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The growing demand for lentiviral vectors (LVs) in cell and
gene therapies has highlighted significant challenges in
large-scale LV production, particularly low product recovery.
Anion-exchange chromatography (AIEX) is widely used for
LV capture. However, AIEX accounts for most of the product
loss in downstream processing, due to excessive interaction
strengths in current commercially available membranes
causing irreversible LV binding. To address this, a new
AIEX membrane structure that reduces LV interaction
strength by lowering ligand density, using direct ligand graft-
ing, and incorporating tighter pore size distributions is tested.
Four prototypes were created with Q and D anion-exchange
chemistries at 1.05 (R1) and 1.32 (R2) pm pore sizes. Proto-
types minimized product loss from irreversible binding,
with high total particle recoveries irrespective of time spent
in the adsorbed state (~90% at t = 3 min, ~80% at t =
100 min). Narrower elution ranges were shown, with LV eluted
<450 mM NaCl. The best-performing prototype, DR2, ex-
hibited a ~3-fold higher functional product recovery than
standard Q-membranes for LV encoding GFP (50%) and
CAR (73%) transgenes. At large-scale, downstream processes
using DR2 membranes showed a 3.5-fold improvement in
functional product recovery at drug substance (43%)
compared to a standard Q-membrane process (12%). These re-
sults demonstrate that adsorbents designed for lentiviral vec-
tors significantly enhance downstream recoveries.

INTRODUCTION

As cell and gene therapy clinical trials continue to grow, a surge in
the demand for high-quality viral vector products, used as vehicles
to deliver genetic information to patients’ cells, has also occurred.’
Lentiviral vectors (LVs) have emerged as the leading vector for modi-
fication of patients’ cells ex vivo, as they can achieve long-term
expression of large genetic payloads (~10 kb) in both dividing and
non-dividing cells.””> As such, LVs are now the established method
for introducing tumor-targeting chimeric antigen receptors (CARs)
to patients’ T cells to produce CAR-T cell therapies used for the treat-
ment of various cancers.® There are currently four Food and Drug
Administration (FDA)-approved CAR-T cell therapies relying on
LVs, alongside other approved LV-utilizing cell therapy products

such as Zynteglo (Bluebird Bio) for the treatment of beta-thalas-
semia.” LVs are therefore utilized in a significant portion of approved
cell and gene therapy products, and they also represent approxi-
mately 34% of UK clinical trials of advanced therapy medicinal prod-
ucts in 2023 with a disclosed vector.® However, the limited supply of
LV continues to inhibit the progression of LV-based therapies to
market. This is primarily due to challenges associated with
the manufacturing process, with consistent and reliable supply of
clinical-grade vector becoming a major focus of cell therapy
manufacturers.

Low product recovery and poor process robustness are characteristic
of LV manufacturing processes and have contributed to limited
global availability of LV raw material. Third-generation LVs are
derived from human immunodeficiency virus type 1 (HIV-1) and
are large vectors (~80-120 nm diameter) containing two copies of
a single-stranded RNA genome encapsulated in p24 protein, which
is further enveloped by a section of the host-cell membrane that en-
robes the vector particle during the budding process.”'® This cell
membrane, and thus the resulting vectors, are typically pseudotyped
with the envelope “G” glycoprotein from vesicular stomatitis virus
(VSV-G).'"" 1t is the structural complexity resulting from the
numerous different species contained within the LV envelope envi-
ronment that poses significant and unique challenges for LV
bioprocessing.

