 indicate saturation of the capsid titer pro-

duction per cell (p > 0.05 between S = 1 and S = 2 using Tukey's

multiple comparison test) suggesting that high expression of Rep

proteins limits capsid synthesis which is consistent with previous

experimental observations (Li et al., 1997). Additionally, we observe a

diminishing rate of capsid synthesis at higher plasmid concentrations

that is represented in the mechanistic model using a saturation

kinetic formulation for the pRC5 plasmid that encodes for the capsid

proteins (Section 4, Equation (15)). This formulation suggests that a

limitation in some unknown aspect of the cellular machinery also

works to suppress capsid synthesis (Rajendra et al., 2015). The capsid

titer in the supernatant plateaus roughly 72 h posttransfection

(Figure 5e).

Similar to earlier studies, we observe that a majority of vDNA

encapsidation occurs within the first 24 h of culture after which

genome titer reaches steady state for all values of S (Figure 5b) (Xiao

et al., 1998). Rep proteins govern several key steps of capsid filling

including the preparation and targeting of single‐stranded vDNA‐Rep

complexes and vDNA insertion into pre‐formed capsids (King et al.,

2001; Samulski & Muzyczka, 2014). That said, overexpression of Rep

F IGURE 4 Dynamics of the Rep proteins and viral DNA synthesis. Values reported as volumetric concentrations were obtained directly from
the experimental measurements and values reported on a per cell basis were calculated by dividing the volumetric concentrations with total cell
density measurements. (a) Total Rep proteins produced per mL of culture. (b) Total replicated viral DNA synthesized per mL of culture. (c) Rep
proteins per cell. Two‐way ANOVA analysis (α = 0.05) indicates a statistically significant difference in the Rep proteins per cell between different
dosing schemes (p < 0.0001). Tukey's multiple comparison test indicates measurement time influence on the statistical significance of the
experimental data from different dosing schemes for t ≤ 72 (****p < 0.0001 at 24 and 48 h and **p = 0.001 at 72 h between S = 1 and S = 3;
**p = 0.0025, *p = 0.0293, *p = 0.0175 at 24, 48, and 72 h, respectively, between S = 2 and S = 3). (d) Predicted replicated viral DNA per cell.
Two‐way ANOVA analysis (α = 0.05) indicates statistically significant difference in the replicated viral DNA per cell between different dosing
schemes (*p = 0.0203). Tukey's multiple comparison test indicates statistically insignificant differences at the measured time points for all
conditions (p > 0.9; [d]).
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F IGURE 5 Dynamics of rAAV2/5 capsid and genome titers produced via multidosing transient transfection. (a) Total capsids per mL of cell
culture. This measurement includes intracellular capsids and capsids released in the supernatant. Capsid production increases over time and
begins to plateau after 48 h. Model predictions agree closely with the experimental data. (b) Vector genome produced per mL of culture.
Interestingly, the S = 2 condition has a larger vector genome concentration than the S = 1 and S = 3 conditions. The vector genome production
follows similar trends to the overall capsid production. Model predictions agree closely with the experimental data. (c) Capsid titer per cell.
Values reported on a per cell basis were calculated by dividing the volumetric concentrations with total cell density measurements. Two‐way
ANOVA analysis suggests a significant difference in the capsid titer per cell between different dosing schemes (****p < 0.0001). Tukey's multiple
comparison test indicates a measurement time influence on the statistical significance of the experimental data from different dosing schemes
across the entire production timeline (**p = 0.0089 at 24 h, ****p < 0.0001 at 48 and 72 h, and **p = 0.0064 at 96 h between S = 1 and S = 3;
***p = 0.0003 at 24 h, ****p < 0.0001 at 48, 72, and 96 h and ***p = 0.0009 at 120 h between S = 2 and S = 3). (d) Genome titer per cell. Two‐way
ANOVA analysis (α = 0.05) suggests a significant difference in the vector genome titer per cell between different dosing schemes
(****p < 0.0001). Tukey's multiple comparison test indicates measurement time influence on the statistical significance of the experimental data
from different dosing schemes across the entire production timeline (***p = 0.0002 at 24 h, ***p = 0.0005 at 48 h, **p = 0.0015 at 72 h,
**p = 0.0011 at 96 h and *p = 0.0175 at 120 h between S = 1 and S = 2; ****p < 0.0001 at 24, 48, 72, and 96 h and ***p = 0.0002 at 120 h between
S = 2 and S = 3; ****p < 0.0001 at 48 and 72 h, and *p = 0.0469 at 96 h between S = 1 and S = 3). (e) Capsid titer concentration in the supernatant.
(f) Ratio of filled‐to‐total capsids. This metric is the ratio of the genome titer concentration to the total capsid titer. The measured ratio of filled‐
to‐total capsids is maximum at 24 h posttransfection for all dosing conditions. Fill fraction drops to <10% for t > 24 h for all conditions. Two‐way
ANOVA analysis (α = 0.05) suggests a statistically significant difference in the fill fraction associated with different dosing schemes (p = 0.0246).
Tukey's multiple comparison test indicates a statistically significant difference at t = 24 between S = 1 and S = 3 (*p = 0.0167), suggesting the
productive phase of filled capsid production is restricted within 24‐h period.
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protein has been shown to down‐regulate capsid filling (King

et al. 2001). The push‐pull effect of the up‐ and downregulatory

effects of Rep protein is demonstrated by the genome titer of the

S = 2 condition exceeding that of the S = 1 condition (Figure 5d). A

statistically significant difference in the vg titer per cell was observed

between the calculated data set for different values of S

(****p < 0.0001 using two‐way ANOVA analysis) with a post‐hoc

Tukey's multiple comparison test indicating statistically significant

differences between all conditions across the entire production

timeline (Figure 5d). The downregulation of filling by Rep also helps

explain the trend in fill ratio, which peaks for all conditions early in

the culture before decreasing to a baseline value (Figure 5f). These

observations provided by the updated mechanistic model recapitu-

late previous conclusions (Nguyen et al., 2021) that there is a tem-

poral misalignment between the capsid production and vDNA repli-

cation in triple plasmid transient transfection. This temporal

misalignment can be partially corrected by dosing at lower plasmid

concentrations, which limits the concentration of Rep proteins while

maintaining a similar concentration of vDNA during the bulk of the

capsid filling occurring early in the run (Figure 4d).

3 | DISCUSSION

We developed an integrated framework to advance our under-

standing of the molecular basis of rAAV2/5 production via transient

transfection of HEK293 cells. Using experimental and modeling ap-

proaches, we analyzed the dynamics of critical molecular components

such as intracellular plasmids (Figure 3), Rep proteins (Figure 4a),

vDNA (Figure 4c), capsid titer (Figure 5a), and vg titer (Figure 5b). This

analysis allows us to identify the potential underlying molecular

mechanisms that govern plasmid‐to‐virion signaling at the single‐cell

level and better understand the intrinsic limitations of achieving filled

capsid enrichment via triple plasmid transient transfection. Based on

our findings, we propose a mechanism of Rep protein‐mediated

rAAV2/5 capsid filling via multidosing transfection schemes

(Figure 6). Multidosing transfection schemes regulate Rep protein

expression which influences the capsid titer and vDNA encapsidation

rate during the initial productive phase (t < 48 h).

The plasmid uptake rate is modeled as a function of the viable

cell density, extracellular plasmid concentration, and dose timing

(Section 4, Equation 3). The number of binding sites of polyplexes

increases with increasing viable cell density, which increases early in

the culture before plateauing (Figure 2a). Despite the demonstrated

decreasing ability of cells to uptake PEI:DNA complexes with multiple

doses, multiple dosing transfection has been successfully demon-

strated to improve the titers of virus‐like particle production (Cervera

et al., 2015; Fuenmayor et al., 2019). A key difference between these

systems and AAV production, however, is the presence of Rep pro-

tein; when plasmids are dosed later in an AAV culture, they exhibit

diminished benefits due to the repressive nature of the Rep protein

that is already synthesized inside of the cells (Pereira et al., 1997;

Trempe & Carter, 1988).

We used biophysical methods to orthogonally confirm the per-

centage of filled capsids at t = 24 h. We first characterized the

retention time of monomeric single particle AAVs using size exclusion

chromatography (Fig. S2A). The percentage of filled capsids was then

quantified based on the absorbance ratio (AR) at λ = 260 nm and

λ = 280 nm at the single particle retention time (Sommer et al., 2003).