LVs are routinely manufactured from transfection of human embry-
onic kidney (HEK) 293T cells in suspension culture and are har-
vested and purified from the cell culture supernatant using a bespoke
combination of filtration, chromatography, and enzymatic digestion
steps dependent on the vector and manufacturer.'"'> Despite the
wide variety of LV bioprocesses employed, anion-exchange chroma-
tography (AIEX) is used ubiquitously across the industry for primary
product capture due to the net negative charge of LVs at neutral pH,
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its broad applicability across LV pseudotypes, and its low cost.
Despite this widespread application, high vector losses in the region
of 70%-80% are experienced during large-scale AIEX, making it the
major challenge facing cost-effective purification of LVs.'>"
Although bead-based resins are also an option for the purification
of viral vectors and have demonstrated high recoveries, they are
not commonly employed for large-scale LV production due to the
requirement for single-use technologies and presence of bead pores
that generate diffusional mass transfer resistance and lead to dramat-
ically reduced resin capacity for LV due to the inaccessibility of the
pores.'>'® Furthermore, resins require linear flowrates «10-fold
lower than their membrane counterparts, which extend processing
times and are not suited to LV systems due to the instability of the
product and the requirement for fast processing to mitigate time-
dependent loss.'”'®

Convection-driven membrane adsorbents are therefore predomi-
nantly used for capture of viral vectors at large-scale, despite not be-
ing originally designed with this purpose in mind.'>'*"** Current
membranes are ill-suited to the complex adsorption behaviors man-
ifesting in LV systems.'®”' In our previous work, we demonstrated a
primary loss mechanism wherein extended durations in the bound
state result in irreversible binding of LV."® It was assumed that this
was associated with strong charge interactions causing a conforma-
tional change in LV that resulted in higher degrees of multipoint
attachment. We were unable to mitigate this loss mechanism by
removing the strongest binding LV envelope species (glycosamino-
glycans) to produce LV with weaker interaction strengths.”' These
data imply a better solution to reducing time-dependent loss may
be manipulating the adsorbent design rather than LV structure.”’
As currently available ATEX membranes were not designed with viral
vectors in mind, they possess design features that are ill-suited for
their effective purification. For example, in Q-membrane adsorbers,
elevated ligand densities have been shown to not only reduce the re-
covery of Adenovirus 5 (Ad5) but they also significantly impair the
titer and infectivity of eluted vector.”> A similar effect was also
seen for purification of baculoviruses.”> Furthermore, Turnbull
et al. directly correlated higher ligand densities with increased
time-dependent loss of Ad5 vectors on Q-nanofibers.”* As current
commercial membranes were developed to maximize performance
characteristics such as capacity, and not to minimize these vector-
specific loss mechanisms, it is likely that current ligand densities
are too high.”

In commercial AIEX membranes (Sartobind Q), the Q-ligand is
distributed within and on the surface of a grafted polymer (hydro-
gel-grafted) with a layer thickness of approximately 0.5 pm.>” This
approach is commonly used in membrane adsorbers to enhance
binding capacity. For example, in Ad5 purification using Sartobind
Q, removing the hydrogel resulted in over 60% of the virus being
lost in the flowthrough from capacity reduction.> However, hydro-
gel grafting also promotes multi-point attachment.”
viously implicated multipoint attachment in the loss of LV product
over time on AIEX Q-membranes, hydrogel grafting is likely unsuit-

As we have pre-
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able for LV separation.'® Furthermore, hydrogel-grafted membranes
have been associated with a failure to close the material balance in
Ad5 systems, suggesting irreversible viral retention on the mem-
brane in these vector systems also.”” Since AIEX recovery, not bind-
ing capacity, is the primary driver of LV cost of goods, we concluded
that any capacity gains from hydrogel grafting are outweighed by the
risk of recovery losses.'* Based on these considerations, this study
deliberately assessed membranes without hydrogel grafting.

In this work, we ascertain whether AIEX membranes with the afore-
mentioned undesirable characteristics removed lead to significantly
enhanced purification performance when compared to a current
commercially available membrane, Sartobind Q, herein referred to
as a standard Q-membrane. First, we test the hypothesis that exces-
sive membrane interaction strengths, in standard Q-membranes,
cause irreversible LV binding by establishing whether time-depen-
dent loss mechanisms are mitigated at increased membrane occu-
pancy (bound mass). A new LV-specific membrane material is
then presented with an order of magnitude lower ligand density,
direct ligand grafting, and a smaller more homogeneous pore size
distribution. Four prototype devices were evaluated with quater-
nary-amine (Q) and dimethylamine (D) chemistries at two pore
size distributions, narrow (R1) and wide (R2). The binding behavior
of these four prototypes was evaluated via dynamic binding capacity
(DBC) and gradient elution studies. Two high-performing
prototypes (DR2 and QR2) were compared against a standard
Q-membrane for AIEX purification of a model GFP-encoding LV
(LV-GFP), with contact time studies used to ascertain whether these
new membranes reduce the time-dependent loss mechanism. The
most promising prototype (DR2) is then scaled to a 3 mL bed volume
radial flow capsule and compared against a current commercially
available membrane for the purification of a therapeutic CAR-en-
coding LV product (LV-CAR) at the bench scale. Finally, this new
membrane material is assembled into a large-scale radial flow device
format (20 mL bed volume) for purification of 3 L of load material to
produce LV drug substance. Thus, demonstrating the applicability of
the new membrane to large-scale LV manufacturing processes.

RESULTS

Impact of membrane occupancy on time-dependent loss of LV
to the irreversibly bound state in standard Q-membranes

Our previous work showed that the recovery of HIV-1-derived LVs
using standard Q-membrane adsorbents depends on the time spent
in the adsorbed state.'"® Once bound, LVs likely undergo a form of
conformational change from a reversibly bound to an irreversibly
bound state. We hypothesize that this is due to spreading of LV par-
ticles over the membrane surface as the strong force of attraction
effectively “pulls” the vector into the adsorbent, thereby increasing
the degree of multipoint attachment (Figure 1Ai). To explore
whether this effect could be mitigated by increasing membrane occu-
pancy to fill the adsorbent surface and occupy “free” ligands, thus
reducing multipoint attachment and irreversible binding of the vec-
tor (Figure 1Aii), we investigated the impact of loaded LV mass and
time spent in the adsorbed state on LV recovery; 40, 120, and 200
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column volumes (CV) of LV-GFP-clarified cell culture harvest
(CCH) were loaded to a standard Q-membrane (representative chro-
matograms in Figures 1B and 1C). Kinetic profiles for LV recovery
with time spent in the adsorbed state were generated by conducting
a series of static “on-column” incubations, as described in Pamenter
et al,, for each load volume ranging from 6.61 to 140 min (example
chromatogram in Figure 1C). Loss kinetics were quantified using a
second order-like rate model, described in detail in Pamenter et al.
and the materials and methods.'® We previously reported non-bind-
ing studies using this feed material and determined a p24 recovery of
96%."" A starting recovery of 96% at t = 0 min was therefore used.

Increasing loaded volume (bound mass) led to a significant improve-
ment in maximum total and functional particle recovery at the short-
est contact time (t = 6.61 min), with recovery values increasing from
30% and 35% (40 CV) to 56% and 58% (200 CV), respectively
(Figures 1D and 1E). Additionally, increasing loaded volume
resulted in a longer ty,, for both total and functional particles
(Figure 1F), increasing from 2.69 and 3.61 min (40 CV) to 5.74
and 5.74 min (120 CV) and 7.14 and 7.69 min (200 CV), respectively.
As increased membrane occupancy (bound mass) was able to miti-
gate vector losses, these data support the hypothesis that current
membrane interaction strengths are too strong to enable effective re-
covery of LV. Furthermore, the high flowrates and load challenges
utilized in this study make the high recoveries at t = 6.61 min prac-
tically unattainable at large scale.

It should be noted that CCH contains residual species such as DNA,
host cell proteins, and other charged impurities that can bind to the
membrane and occupy free ligands. Therefore, the observed reduc-
tion in time-dependent LV loss with increased membrane occupancy
is likely not solely due to LV binding but also due to the binding of
residuals. Consequently, cleaner material may experience greater
loss due to irreversible binding.