The AR increases with increasing S (Supporting Information S1:

Figure S2B), signifying an increase in the percentage of filled capsids

with smaller initial doses of plasmid (S = 3 > S = 2 > S = 1). These bio-

physical estimates of the percentage of filled capsids agree with the

estimates made via biochemical approaches using ddPCR and ELISA

(Supporting Information S1: Figure S2C). Furthermore, we observed

that the stoichiometries of rAAV2/5 capsids produced via multidose

transfection schemes were diverse, with the proportion of VP3

increasing with increasing values of S at t = 24 (Supporting Informa-

tion S1: Figure S3).

The production of rAAV via transient transfection of HEK293

cells is associated with the overexpression of Rep proteins that

impacts both product yield and product quality. While multistage

transfection and reducing the plasmid dose allow the modulation of

Rep expression level to an extent, precise independent control of Rep

protein expression is challenging because it is concomitantly ex-

pressed with viral and other accessory proteins. We achieved a

titration of Rep protein concentrations through a multiple‐

transfection approach. For all conditions, the Rep protein concen-

tration peaks between 48 and 72 h (Figure 4a) and drops at later time

points (t > 72 h), which is due not only to the reduction in the per cell

availability of total plasmids but also to the degradation of Rep pro-

teins and to inhibitory effects typical of late‐run batch culture pro-

duction, e.g., the accumulation of metabolic byproducts such as

ammonia (Supporting Information S1: Figure S4) (Hansen &

Emborg, 1994; Rajendra et al., 2011).

Rep proteins regulate multiple steps relevant to filled capsid

production. The mechanistic modeling formulation for viral protein

synthesis (Section 4, Equation 15) and Rep protein synthesis

(Section 4, Equation 14) corroborate the demonstrated regulatory

functions of Rep proteins on the cap p40 promoter (Trempe &

Carter, 1988) and rep p5 promotor (Pereira et al., 1997). The mech-

anistic model formulation for vDNA replication (Section 4, Equa-

tion 16) likewise corroborates the enhancing function of Rep proteins

in vDNA replication (Li et al., 1997). In all our experiments, plasmid

dose levels are high enough that Rep proteins do not appear limiting.

Apparent turnover rates of Rep proteins for different values of S

were compared to characterize the influence of Rep protein ex-

pression on the average encapsidation rate of pre‐formed empty

capsids. We defined the apparent turnover rate of the Rep proteins

for the capsid filling reaction as the number of filled capsids produced

per unit time‐averaged mass of Rep proteins per hour. The estimated

apparent turnover rate of Rep protein catalytic activity for producing

filled rAAV2/5 capsids is orders of magnitude greater ( ~730.0 ± 60.8

fg–1 h–1) for S = 3 when compared to that of S = 2 ( ~36.4 ± 25.6 fg–1

h–1) or S = 1 ( ~13.3 ± 2.6 fg–1 h–1) at 24 h, again indicating the pos-

itive impact of balanced Rep protein expression on rAAV2/5 capsid

SRINIVASAN ET AL. | 7
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filling (Supporting Information S1: Figure S5). It is interesting to note

that despite the availability of sufficient empty capsids at t < 24 h, the

encapsidation rate seems to be affected by the availability of Rep

protein complexes dictated by Rep protein expression. The apparent

turnover rate early in the run (24 h) is higher than subsequent time

points for all values of S and it is statistically significant between

conditions (***p < 0.0001 for two‐way ANOVA analysis at t = 24 h),

again implicating the role of other factors that impede capsid filling

reaction at the later stage of production (p > 0.99 for two‐way AN-

OVA analysis at all values of S for t > 24 h).

The percentage of filled capsids increases with a decreasing

amount of total plasmid DNA delivered to cells at 0 h. Similar

observations were previously reported when applying design of

experiments (DOEs) (Fu et al., 2023) when considering plasmid DNA

amount and DNA complexation variables. Performing DOEs and

other process development activities can improve the filled‐to‐empty

ratio output of the triple plasmid system, but only to an extent due to

the coupled expression of the Rep and Cap proteins. For example,

although we demonstrate tangible improvements to the percentage

of filled capsids in our system, it remains within the threshold re-

ported in the literature ( ~ 1%–30% of total capsids produced)

(Gimpel et al., 2021). Because of this, methods that decouple the

expression dynamics of Rep and Cap should be considered. For ex-

ample, an earlier work (Ohba et al., 2023) reported high filled capsid

fraction enrichment (about 50% of total capsids) using a chemically

induced promoter to delay Cap protein expression for various rAAV

F IGURE 6 Mechanism of Rep proteins mediated capsid filling in the productive phase of cell culture via multi‐dosing transfection schemes.
Transcripts of the Rep (blue) and Cap (magenta) gene elements of the pRC5 plasmid produce their respective protein products represented with
arrows (blue) and hexagons (magenta). The sizes of the blue arrows represent the concentration of Rep proteins. Filled capsids (green) containing
single stranded vDNA cargo encoding the GFP transgene sequence were produced along with empty capsids (magenta). A high single dose of
plasmid DNA:PEI complex (S = 1) leads to a high expression of Rep proteins that likely causes saturation of the capsid titer and a slow
encapsidation rate during the productive phase of rAAV2/5. For S = 2, a relatively decreased Rep proteins expression leads to an intermediate
encapsidation rate without affecting the capsid titer. Lastly, for S = 3, low Rep proteins expression most likely leads to a high encapsidation rate
but a low capsid titer during the productive phase of rAAV2/5. GFP, green fluorescent protein; PEI, polyethylenimine hydrochloride; rAAV2/5,
recombinant adeno‐associated virus2/5; vDNA, viral DNA.

8 | SRINIVASAN ET AL.
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serotypes. An additional study used two sets of chemically induced

promotors to independently control genome replication and Cap

expression in a stable producer cell line and observed improvements

in capsid filling with delayed Cap expression (Lu et al., 2024).

While the productive phase of rAAV2/5 vg is restricted to early

time points posttransfection (t < 48 h), we also analyzed the negative

long‐term effects of batch culture on culture productivity. Since the

media is not exchanged in batch culture, ammonia and other toxic

byproducts are able to accumulate (Supporting Information S1:

Figure S4). Accumulation of these toxic byproducts contributes to the

plateauing of many molecular species, such as capsid titer (Hansen &

Emborg, 1994; Rajendra et al., 2011), which we analyzed in a rep-

resentative pre‐experiment test run (n = 2) with the same feeding and

transfection regimens as the experiment detailed in this study

(Supporting Information S1: Figure S4). We captured this inhibitory

effect in the mechanistic model using a monotonically decreasing

inhibition factor (Materials and Methods, θInh) that restricts cellular

growth, protein synthesis, and vDNA replication later in the culture.

The use of a perfusion bioreactor system to continuously remove

these toxic byproducts may extend some aspects of protein synthesis

and vDNA replication, leading to increased productivity.

Although the kinetic model accurately captures the multistage triple

transfection data, some model limitations should be considered. The

model does not differentiate between the four Rep isoforms. In general,

the pairs Rep78/68 and Rep52/40 have different functions; for example,

Rep52/40 are responsible for packing the genome into the empty capsid

while Rep78/68 support DNA replication (Sha et al., 2021). Future iter-

ations should seek to incorporate the differential functions of the four

Rep isoforms in an approach similar to a mechanistic model developed for

the baculovirus expression system (Destro et al., 2023). The model is also

limited by its lack of metabolic state information. Incorporating metabolite

concentrations into the model formulation would allow for more direct

comparison of different bioreactor operational models (e.g., perfusion vs.

fed batch). In addition, we assume that the plasmid uptake rate and

trafficking kinetics are the same for all three plasmids. However, the

uptake rate of the plasmids may decrease with increasing plasmid size

(5.4, 7.3, and 11.6 kbp for pGFP, pRC5, and pHelper, respectively, Sup-

porting Information S1: Figure S6).

Our work provides additional mechanistic understanding of the

key steps involved in rAAV2/5 capsid filling and exposes the intrinsic

limitation of scaling rAAV2/5 production via triple plasmid transfec-

tion. Regulated expression of Rep proteins is necessary to optimize

genome titer without compromising cellular growth and viability.

Understanding the interplay between Rep protein expression, vDNA

replication, and capsid synthesis can inform the engineering of new

plasmids and future process development strategies.

4 | MATERIALS AND METHODS

No in vivo experiments were performed using model organisms as a

part of this work. All cell culture experiments, and viral harvesting

were performed following BL2 safety procedures documented in the

biological research registration approved by the MIT Environment,

Health and Safety committee.

4.1 | Statistical analysis

We collected samples from biological experiments performed in

triplicate (n = 3). All analytical measurements reported were obtained

from at least two technical repeats with appropriate positive and

negative control measurements. Serial dilutions within linear working

range of assays were performed wherever necessary to improve the

accuracy and confidence of our measurements. We did not assume

any statistical distribution for our data analysis. Since statistical

power of limited number of datasets is reduced when measurement

accuracy is compromised, only those data within the linear mea-

surement range of the assays were considered for data analysis. Two‐

way ANOVA analysis (GraphPad PRISM 10 software) was applied to

the experimental data sets to determine the statistical significance

between the dose response profiles (α = 0.05). Tukey's multiple

comparison test was performed to evaluate the statistical significance

(based on adjusted p‐value) of the main and interaction terms of

ANOVA. The statistical significance of the experimental data set at

the measured time points was assessed considering only the main

terms (S = 1 vs. S = 2, S = 2 vs. S = 3, S = 3 vs. S = 1) at individual time

points (24, 48, 72, 96, and 120 h). Interaction terms (24 h vs. 48 h, 24

vs. 72 h, etc.) were not considered because all the dosing experiments

have a same production timeline starting at t = 0 h without any time

offset.

4.2 | Materials

FreeStyle™ 293‐F cells (Cat. #R79007), culture medium FreeStyle™

F17 Expression Medium (Cat. #R12338018), and Gibco™ L‐glutamine

(200mM, Cat. #25030081) were purchased from Thermo Fisher

Scientific, Waltham, MA. Three plasmids—pAAV‐GFP (Part #AAV‐

400), pAAV‐RC5 (Part #VPK‐425), and pHelper (Part #340202) were

purchased from Cell Biolabs, San Diego, CA. These plasmids were

used to produce rAAV2/5 (with genomes containing the inverted

terminal repeat region from AAV2 and rep and cap genes from AAV2

and AAV5, respectively) particles carrying vDNA cargo. The vDNA

encodes for enhanced green fluorescent protein under the control of

CMV promoter. All three plasmids were amplified via bacterial

transformation using One Shot™ Stbl3™ E. coli strain purchased from

Thermo Fisher Scientific, Waltham, MA (Cat. #C737303). The plas-

mids were purified using Plasmid Plus Mega kit purchased from

Qiagen (Cat. #12981) and filtered through 0.22‐µm polyvinylidene

fluoride filter. The concentration of all plasmids was determined using

NanoDrop™ ONEc spectrophotometers (Thermo Fisher Scientific,

Waltham, MA) and stored at –20°C. We used the transfection‐grade

linear polyethylenimine hydrochloride (PEI Max™; 40000MW; Cat.

#24765‐1) purchased from Polysciences, Warrington, PA to prepare

transfection reagent for transient transfection reactions. Briefly,
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transfection reagent was prepared by dissolving lyophilized PEI

Max™ in Milli‐Q water at 1 g/L and adjusted to pH 7.0 by adding 1 N

HCl (Sigma‐Aldrich, Bioreagent, Cat. #H9892‐100ML). The solution

was filtered through a 0.22‐µm PES filter (Millipore Stericup Quick

Release, Cat. #S2GPU05RE) and stored at 4°C. The AAV5 titration

ELISA kits were purchased from Progen (Cat. #PRAAV5) and the kits

for AAV Rep protein were bought from Cellbiolabs (Cat. #VPK‐5118).

The DNase I (Cat. #M0303S) and the Monarch® Genomic DNA

purification kit (Cat. #T3010S) were purchased from New England

Biolabs, Ipswich, MA. The ddPCRTM (droplet digital PCR) reagents

and consumables namely, QX200 EvaGreen supermix tre (Cat.

#1864035), droplet generation oil for EvaGreen (Cat. #1864112),

ddPCRTM droplet reader oil (Cat. #1863004), DG32 automated

droplet generator cartridges (Cat. # 1864108), and ddPCR 96‐well

semi‐skirted plates (Cat. #12001925) were all purchased from Bio‐

Rad Laboratories Custom‐made single‐stranded DNA oligomers

(synthesized using the services of Integrated DNA Technologies)

dissolved in nuclease‐free water as per manufacturer's instructions

were used as primers for amplifying target sequences in

ddPCR™ reactions. DMSO (Di‐Methyl Sulfoxide, Cell Culture

Reagent, Cat. #196055) purchased from MP Biomedicals and 10%

SDS (Sodium Dodecyl Sulfate, Cat. #71736) purchased from Sigma

Aldrich were used as additives for optimizing ddPCR™ reaction

conditions.

4.3 | Cell culture

A vial of FreeStyle™ 293‐F cells stored in liquid nitrogen was thawed

in a 37°C water bath and transferred into pre‐warmed 30‐mL Free-

Style™ F17 expression medium supplemented with 4mM glutamine

in a 125mL shake flask (Fisher brand sterile PC flasks, Cat. #PBV125).

The culture was maintained at 37°C inside a humidified incubator

(Thermo Scientific HERA cell VIOS 160i) with 5% CO2 on a vibration

resistant orbital shaker (ORBI SHAKER™ CO2, Benchmark) at

135 rpm. Subcultures were performed between 0.3 and 3 million

cells/mL. At all times the seed culture cell viability was maintained

above 90%. The seed culture was expanded before transfection ac-

cording to the volume needed for the transfection experiments.

4.4 | Triple plasmid transient transfection and
sample preparation for analytics

Before transfection, the seed cells were maintained in the ex-

ponential phase at a cell density between ~1 and 2million cells/mL.

Based on the total number of cells required for the experiment, the

corresponding volume of the seed culture was transferred to 50‐mL

centrifuge tubes and centrifuged at 1000 rpm for 5min. After dis-

carding the supernatant, the pelleted cells were suspended in a fresh

pre‐warmed medium (FreeStyle™ F17 expression medium supple-

mented with 4‐mM glutamine) in 125‐mL shake flasks. In each shake

flask, 20mL of cells were added to target 1 million cells/mL cell

density. Three biological replicate cultures were performed for each

experimental condition.

A transfection cocktail was freshly prepared with equimolar

1:1:1 ratio of pAAV‐GFP:pAAV‐RC5:pHelper for each transfection

reaction. Plasmid dose as indicated in the transfection schemes

(2, 1, or 0.7 µg/mL) at PEI:DNA plasmid mass ratio of 2:1 was

added. The transfection cocktail volume was 5% of the culture

volume and it includes three components namely, plasmids, PEI,

and FreeStyle™ F17 expression medium. The cocktail was pre-

pared by adding the three components in the order of plasmids,

culture medium, and PEI Max solution. The cocktail was vortexed

vigorously for 10 s, incubated at room temperature for 10 min, and

added directly to the cell culture. For the control culture, 20‐mL

culture was set up at 1 million cells/mL without adding the trans-

fection cocktail. All the shake flasks were cultured in the same

setting as seed cultures in the incubator for 120 h (5 days). At 48

and 96‐h posttransfection, the metabolic profiles of the super-

natant were measured to enable a feeding procedure. Glucose

(300 g/L stock) and glutamine (200‐mM stock) were added to the

culture to bring the final glucose and glutamine concentration to

5 g/L and 4 mM, respectively.

A total of 2.2‐mL sample representative of the culture volume

was taken every 24 h from day 0 to day 5. Firstly, the culture solution

in each shake flask was homogenously mixed by gently drawing the

solution up and down thrice using a serological pipette. Next, 50 µL

of the sample drawn was immediately used for measuring cell count

and viability (see Section 4.5). The rest of cell culture samples were

aliquoted, 500 µL in each microtube and centrifuged at 1000 rpm for

5min. Supernatant was separated from the cell pellets collected at

the bottom of the vial. The cell pellets were washed by gently sus-

pending the cells in 500‐µL cold PBS followed by the removal of

supernatant after centrifuging at 1000 rpm maintained at 4°C for

10min. One aliquot reserved for intracellular plasmid and replicated

DNA measurements was subjected to an additional wash step with

500 µL cold PBS. This is done to improve the signal‐to‐noise ratio of

the measurements by reducing the high background caused by

abundant extracellular plasmids in DNA:PEI polyplexes. The super-

natant and cell pellet samples prepared were stored at −20°C and

−80°C, respectively, until analytical characterization experiments

were performed.