New LV prototype membrane characterization

Based on the current hypothesis, to reduce membrane interaction
strength, a new class of membranes was generated targeting LV sep-
aration. Compared to standard Q-membranes, three design elements
were altered in the membrane (Figure 2A). First, overall membrane
ligand density was reduced from 100 pmol/mL (standard
Q-membrane) to 8 pmol/mL (prototypes). Hydrogel grafting was
also removed in the prototypes, with ligands attached directly to
the adsorbent surface instead. Finally, surface morphology was
altered to give smaller and more homogeneous pore size. The size
distribution was reduced from 3-5 pm (standard Q) to 1.05 *
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0.04 pm (R1) and 1.32 + 0.02 pm (R2) as measured by gas-liquid po-
rometry (data not shown). This smaller and more homogeneous sur-
face structure was applied to maintain higher surface area, thus
maintaining membrane capacity in the absence of the hydrogel.
Four new membrane materials were produced using quaternary
amine (Q) and dimethylamine (D) chemistries, giving QR1, DRI,
QR2, and DR2 membrane prototypes.

The charged surface structure was visualized by staining each of the
four prototype constructs, alongside the standard Q-membrane,
with an anionic fluorescent dye (AF647 carboxylic acid) and imaging
using confocal laser scanning microscopy (CLSM). Fluorescence on
the standard Q-membrane is localized into high-intensity circular
clusters, interspersed with areas of low to no fluorescence. In
contrast, the four prototype structures exhibit a more evenly distrib-
uted, mesh-like pattern across the membrane surface due to the more
homogeneous surface structure. As expected, the R2 devices display a
more open structure with larger patches of no fluorescence
compared to the R1 devices. These data suggest a more uniform dis-
tribution of charge across the adsorbent surface.

Dynamic binding capacity

DBC breakthrough curves, as measured by capsid p24 protein, were
generated for all membranes to assess the impact of adsorbent design
on LV binding capacity (Figure 3). As CCH possesses a conductivity
of ~12-14 mS/cm, we diluted it 1:1 in 20 mM Tris to achieve a
loading conductivity of 7 mS/cm based on preliminary scouting
studies (data not shown). All load volumes are therefore quoted as
pre-dilution volumes, with membranes loaded up to 810 CV (1620
CV post-dilution). All membrane formats produced a p24 C/C, of
approximately 0.13, likely arising from “free” p24 protein in the
CCH. Soluble p24 protein has an isoelectric point of 6.7 and thus in-
teracts very weakly with ATEX adsorbents at pH 7.2."® The dynamic
binding capacity at 10% (DBC, ) for the prototype membranes was
calculated to be 10% of the difference between the baseline value of
0.13 and the upper limit of 1, making its value 0.22 rather than 0.10.

The prototype membranes exhibited lower binding capacities
compared to the standard Q-membrane, which had a DBCyg, of
76 pg p24/mL adsorbent (pg/mLaq). QR1 and QR2 had capacities
of 44 pg/mLag and 39 pg/mL,g, respectively, while DR1 and DR2
had even lower capacities of 38 pg/mLaq and 24 pg/mL,g, respec-
tively, perhaps due to a weaker interaction strength of the D
chemistry. This reduction in binding capacity is expected due to
the 12.5-fold lower ligand density used in the new adsorbents. How-
ever, a ~2-fold reduction in capacity is perhaps lower than would be

Figure 1. Impact of membrane occupancy (loaded mass) on LV-GFP product loss with time spent in the adsorbed state using standard Q-membranes
Individual runs are given. Recovery is calculated from bound material only. (A) Schematic representation of how low (i) and high (i) membrane occupancy may impact time-
dependent loss of LV on standard Q-membranes. (B) Representative chromatogram for 200 column volumes (CV) load with no incubation, giving an average time spent in the
bound state of t = 6.61 min. (C) Representative chromatogram for 200 CV load with incubation point indicated in purple. The t = 140 min incubation chromatogram is given.
(D) Kinetic profile of total particle recovery. (E) Kinetic profile of functional titer recovery. (F) Model fit parameters for second order-like rate equation. Y, was fixed to 96% for all
runs as non-binding experiments for this material batch were previously demonstrated to have recoveries of 96%. '®
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hydrogel polymer-grafting by gray tentacles. (B) Confocal laser scanning microscopy imaging of membrane surfaces upon staining with anionic fluorescent dye (AF647

carboxylic acid).