4.5 | Cell density measurements and metabolite
monitoring

To measure cell count and viability, we first mixed 50‐µL cell culture

solution with 50‐µL 0.4% trypan blue stain (Gibco, Cat. #15250‐061).

Two technical measurements each by loading 10‐µL mixture into a

Countess™ cell counting chamber slides (Thermo Fisher Scientific,

Cat. #C10283) were done using Countess™ II Automated cell counter

(Thermo Fisher Scientific). To analyze the metabolic profiles, the

supernatant samples were thawed and screened using BioProfile™

FLEX2 (Nova Biomedical).
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4.6 | Average Rep proteins concentration per cell

One vial of cell pellets prepared from 500 µL culture volume was

thawed on ice. The lysis buffer (RIPA buffer and 10% protease

inhibitor cocktail) was added using wide‐bore tips to the cell pellets.

The cell pellets were suspended in lysis buffer at a final cell density of

10 million cells/ml. This is followed by pipetting up and down a few

times, and an incubation at 4°C for about 10min. The crude lysate

was then subjected to five alternative freeze‐thaw cycles. Snap

freezing was done in dry ice and thaw step was done in 37°C water

bath. The solution was then centrifuged at 4°C for 20min at

12,000 rpm. The supernatant collected was analyzed for estimating

the Rep proteins concentration by ELISA. Briefly, samples were

diluted by the diluent provided in the kit. AAV Rep2 standards pro-

vided were diluted in a range of 2–0.03 ng/mL. Two technical repli-

cates of 100 µL diluted standards or samples were loaded onto the

antibody‐coated plate and incubated at room temperature for 1 h on

an orbital shaker at 120 rpm. The plate was then washed using

250 µL 1× wash buffer thrice, followed by incubation with 100 µL of

diluted biotinylated anti‐AAV Rep primary antibody for 1 h at room

temperature on an orbital shaker at 120 rpm. After incubation period,

the solution was removed from the wells and the plate was washed

by 250‐µL 1× wash buffer thrice. This step was followed by another

incubation with 100‐µL diluted streptavidin‐enzyme conjugated

secondary antibody for 1 h at room temperature on an orbital shaker

at 120 rpm. After the last three washes using 250‐µL 1× wash buffer,

100‐µL substrate solution was added, incubated at room tempera-

ture on an orbital shaker at 120 rpm. Finally, 100‐µL stop solution

was added after the reaction color on the plate changed. The

absorbance of the sample containing products of the reaction was

read using a microplate reader at 450 nm (BioTek Instruments). Ac-

cording to the manufacturer, the standard Rep protein used in the kit

is a conserved epitope of Rep across all four isoforms with a

molecular weight of 17 kDa. The calibration curve obtained from the

standards followed the trend of linear correlation between the con-

centration of the standards and their corresponding absorbance

readouts. We estimated the average concentration of Rep proteins in

the test samples analyzed from the calibration curve plotted using the

standards.

4.7 | Average capsid titer per cell

Capsid concentration was estimated from both cell pellets and the

supernatant samples prepared previously. To quantify the capsids in

the cells, one sample tube containing cells prepared from 500‐13µL

culture was thawed on ice. The pre‐chilled lysis buffer (150‐mM

NaCl, 50‐mM Tris‐HCl, pH 8.5 containing 10% of protease inhibitor

cocktail) was added to the cells. The ratio between the lysis buffer

and the cell pellets was 100 µL for 1 million total cells. The cells were

suspended, briefly vortexed, and processed by a total of three cycles

of freezing at ethanol bath (mixed by dry ice and 70% ethanol) for

10min and thawing at 37°C water bath for 10min. The sample was

clarified by centrifuging at 12,100 g, 4°C for 15min. The supernatant

was transferred to clean microtubes and followed by an AAV5 ELISA

analysis. To quantify the capsids in the supernatant, an aliquot of the

supernatant saved from cell culture was thawed and further clarified

by centrifuging at 12,100 g, 4°C for 15min. The clarified supernatant

was then analyzed. Samples from either the cell lysate or the

supernatant were diluted by the diluent buffer provided by the kit.

AAV5 capsid standards provided by the ELISA kit were diluted to a

range of 1.20 × 1010–1.88 × 108 capsids/mL. Two replicates of

100 µL diluted standards or samples were loaded onto the antibody‐

coated plate and incubated at 37°C for 1 h. The plate was then wa-

shed by 200‐µL 1× wash buffer three times, followed by incubation

with 100 µL of diluted biotinylated anti‐capsid Rep antibody at 37°C

for 1 h. The plate was washed by 200‐µL 1× wash buffer three times

and followed by further incubation with 100‐µL diluted strep‐

enzyme at 37°C for 1 h. After the last three washes using 200‐µL 1×

wash buffer, 100‐µL substrate solution was added, incubated at

room temperature for 15min. The 100‐µL stop solution was subse-

quently added. The final absorbance from the ELISA reactions was

read by a microplate reader at 450 nm (BioTek Instruments). The

standard curve was plotted using a four‐parameter logistic (4PL)

curve between the signals and the standard concentrations. The

concentrations of capsids in samples (copy/mL) were subsequently

calculated according to the standard curve.

4.8 | Average plasmid copies and replicated vDNA
per cell

We quantified the average copies/cell of all three plasmids and

replicated viral DNA fragments using ddPCR assay. Copy number

estimates using ddPCR is generally prone for a wide variability if the

reaction conditions are not optimal. We therefore standardized the

assay conditions to improve the accuracy of the measurements fol-

lowing MIQE guidelines (Bustin et al., 2009). We designed forward/

reverse primers to specifically target and amplify a small region

(between 75 and 200 bp) of GFP gene (gfp_for/rev), plasmid back-

bone of pAAV‐GFP (gfp_bb_for/rev), rep gene of pAAV‐RC5 (rc5_for/

rev), and E2A gene of pHelper (help_for/rev) plasmids without any

cross‐reactivity with other plasmids.

gfp_for: 5′‐GCAAAGACCCCAACGAGAAG‐3′

gfp_rev: 5′‐TCACGAACTCCAGCAGGACC‐3′

gfp_bb_for: 5′‐GATGCCGCATAGTTAAGCC‐3′

gfp_bb_rev: 5′‐GACGGTCACAGCTTGTCTG‐3′

rc5_for: 5′‐GAATCTGATTGAGCAGGCAC‐3′

rc5_rev: 5′‐GCATGTGGAAGTAGCTCTCTC‐3′

help_for: 5′‐CACGCCCACGAGATTAGGTT‐3′

help_rev: 5′‐GAAACTCTTGGCGGGCTTTG‐3′

Our choice of target sequences amplified within chosen genetic

elements was based on the criteria for ddPCR primer design rec-

ommended by the manufacturer. We further analyzed the composi-

tion of the primer sequence using IDT primer design tool to assess

the feasibility of efficient amplification of the target sequences to
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accurately quantify the gene copies. Differential free energy (G) es-

timates of most hetero/homo dimers and hairpin structures of

primers were in the acceptable range (between –3 and –1 kcal/mol)

suitable for PCR amplification. However, the maximum G estimated

for gfp_bb, rc5, and helper primer sets were high (–6.7, –6.3, and

–9.82 kcal/mol) and these correspond to hetrodimeric structures.

Therefore, efficient disruption of primer dimer interaction is required

to improve the amplification efficiency per cycle.

Before screening the actual test samples, we first optimized the

reaction conditions to achieve linearity in ddPCR readouts within

detectable range of the assay at high signal‐to‐noise ratio. We

accomplished this by standardizing our assay conditions for each

primer using the respective plasmids purified from E. coli culture as

standard templates for calibration. We ensured the quality of all

template plasmid DNA purified from E. coli preparation is high (AR

(260 nm/280 nm) ~1.8–2.0). We noticed the ability of rc5 and helper

primer sets to amplify their target sequence dropped when primers

were stored at 4°C for a long time (about a few months) or after a

–20°C freeze‐thaw cycle. This was evident when the measured copy

number estimates of pAAV‐RC5 and pHelper plasmids agreed closely

with theoretical estimates only when the respective primers were

freshly reconstituted in Milli‐Q water. However, when rc5 and helper

primers were subjected to a –20°C freeze‐thaw cycle, the plasmid

copies estimate from the respective reactions dropped to ~80% and

~50% of their respective theoretical values. These results directly

confirm the inhibitory effect of primer dimerization on target

sequence amplification which in turn affects the gene copies

estimation.