expected from this ligand density reduction and is likely the result of
the optimized adsorbent surface structure increasing ligand accessi-
bility. None of the prototypes used in this study achieved a C/C,
value of 1.0 and showed an initial sharp rise followed by a gradual
increase. In contrast, the standard Q-membrane showed a single

continuous slope and plateau near C/C, = 1.0. The reasons for this
are unclear but may be due to the smaller pore sizes of the prototypes
causing physical retention of LV within the structure. Alternatively,
more complex secondary binding interactions may cause a slower
saturation after the initial slope.
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does not bind to AIEX membranes, a breakthrough of “free” p24 is expected even at
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tween the baseline C/Co and 1.0. The DBC;q9, Was calculated to be C/Co = 0.22.

Although analysis of membrane specific surface areas may afford
deeper insight into the capacity differences observed with the proto-
types, a direct comparison with standard Q membranes could not be
performed. We would expect membranes with the same pore size
and ligand density to have almost the same binding capacities
regardless of the ligand chemistry. However, this is not the case, so
the structure-capacity relationship appears more complex. A pure
normalization of ligand density in relation to membrane surface
could therefore be misleading. Furthermore, unlike the prototypes,
the standard Q-membrane has its ligands distributed within, and
on, the surface of a grafted polymer layer with a thickness of
0.5 um.”> The dynamic nature of this structure does not allow a
definable viral interaction surface to be specified.

The DR1 and DR2 prototypes showed lower capacities than their
Q-chemistry counterparts but had a sharper initial rise in concentra-
tion. In both chemistries, the more open pore structure (R2) resulted
in lower capacity likely due to reduced specific surface area. Howev-
er, R2 prototypes had significantly lower pre-column pressures at
the end of loading compared to R1—QR2 (0.22 MPa) vs. QR1
(0.29 MPa) and DR2 (0.06 MPa) vs. DR1 (0.13 MPa)—consistent
with their wider pore structure. The full pre-column pressure profiles
for each of the prototypes is given in Figure S1. Given that capacity is
of relatively low importance for LV operations, more open structures
may afford greater robustness and processing speeds.

Gradient elution profiles

Gradient elution of LV from standard Q-adsorbents has typically re-
sulted in very broad, heterogeneous elution profiles with LV eluted
from 150 to 1500 mM of NaCL.'>*"* This is typically characterized
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by the presence of two peaks at low and high salt due to the presence
of LV subpopulations.”' This makes effective vector purification
difficult, not only because the need to elute at high salt concentra-
tions results in loss of vector functionality but also because broad
elution ranges mean residual host cell DNA (hcDNA) and plasmid
DNA (pDNA) is co-eluted with vector. The elution profiles of each
prototype were evaluated against the profile from a standard
Q-membrane to ascertain if differences in the typical two-peak pro-
file were observed. For the standard Q-membrane, a gradient from
50 to 1350 mM NaCl was used. In initial scouting studies (data not
shown), this gradient range was shown to be far larger than was
required for the prototype membranes. Thus, to avoid excessive sam-
pling, a shorter gradient of 50 to 750 mM NaCl was employed, but at
the same gradient slope to give comparative resolution between runs.