We overcome the primer‐dimer interaction by adding different

amounts of DMSO into the reaction mix and by using primers after

heat shock. We found that 1% DMSO addition is sufficient to over-

come the primer‐dimer interaction after heat shock treatment of the

primers (heating for 1 min at 90°C followed by cooling in ice). Using

this approach, we consistently observed that the estimated copies of

calibration standards agree very closely with theoretical values within

10%. We also noticed that linearization of dsDNA template (single

site restriction digestion using HindIII‐HF enzyme, Cat. #3104 L, New

England Biolabs inc.) did not improve the estimates further (within

~3%) beyond the precision of ddPCR measurements. Next, we opti-

mized the reaction mix formulation for the presence of PEI because

test samples are prone for contamination with trace PEI that are

carried after transient transfection reactions. PEI, when present in

trace amounts, is known to compete with primer‐template binding

and can inhibit amplification of the target sequence (Zhang

et al., 2020). This earlier work (Zhang et al., 2020) also reported

several candidates that disrupt DNA:PEI interaction. We found that

incubation of preformed DNA:PEI complex in 1:2 mass ratio prepared

using standard templates in 20‐mM NaOH and 2% SDS for 20min

overcame the inhibitory effects of PEI almost fully (>98%) if the

primer‐dimer interactions were disrupted by DMSO addition and

heat shock treatment. Optimal reaction conditions for accurate

quantification of the plasmid copies of a test sample are (i) template

preparation by incubating nuclear DNA extract of HEK293 cells in

20‐mM NaOH + 2%SDS for 20min at a final concentration of

1 ng/µL, (ii) heat shock treatment of the primers by heating for 1min

at 90°C followed by cooling in ice before addition into reaction mix,

and (iii) addition of DMSO into the ddPCR reaction mix to a final

concentration of 1%.

Test sample DNA was purified to estimate the quantity of pAAV‐

GFP, pAAV‐RC5, and pHelper plasmids imported into cells at dif-

ferent time points of rAAV production. One sample tube containing

cells from 500 µL culture (with two PBS washes) was thawed on ice.

The supernatant was discarded, and the cell pellets were collected at

the bottom of the tubes. DNA was extracted from cell pellets by the

Monarch™ genomic DNA purification kit following the instruction

from the manufacturer. Briefly, cell pellets were suspended in 100‐µL

cold PBS, mixed with 1‐µL proteinase K, 100‐µL lysis buffer, and

incubated at 56°C for 5 min. Subsequently, the sample was mixed

with 400‐µL binding buffer and transferred to a spin column and

centrifuged at 1000 g, room temperature for 3 min, followed by

centrifugation at 13,000 g for 1 min. The column was then placed on

a clean tube and washed with 500‐µL wash buffer and a centrifu-

gation at 13,000 g for 1 min, followed by one more wash using

500‐µL wash buffer and a centrifugation at 18,000 g for 1min. The

spin column was then transferred to a clean tube and mixed with

100‐µL elution buffer that was pre‐heated at 60°C, and incubated for

1min. The spin column was then centrifuged at 13,000 g for 1 min.

The eluent was collected was used for template preparation for

ddPCR reaction.

DNA concentration of test samples (containing genomic DNA,

plasmid DNA, and replicated vDNA) estimated using NanoDrop™

ONEc spectrophotometer varied within a range of two orders of

magnitude (few ng/µL to hundreds of ng/µL). Two confounding ef-

fects can be attributed to this variability. Firstly, the cell density

varies at different time points. Next, DNA loss associated with

purification also affects the estimated concentration. We therefore

normalized the effect of cell density and nullified the effect of

material loss in our assay by determining plasmid copies per pg of test

sample DNA at an optimized reaction condition described earlier. We

finally estimated the plasmid copies per cell by sixfold scaling of the

estimated plasmid copies per pg of a test sample DNA because a

single HEK293 cell contains about ~6 pg of total genomic DNA.

Assay standardization experiments using plasmid standards

consistently showed detector saturation at 104 copies/µL. This cor-

responds to a final concentration of ~0.05, ~0.08, and ~0.12 pg/µL of

purified pAAV‐GFP, pAAV‐RC5, and pHelper standard plasmids

respectively in the reaction mix. Assuming 1:1:1 stoichiometric up-

take of all three plasmids, our assay design will not saturate the

detector given the variability in the plasmid size and a typical per cell

uptake ranging between ~104 and 105 copies (Cohen et al., 2009).

Hence, our assay design using pg of test sample DNA will be less

likely to cause detector saturation at final concentration of

reaction mix.

We prepared reaction mix for each sample by first incubating the

test sample DNA for 20min in 20‐mM NaOH and 2% SDS at a final

DNA concentration of 1 ng/µL. Next, we diluted the incubation
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reaction products 100‐fold in DNase‐free water to prepare 10‐pg/µL

stock of template for ddPCR reaction. The forward and reverse

primers were mixed and diluted to a final stock concentration of

10 µM. We used DNase‐free water as a nontemplate negative con-

trol sample. In each well of a 96‐well plate, reaction mixture con-

sisting of the four components were added to 2.6‐µL water, namely,

11‐µL 2× EvaGreen supermix, 0.22 µL of 10‐µM primer solution after

heat shock treatment, 2.2‐µL template, and 2.0‐µL DMSO. Aqueous

droplets in oil prepared in QX200™ automated droplet generator

using automated droplet generator cartridges were collected in

ddPCR 96‐well semi‐skirted plates. The plates were sealed at the top

using Aluminum foil before loading inside a thermal cycler (CFX96

Deep Wel™ Real‐Time System, Biorad). A thermal cycle program with

multiple steps were used to amplify the target sequence: enzyme

activation at 95°C for 5min, 40 cycles comprising two steps

(denaturation at 95°C for 30 s followed by primer annealing/exten-

sion at 60°C for 1min), and lastly, a signal stabilization step com-

prising a cool down at 4°C for 5min followed by heating at 90°C for

5min. The amplified products were then read using QX200™ droplet

reader controlled using QuantaSoft software for data acquisition.

We reduced the number of variables required to estimate the

total replicated vDNA copies and plasmid copies so the error asso-

ciated with the estimates can be minimized. The total replicated

vDNA copies were estimated by subtracting the total GFP gene co-

pies with the GFP gene copies associated with pAAV‐GFP plasmid,

[vDNA] = [GFP] – [GFP_BB]. (1)

In this equation, [GFP] denotes the total GFP gene copies esti-

mated using gfp_for/rev primers and [GFP_BB] represents the total

GFP gene copies associated with pAAV_GFP plasmid estimated using

gfp_bb_for/rev primers.

The total plasmid copies taken up by the cells at any instant is

given as

[Tot] = [GFP_BB] + [RC5] + [Helper], (2)

where [GFP_BB], [RC5], and [Helper] represent copies of pAAV‐GFP,

pAAV‐RC5, and pHelper plasmids estimated using their respective

primer sets namely, gfp_bb_for/rev, rc5_for/rev, and help_for/rev.

4.9 | vg titer per cell

To measure the copy number of AAV genome that was encapsidated

in AAV particles remaining in cell pellets, one sample tube containing

the cells from 500‐µL culture was thawed and lysed by three cycles

of freeze and thaw, following the same procedures described in

quantification of capsids in cells. To measure the copy number of

AAV genome that was encapsidated in AAV particles that had been

secreted to supernatant, the clarified supernatant could be directly

used. For a 50‐µL reaction, 2‐µL of sample, 5 µL of 10X DNase

buffer, 5 µL of DNase I (10 U), and 38‐µL DNase‐free water were

mixed. The samples were incubated at 37°C for 2 h. A 50 µL volume

of 10‐mM EDTA was added to the reaction to inhibit the activity of

DNase I. The samples were diluted serially so that the readouts are

less than the saturation level of equipment (104 copies/µL). All

reactions for estimating genome copies were performed using

gfp_for and gfp_rev primers.