Gradient elutions performed on standard Q-membranes loaded with
diluted CCH demonstrate that LV elution begins at ~150 mM NaCl
and is followed by a heterogeneous elution consisting of two peaks at
~300 mM and ~900 mM NaCl (Figure 4B). Figures 4D and 4F display
the elution profile of the Q- and D-functionalized prototype mem-
branes overlayed with the standard Q-membrane for comparison. A
dramatic “narrowing” of the elution profiles is observed for all proto-
type membranes with log higher p24 concentrations achieved at a
much lower NaCl concentration and range. Most LV are eluted before
400 mM NaCl across all prototypes, which can be attributed to the
reduced virus-ligand interaction strength. For the Q-derivatized mem-
branes, a clear two-peak profile is still observed for both QR1 and QR2,
which is expected as our previous work has demonstrated this behavior
stems from separate LV subpopulations present in the CCH.*' QR2 did
however result in an increase in peak spread, giving a broader elution
that was slightly shifted to increased NaCl concentrations. For the
D-membranes, even tighter elution peaks are observed, with most vec-
tor eluting prior to 250 mM NaCl and achieving a peak maximum of
1.39 and 1.56 pg/mL p24 for the R1 and R2, respectively. This is in stark
contrast to the 1,350 mM NaCl required to elute from the standard
Q-membrane, achieving a peak maximum of only 0.097 pg/mL.

In terms of UV absorbance, significantly more material is eluted
from the standard Q-membrane when compared to the prototypes
with peak areas of 3,435 and 2,424 for UV280 and 260, respectively
(Figures 4A, 4C, and 4E). This is ~2- to 3-fold higher than the UV
absorbance of material eluted from any of the prototypes. The
DR2 had the lowest residual elution, with peak areas of 931 and
974 (UV280 and 260, respectively) representing a 3.7-fold reduction
and 2.5-fold reduction in UV280 and 260 when compared to the
standard Q-membrane. The reduced UV elution peak area for the
prototypes, compared to the standard Q-membrane, is likely driven
by reduced impurity binding due to the absence of hydrogel grafting
and overall lower ligand density.

Impact of membrane design on time-dependent loss of LV to the
irreversibly bound state

To explore whether the membrane modifications affected the time-
dependent LV loss mechanism observed in standard Q-membranes
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Individual runs are given. A smoothing spline was used to generate continuous elution profiles. (A) UV280 & UV260 elution profiles of a standard Q-membrane. (B) p24 elution
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Figure 5. Impact of membrane design on LV-GFP product loss with time spent in the adsorbed state (contact time) using the DR2 and QR2 membranes

Each replicate is given individually. (A) Impact of contact time on total particle recovery. Lines represent the model fit for the second order-like rate model. No significant
correlation (p value = 0.13) could be found between total particle recovery and time for the QR2 membrane. (B) Impact of contact time on functional particle recovery. No
significant correlation (o value = 0.075 for QR2, p value = 0.57 for DR2) was found for either prototype. (C) Summary of model fit parameters. **Data taken from the standard

Q-membranes at 40 CV load (Figure 1) and reported here again for comparison.

(Figure 1), contact time experiments were repeated with the proto-
type membranes under the worst-case load volume (40 CV). As the
R1 pore size demonstrated less favorable pressure rise characteris-
tics compared to the R2 devices, in these experiments the analysis
was restricted to the R2 device format only to prevent risking
system overpressurization from the high flowrates required
(65 CV/min).

Figure 5 demonstrates that the changes to adsorbent design had a
dramatic impact on LV product loss with time spent in the ad-
sorbed state. For the QR2 and DR2 prototypes, high total particle
recoveries (Figure 5A) of 75% and 90%, respectively, were achieved
at t = 4 min. Critically, for the QR2 prototype no significant corre-
lation (p-value = 0.13) between recovery and time spent in the
bound state was observed, achieving 85% recovery at t = 100 min.
For the DR2 prototype, a significant correlation of time spent in
the adsorbed state and total particle recovery (p value = 0.0093)
was observed but the magnitude dramatically reduced when
compared to standard Q membranes, with DR2 achieving a high
74% total particle recovery at t = 100 min. Applying the second or-
der-like rate model to the DR2 data, a ty,, =37.7 min (2.69 min for
standard Q) and a final recovery value of Y, = 64.8% (5.75% for
standard Q) are obtained.