4.10 | Sample preparation for size exclusion
chromatography

Triple plasmid transient transfection was performed in a 20mL sus-

pension HEK293 cell culture. Plasmid dose as indicated in the S = 1, 2,

and 3 transfection schemes (2, 1, or 0.7 µg/mL) at PEI:DNA plasmid

mass ratio of 2:1 was added in equimolar concentration. Cells were

harvested t = 24 h posttransfection from all transfected flasks. The

contents of the flasks were first centrifuged at 500 g for 3min to

pellet the cells and the supernatant was removed without disturbing

the pelleted cells. AAVs from cell pellets were prepared using AAV-

pro Purification Kkit Midi (all serotypes, TaKaRa Bio, Cat. #6675)

following the manufacturer's protocol. Briefly, the cell pellet was

suspended in 10mL of AAV extraction Solution A plus in a 14‐mL

tube for 15 s by vortex agitation. The suspension was incubated at

room temperature for 5min and again vortexed for 15 s. This was

followed by centrifugation at 4000 g for 10min at 4°C. The super-

natant was collected and transferred to a new 14‐mL tube without

disturbing the solid debris. About 1/10th of the volume in the vial of

AAV Extraction solution B was added to the collected supernatant

and mixed gently. To this mixture, 1/100th of the volume in the vial

of Cryonase Cold‐active nuclease was added and incubated for

an hour at 37°C to digest the residual DNA fragments. The digested

product was then treated with 1/10th of the volume in the vial of

Precipitator A, vortexed for 10 s and incubated for 30min at 37°C.

The resultant mixture was vortexed for 10 s, treated with 1/20th of

the volume in the vial of Precipitator B and vortexed again for 10 s

followed by a centrifugation at 5000 g for 5 min at 4°C. The super-

natant was collected and filtered through a Millex‐HV 0.45‐mm filter.

The filtrate containing AAV particles was added to an Amicon‐Ultra‐

15 100 kDa filter and spun at 2000g for 5 min at 15°C to ensure the

sample volume was less than 1.5 mL. After discarding the filtrate, the

sample collected inside the compartment was mixed with 5mL of

suspension buffer and centrifuged for 5 min at 15°C. This step was

repeated four times to achieve a high degree of purity. The final wash

step was concentrated to a volume of 500 µL to achieve highly

concentrated and pure AAV particles.

4.11 | Biophysical characterization of AAV samples
using size exclusion chromatography

Purified and concentrated AAV samples produced via transient

transfection were used for biophysical characterization of AAV par-

ticles via size exclusion chromatography (SEC). 15 µL of purified and

SRINIVASAN ET AL. | 13

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.28828 by Seoul N

ational U
niversity, W

iley O
nline L

ibrary on [08/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



concentrated samples were injected into the SEC system (Agilent

1260 Infinity II). The SEC consists of an SRT SEC‐100 column (Sepax,

SN: 3A47249, 5 mm, 1000 Å, 4.6 × 300 mm) with 1x PBS as a mobile

phase at 0.3 mL/min. UV absorbance traces at 260 nm, and 280 nm

were recorded for 30min of run time after injecting the samples into

the column. The ratio of absorbances at 260 to 280 nm was used to

quantify the percentage of filled capsids (~1.3 for filled capsids and

~0.6 for empty capsids). The AR computed at the retention time of

AAV was used to quantify the percentage of filled capsids using the

procedure described previously (Sommer et al., 2003).

4.12 | Quantification of VP ratio using gel
electrophoresis

About 40 µL of samples purified for size exclusion chromatography

were used to estimate VP ratio using polyacrylamide gel electro-

phoresis (PAGE). We used 4%–15% Mini‐PROTEAN TGX precast

gels (Cat. #4561083, Bio‐Rad) with 1x Tris/Glycine/SDS (Cat

#1610732, Bio‐Rad) as a running buffer. 30 µL of AAV sample was

mixed with 10 µL of 4x Laemmli Buffer (Cat. # 1610747) and the

mixture was boiled at 90oC for 15min. 30 µL of the heated mixture

was loaded into a well of TGX gel. BenchMark™ protein ladder (Cat. #

10747012, ThermoFisher Scientific) was used as a molecular weight

standard. Electrophoretic separation was achieved by applying 100 V

for 90min. This was followed by SYPRO Ruby (Cat. # S12000,

ThermoFisher Scientific) staining following the basic protocol of the

manufacturer. Briefly, the basic protocol involves a fixing step using

100mL of 50% methanol and 7% acetic acid for 30min followed by

an overnight staining step using 1x SYPRO Ruby stain. After over-

night staining, the gel was washed using 100mL of 10% methanol

and 7% acetic acid for 30min. Fluorescent signal from the washed gel

was detected using Chemidoc imaging system (Bio‐Rad) following

SYPRO Ruby imaging protocol. Gray‐scale intensity traces of the

protein bands were obtained using ImageJ software (v1.53k) to

quantify the VP ratio of capsids in the sample.

4.13 | Mathematical modeling

We previously developed and validated a mechanistic model that

describes the viral production process via triple transfection (Nguyen

et al., 2021). Included in the reaction network were the nonviral gene

delivery pathway and synthesis of viral particle components from

plasmid DNA. With the availability of more data, both in terms of

dynamics and types of measurements presented in this study, we

extended the model to include another layer of information and more

kinetic details to better reflect the viral production dynamics. Specific

updates include extending the model from the cellular scale to the

bioreactor scale (e.g., by including states such as viable cell density)

and sampling over a longer duration (120 h) than the previous ex-

periments (Nguyen et al., 2021). The complete set of state variables is

outlined in Table 1.

Cell growth, cell death, and plasmid uptake are modeled by

r f k
X

X K
= [Plasmid]

+
,uptake,PEI uptake uptake,plasmid extracellular

v

v uptake

(3)

μ μ θ= ,max Inh (4)

θ
K

X K
=

+
,Inh

Inh

d Inh
(5)

X

t
μX k

K
X

d

d
= −

[Rep]

[Rep] +
,

v
v death

d
v (6)

X

t
k

K
X

d

d
=

[Rep]

[Rep] +
,

d
death

d
v (7)

t
r k

d[Plasmid]

d
= − [Plasmid]

cell
uptake,PEI degrade,plasmid cell, (8)

t
r

d[Plasmid]

d
= − ,

extracellular
uptake,PEI (9)

f

t
k f

d

d
= − .f

uptake
uptake (10)

The longer experiment time (120 h) leads to saturation kinetics

for many of the cellular states that are modeled using Michaelis–

Menten kinetic formations. Cellular growth is inhibited by the

increasing concentration of toxic byproducts such as ammonia

(Hansen & Emborg, 1994; Rajendra et al., 2011). The use of a

monotonically decreasing metric (θInh) effectively captures the com-

bined inhibitory effects of a variety of species such as metabolites

(e.g., ammonia) and PEI. The monotonic decrease in the effective

plasmid uptake rate with time is modeled by the state variable fuptake.

This state variable captures the decreased ability of the cells to up-

take plasmids that may be due to the agglomeration of already dosed

plasmids or the decreased biological ability of the cells to uptake

plasmids at later re‐transfection events (Cervera et al., 2015; Hu

et al., 2021). The model captures the cytotoxic effect of the Rep

proteins in the formulation of the cellular death rate (Schmidt

et al., 2000).

Plasmid trafficking is modeled by

t

r

X

k k μ

d[Plasmid]

d
=
1

3

− ( + + )

[Plasmid] ,

endosomal uptake,PEI

v

escape degrade,plasmid

endosomal

(11)

t
k

k

k k μ

d[Plasmid]

d
= [Plasmid]

+ [Plasmid]

− ( + + )

[Plasmid] ,

cytosol
escape endosomal

expel nucleus

entry,nuclear degrade,plasmid

cytosol

(12)

14 | SRINIVASAN ET AL.

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.28828 by Seoul N

ational U
niversity, W

iley O
nline L

ibrary on [08/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

1
M
o
d
el

p
ar
am

et
er
s.

P
ar
am

et
er

no
.