For functional titer recovery, no significant correlation with time
could be found for either QR2 or DR2 membranes, reporting a re-
covery value of »50% in both cases (Figure 5B). These data show
that the new adsorbent design results in a dramatic reduction
(DR2) or complete elimination (QR2) of recovery loss with time
spent in the adsorbed state. This is consistent with other observations
in the literature, where an inability to close mass balances for viral
vectors has been observed in the presence of ligand grafting and
high ligand densities.”>**

Step elution performance of DR2 and QR2 compared to standard
Q-membranes

Having established enhanced characteristics of the new membrane
structure, we now wished to see how these membranes compared
against a standard Q-membrane for a comparative purification of
LV-GFP. Thus, step elutions were performed in triplicate for the
standard Q-membrane, QR2 and DR2 prototypes. As the aim of
future work was to assess the highest performing candidates in a
large-scale purification process, we restricted this analysis to R2 de-
vices only as the manufacture of R1 membranes into full capsule de-
vices was not possible. All CCH loads were diluted 1:1 in 0 mM NaCl
Tris-based buffer and all membranes loaded with 58 CV. Standard
Q-membranes were eluted with 1,200 mM NaCl and prototypes
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with 750 mM NaCl (representative chromatogram in Figures 6A

and 6B).

Purification using the QR2 and DR2 membranes resulted in a signif-
icant increase in functional titer recovery when compared against the

standard Q-membrane (17%), achieving average functional titer re-

coveries of 44% and 50%, respectively (Figure 6C). This trend was
mirrored in the total particle recovery (32%, 65%, and 70% for stan-
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dard Q-membranes, QR2 and DR2, respectively). In terms of func-
tional titer recovery, this corresponds to a 2.6- and 3.0-fold increase
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in eluted vector. Although only a small 6% increase in TU recovery
was observed for the D chemistry compared to the Q, this was
deemed significant at the o = 0.05 level (p value = 0.02). No notable
change was observed in the relative activity (22-25 TU/pg p24) of
eluted vector (data not shown), which is expected given the reduc-
tion in recovery for standard Q-membranes was shown to result
from physical retention of particles and not de-activation of eluted
vector. A substantial increase in DNA removal was achieved with a
log;o reduction of 1.04 (QR2) and 1.02 (DR2), respectively,
compared to only 0.48 for the standard Q-membrane. This is likely
a result of not only the tighter elution profiles of the prototypes
meaning higher vector selectivity is achieved but also the overall
lower binding of residual species as shown in Figure 4G.

To see whether the eluted vector from each membrane differed in
primary T cell transduction efficiency, eluate from each was used
to transduce T cells
(Figure 6D). No significant difference in the percentage of CD3+
GFP+ cells was measured between the standard Q-membrane and
either prototype across both donors. This indicates that eluates
from both membrane prototypes transduce T cells with the same ef-
ficiency. Ergo, improved product recovery from the QR2 and DR2
membranes is likely to directly translate to increased quantities of
active drug product.

from two donors at an MOI of 0.5

Chromatographic purification of LV-CAR using the DR2
membrane

Previously only research-scale devices have been used for evaluation.
To more accurately assess real process performance of the new mem-
brane class, LV expressing a therapeutic CAR transgene (LV-CAR)
was purified using bench scale 3 mL radial flow device formats man-
ufactured by Sartorius. Due to restrictions in device manufacture,
only the most promising prototype candidate was selected. The
DR2 prototype was chosen as it previously displayed a significant in-
crease in functional titer recovery from step elutions compared to the
QR2 and had the best performance in terms of pressure build and
elution peak homogeneity. Despite a clear increase in both functional
titer recovery and DNA removal, a comparison of identical purifica-
tion protocols for the standard Q-membrane and the DR2 could be
considered biased as these membranes have inherently different
characteristics. For example, the higher elution salt concentration
required for standard Q-membranes enables a higher load
conductivity (~ 150 mM NaCl), which in turn facilitates the gener-
ation of cleaner eluate by reduced residual binding. Thus, for this
study a more representative purification protocol for standard
Q-membranes was employed based on our previous work, loading

400 CV of CCH directly (no dilution, conductivity ~13 mS/cm) to
a standard Q-membrane followed by a 150 mM NaCl flush and
1,200 mM Na(l elution. In contrast, the DR2 was loaded with 217
CV of diluted CCH based on a DBC with this material (data not
shown, conductivity ~7 mS/cm), followed by a 50 mM NaCl flush
and 750 mM NaCl elution.