N
o
ta
ti
o
n

V
al
ue

C
o
nf
id
en

ce
in
te
rv
al
s

U
ni
t

M
et
ho

d

1
μ
m
ax

4
.2
3
E
‐0
2

–
h−

1
F
ix
ed

to
co

nt
ro
l
d
at
a

2
k u

p
ta
k
e
,p
la
sm

id
6
.6
5
E
‐0
2

(6
.3
1
E
‐0
2
,
7
.0
1
E
‐0
2
)

h−
1

F
it
te
d
to

d
at
a

3
k d

e
at
h

7
.4
2
E
‐0
3

(6
.9
0
E
‐0
3
,
7
.9
8
E
‐0
3
)

h−
1

F
it
te
d
to

d
at
a

4
K
u
p
ta
k
e

4
.0
3
E
+
0
6

(3
.7
5
E
+
0
6
,
4
.3
3
E
+
0
6
)

liv
e
ce

ll/
m
L

F
it
te
d
to

d
at
a

5
K
In
h

2
.2
3
E
+
0
5

(2
.1
4
E
+
0
5
,
2
.3
1
E
+
0
5
)

d
ea

d
ce

ll/
m
L

F
it
te
d
to

d
at
a

6
K
d

7
.5
5
E
+
0
4

(6
.7
8
E
+
0
4
,
8
.4
1
E
+
0
4
)

R
ep

p
ro
te
in
/c
el
l

F
it
te
d
to

d
at
a

7
k d

e
g
ra
d
e
,p
la
sm

id
3
.4
2
E
‐0
2

(3
.3
0
E
‐0
2
,
3
.5
4
E
‐0
2
)

h−
1

F
it
te
d
to

d
at
a

8
k e

sc
ap
e

6
.0
0
E
‐0
1

–
h−

1
F
ix
ed

to
lit
er
at
ur
e
va

lu
e
(V
ar
ga

et
al
.,
2
0
0
5
)

9
k f

1
.0
0
E
‐0
3

–
N
/A

F
it
te
d
to

lit
er
at
ur
e
d
at
a
(C
er
ve

ra
et

al
.,
2
0
1
5
)

1
0

k e
n
tr
y
,n
u
cl
e
ar

4
.3
0
E
‐0
3

–
h−

1
F
ix
ed

to
lit
er
at
ur
e
va

lu
e
(N

gu
ye

n
et

al
.,
2
0
2
1
)

1
1

k e
xp
e
l

1
.8
0
E
+
0
1

–
h−

1
F
ix
ed

to
lit
er
at
ur
e
va

lu
e
(B
is
ho

p
et

al
.,
2
0
1
6
)

1
2

k s
e
cr
e
te
,c
y
to

1
.0
2
E
‐0
1

(8
.9
9
E
‐0
2
,
1
.1
5
E
‐0
1
)

h−
1

F
it
te
d
to

d
at
a

1
3

k s
y
n
th
e
si
s,
R
e
p

6
.3
1
E
+
0
3

(6
.0
4
E
+
0
3
,
6
.5
8
E
+
0
3
)

(R
ep

p
ro
te
in
)/
(p
la
sm

id
)/
h

F
it
te
d
to

d
at
a

1
4

K
R
e
p
S
y
n
,R
e
p

8
.0
6
E
+
0
6

(4
.4
4
E
+
0
6
,
1
.4
6
E
+
0
7
)

R
ep

p
ro
te
in
/c
el
l

F
it
te
d
to

d
at
a

1
5

k s
y
n
th
e
si
s,
V
P

1
.4
7
E
+
0
6

(1
.4
1
E
+
0
6
,
1
.5
3
E
+
0
6
)

(V
P
p
ro
te
in
/c
el
l)/
h

F
it
te
d
to

d
at
a

1
6

K
K,

V
P
S
y
n
,p
R
C

R
e
p
S
y
n
,p
R
C

1
.1
0
E
+
0
1

–
p
la
sm

id
/c
el
l

F
ix
ed

to
lit
er
at
ur
e
va

lu
es

(W
an

g
et

al
.,
2
0
2
1
)

1
7

K
V
P
S
y
n
,R
e
p

1
.0
8
E
+
0
7

(6
.3
1
E
+
0
6
,
1
.8
4
E
+
0
7
)

R
ep

p
ro
te
in
/c
el
l

F
it
te
d
to

d
at
a

1
8

k r
e
p
lic
at
io
n
,D
N
A

1
.7
6
E
+
0
3

(1
.2
4
E
+
0
3
,
2
.5
0
E
+
0
3
)

D
N
A
/c
el
l/
h

F
it
te
d
to

d
at
a

1
9

K
D
N
A
R
e
p
,p
H
e
lp
e
r

5
.1
5
E
+
0
0

(4
.9
8
E
+
0
0
,
5
.3
2
E
+
0
0
)

p
la
sm

id
/c
el
l

F
it
te
d
to

d
at
a

2
0

K
D
N
A
R
e
p
,R
e
p

7
.1
1
E
+
0
3

(4
.7
9
E
+
0
3
,
1
.0
5
E
+
0
4
)

R
ep

p
ro
te
in
/c
el
l

F
it
te
d
to

d
at
a

2
1

K
D
N
A
p
ac
k
,D
N
A

2
.8
0
E
+
0
1

(2
.5
7
E
+
0
1
,
3
.0
5
E
+
0
1
)

D
N
A
/c
el
l

F
it
te
d
to

d
at
a

2
2

k p
ac
k
,D
N
A

7
.4
8
E
‐0
2

(6
.9
9
E
‐0
2
,
8
.0
1
E
‐0
2
)

F
ul
l
ca
p
si
d
/(
E
m
p
ty

ca
p
si
d

D
N
A

h)
F
it
te
d
to

d
at
a

2
3

k d
e
g
ra
d
e
,R
e
p

2
.4
5
E
‐0
2

–
h−

1
F
ix
ed

to
lit
er
at
ur
e
va

lu
e
(D

ah
ar
i
et

al
.,
2
0
0
7
;

N
gu

ye
n
et

al
.,
2
0
2
1
;
R
ed

em
an

n
et

al
.,
1
9
8
9
;

Sc
hw

ak
e
et

al
.,
2
0
1
0
)

2
4

k a
ss
e
m
b
ly

7
.5
0
E
‐0
3

–
h−

1
F
it
te
d
to

lit
er
at
ur
e
d
at
a
(Y
ua

n
&

P
ar
ri
sh
,
2
0
0
1
)

2
5

k d
e
g
ra
d
e
,V
P

2
.7
0
E
‐0
1

–
h−

1
F
ix
ed

to
lit
er
at
ur
e
va

lu
e
(G
ro
ss
e
et

al
.,
2
0
1
7
)

(C
o
nt
in
ue

s)

SRINIVASAN ET AL. | 15

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.28828 by Seoul N

ational U
niversity, W

iley O
nline L

ibrary on [08/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



t
k

k k μ

d[Plasmid]

d
= [Plasmid]

− ( + + )

[Plasmid] .

nucleus
entry,nuclear cytosol

expel degrade,plasmid

nucleus

(13)

Trafficking kinetics are assumed to be identical for all three plasmids

(pRC5, pHelper, pAAV‐GFP). It has been reported that plasmid in the

nucleus can be expelled to the cytoplasm upon mitosis (Shimizu, 2005).

Therefore, we added the kinetics of plasmid translocation from the

nucleus to the cytoplasm described by the parameter kexpel.

The reaction network describing the synthesis of viral DNA,

empty capsid, and genome‐filled capsid from nuclear plasmids is

structurally similar to the previous version of the model but with the

inclusion of saturation kinetic formulations:
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t
r k μ

d[FullCap]

d
= − ( + )[FullCap] ,

nucleus
pack,DNA secrete,cell nucleus

(23)

t
k

k k μ

d[FullCap]

d
= [FullCap]

− ( + + )[FullCap] .

cyto
secrete,cyto nucleus

secrete,cell degrade,cap cyto

(24)

The model points to a multitude of Rep rate effects: Rep protein

acts as an inhibitor of both Rep (Pereira et al., 1997) and viral

protein synthesis (Trempe & Carter, 1988) while simultaneously

boosting viral DNA replication. Interestingly, our system appears to

demonstrate a combination inhibitory and enhancing effect of viral

DNA on capsid filling; at low concentrations viral DNA positively

impacts capsid filling while at higher concentrations viral DNA ap-

pears to have an inhibitory effect (Li et al., 1997; Prasad &

Trempe, 1995). A potential mechanistic explanation for this effect is

that early in the culture vDNA is limiting to viral capsid filling while

later in the culture there are a greater proportion of dimerized

replicated vDNA species that are energetically less favorable for

insertion into preformed capsids (King et al., 2001; Prasad &

Trempe, 1995). Viral protein synthesis is characterized by saturation

kinetics for the RC plasmid, pointing to cellular machinery limita-

tions in addition to the Rep inhibition effects (Rajendra et al., 2015).

The synthesis and replication rates are negatively impacted by the

inhibitory factor (θ ).Inh

Since the reaction network in Equations (11)–(24) is in a single

cell, the production rates were converted to the whole cell popula-

tion per mL culture before being fit to the data. The concentration of

Rep protein, replicated vDNA, total capsid, and genome capsid in the

whole cell population are modeled in Equations (25)–(29) under the

assumptions that (1) protein synthesis and degradation due to pro-

teasome activities only occur in live cells, (2) vDNA copies en-

capsidated in capsids are not susceptible to degradation, (3) vDNA

also degrades as genome‐filled capsid degrades, and (4) capsid

secretion to the extracellular media only occurs in live cells:

t
r X k

d[Rep]

d
= − [Rep] ,

culture
synthesis,Rep v degrade,Rep culture (25)

t
r X k X

k k X

d[DNA]

d
= − [DNA]

− ( + )[FullCap] ,

V
culture

replication,DNA v degrade,DNA cell

degrade,cap secrete,cell cyto v

(26)

t
k X k

X

d[TotalCap]

d
= [VP] −

([EmptyCap] + [FullCap] ) ,

culture
assembly v degrade,cap

cyto cyto v

(27)

t
k

X

d[TotalCap]

d
= ([EmptyCap] + [FullCap] )

,

media
secrete,cell cyto cyto

v

(28)

t
r X k X

d[FullCap]

d
= − [FullCap] .

culture
pack,DNA v degrade,cap cyto v

(29)

4.14 | Parameter estimation

The cellular system is described by a system of ODEs,

̃






θ

θ

t

t t

f x

y h x

= ( ( ), )

( ) = ( ( ), )

t

xd

d (30)

where tx( ) is the vector of model states, θ is the vector of parameter

values, and ỹ is the vector of model outputs. These model outputs are

the transformations that relate the internal states and parameters to

the measured states.

Parameters were fit in three steps (see below for additional

details). In the first step, parameters were estimated using maximum‐

likelihood estimation in the log space of the parameters (Beck &

Arnold, 1977)

̃ ̃
θ θ V θy y y y= argmin ( − ( )) ( − ( )),

θ
y

ˆ
T −1 (31)

where θ̂ is a vector of the estimated parameters, y is a vector con-

taining the experimental observations, ̃ θy( ) is a vector containing

model predictions with parameter set θ, and Vy is the measurement

uncertainty covariance matrix. In the second and third steps,

parameters were estimated using maximum a posteriori estimation

̃ ̃
θ θ V θ θ μ V θ μy y y y= argmin ( − ( )) ( − ( )) + ( − ) ( − ),

θ
y μ

1
ˆ

T −1 T −

(32)

where μ is a vector of the parameter values predicted in the prior

step and Vμ is a matrix of the covariance of the parameters fit in the

prior step. This formulation instills a penalty for adjusting the

parameters fit in previous steps. The values for μ and Vμ are set such

that the parameters being fit for the first time in the second or third

steps do not instill any cost.

Optimization and simulation were performed using MathWorks

(Waltham, MA) MATLAB™ software. The series of ordinary differ-

ential equations (ODEs) was solved using the stiff solver ode15s.

Optimization was performed using a multistart approach with an

interior point algorithm and 500 random initialization points. All

parameters were scaled by θ)log( during optimization to improve the

speed of searching the large parameter space and to constrain

parameter values to positive values.

The sensitivities of the model states with respect to the param-

eters ( )θ
x∂

∂
were calculated using finite differences. The sensitivities

can be subsequently transformed to the model output space

̃

θ θ θ

y h x θ

x

x h x θ∂

∂
=
∂ ( , )

∂

∂

∂
+
∂ ( , )

∂
,

and to the log‐transformed parameter space for each estimated

parameter θi,
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θ
θ

θ

x x∂

∂ log( )
=

∂

∂
.

i
i

i
(33)

Following each round of parameter fitting, the parameter

covariance matrix (Vθ) is estimated as (Beck & Arnold, 1977)

̃ ̃





V

θ
V

θ

y y
≈

∂

∂

∂

∂
,θ y

T
−1

−1

(34)

and for the parameters fit in the previous round of fitting as

̃ ̃





V

θ
V

θ
V

y y
≈

∂

∂

∂

∂
+ ,θ y μ

T
−1 −1

−1

(35)

where Vμ is the parameter uncertainty prior determined in the pre-

vious round of fitting. Confidence intervals are subsequently calcu-

lated using the parameter variances

CI θ t V= ˆ ± ,i α i θ,100(1− )% 1−α/2,df ii
(36)

where α is the significance level, t1−α/2,df is the associated two‐tail

Student's t value with N Ndf= −y θ degrees of freedom where Ny is

the number of experimental measurements and Nθ is the number of

estimated parameters, and Vθii is the diagonal value of the parameter

covariance matrix associated with θ̂i.

Parameters were estimated in three steps. In the first step, cell

growth and plasmid uptake parameters (kdeath,KInh, Kd , kuptake,plasmid,

Kuptake, and kdegrade,plasmid) were estimated using viable cell density,

dead cell density, and cellular plasmid content data. The maximum

cellular growth rate (μ )max was leveraged from negative control cell

growth data where no plasmids were added to the culture (data not

shown). Next, protein synthesis parameters (ksynthesis,Rep,

KRepSyn,Rep,KVPSyn,Rep, ksynthesis,VP, kdegrade,cap, ksecrete,media) were esti-

mated using Rep protein titer, total capsid titer, and extracellular

capsid titer data. In the final fitting step, DNA replication and packing

TABLE 2 Model species.

Species no. Notation Description Unit

1 Xv Viable cell density cells/mL culture

2 Xd Dead cell density cells/mL culture

3 [Plasmid]cell Plasmid concentration per live cell plasmid/cell

4 [Plasmid]extracellular Extracellular plasmid concentration plasmid/mL
culture

5 fuptake Plasmid uptake factor N/A

6 [Plasmid, RC]nucleus RepCap plasmid in the nucleus plasmid/cell

7 [Plasmid, Helper]nucleus Helper plasmid in the nucleus plasmid/cell

8 [Plasmid]endosomal Endosomal plasmid ‐ general plasmid/cell

9 [Plasmid]cytosol Cytosolic plasmid ‐ general plasmid/cell

10 [Plasmid]nucleus Nuclear plasmid ‐ general plasmid/cell

11 [Rep] Rep protein concentration in cells Rep protein/cell

12 [VP] Viral protein concentration in cells Viral protein/cell

13 [EmptyCap]nucleus Empty capsid concentration in cell nucleus capsid/cell

14 [EmptyCap]cyto Empty capsid concentration in cell cytosol capsid/cell

15 [DNA]cell Viral DNA concentration in cell DNA/cell

16 [FullCap]nucleus Full capsid concentration in cell nucleus capsid/cell

17 [FullCap]cyto Full capsid concentration in cell cytosol capsid/cell

18 [Rep]culture Total Rep protein concentration Rep protein/mL
culture

19 [DNA]culture Total viral DNA concentration DNA/mL culture

20 [TotalCap]culture Total capsid concentration inside and

outside the cells

capsid/mL

culture

21 [TotalCap]media Total capsid concentration in the media capsid/mL
culture

22 [FullCap]culture Total full capsid concentration inside and
outside the cells

capsid/mL
culture
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parameters (kreplication,DNA, KDNArep,Rep, KDNApack,DNA, kpack,DNA,

ksecrete,media, KDNARep,pHelper, and kdegrade,DNA) were estimated using

total replicated viral DNA, genome titer data, and filled to empty

capsid ratio data.

The complete set of parameter values and references are re-

ported in Table 2 (Bishop et al., 2016; Dahari et al., 2007; Grosse

et al., 2017; Redemann et al., 1989; Schwake et al., 2010; Varga

et al., 2005; Wang et al., 2021; Werle et al., 2021; Yuan &

Parrish, 2001).
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