Improvements in both functional and total particle recovery using
the DR2 membrane were even more pronounced for the LV-CAR
than those seen for the LV-GFP. The standard Q-membrane
achieved functional and total particle recoveries of 19% and 18%,
respectively (Figure 6E), typical of this membrane type.'™'® In
contrast, the DR2 membrane obtained functional and total particle
recoveries of 73% and 65%, respectively (>3.5-fold increase). A mi-
nor increase in DNA clearance was shown for DR2 (0.54 log; o reduc-
tion) compared to standard Q (0.35 log; reduction) but was deemed
insignificant (p-value = 0.26). An equivalent clearance of total pro-
tein was achieved for both the DR2 and standard Q-membranes
(1.97 log;o reduction for both). These data demonstrate that vector
recovery improvements remain high with the DR2 prototype under
representative purification conditions, yet similar residual clearances
are observed likely due to the higher load conductivities used for
standard Q-membranes reducing binding of contaminant species.

Performance of DR2 membrane in a large-scale downstream
process producing LV-CAR drug substance

To complete the analysis of this new membrane, the performance of
DR2 in a large-scale downstream process producing LV drug sub-
stance was assessed. Three liters of LV-CAR CCH were used per in-
dividual run. Two 7-L stirred tank reactors (STRs) were indepen-
dently clarified, then pooled to produce the CCH (Figure 7A).
Each run was then purified using either a 20 mL DR2 membrane de-
vice (N = 2) or a 7 mL standard Q-membrane (N = 1). Material
loaded to DR2 devices was diluted 1:1 in 20 mM Tris buffer prior
to load. Eluates from each AIEX run were carried on to ultrafiltra-
tion/diafiltration (UF/DF) to produce the LV drug substance. The
same overall (CCH drug substance) 30x volumetric concentration
factor was employed to give the same end volume. Based on the
elution profiles shown in Figure 4, a reduced NaCl elution concen-
tration of 500 mM was used for the DR2 to reduce co-elution of im-
purities, whereas the standard Q-membrane required a concentra-
tion of 1,200 mM NaCl. DR2 AIEX eluate was not diluted in this
study.

A 2.8-fold improvement in AIEX step recovery was achieved for the
DR2 (47% TU) when compared against the standard Q-membrane

Figure 7. Comparison of large-scale purification processes, for production of LV-CAR drug substance, using DR2 (N = 2) and a standard Q-membrane (N = 1)
Biological replicates are plotted individually unless otherwise stated. (A) Process flow diagram for each of the standard Q and DR2 membrane processes. (B) Particle size
distributions of the drug substance material. (C) Residual concentrations at each process stage. (D) Functional titer and cumulative functional recovery at each process stage.
Recovery starts at 100% at CCH. (E) Expected mass of total DNA and total protein per LV drug substance dose. An assumption of 2 x 10° TU/dose was made based on
previous work.'* Note, these values do not represent final drug product doses but are used as a process comparison tool. (F) Impact of LV drug substance MOI on per-
centage of Donor 1 CD3+ T cells expressing the therapeutic CAR transgene. Technical replicates are indicated on figure. (G) Impact of LV drug substance MOI on percentage
of Donor 2 CD3+ T cells expressing the therapeutic CAR transgene. Technical replicates are indicated on figure.
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(17% TU), Figure 7D. The subsequent UF/DF unit operation re-
sulted in high functional step recoveries of 92% (DR2) and 72%
(standard Q). This led to a 3.5-fold improvement in recovery to
drug substance for the DR2 (43%) compared to the standard
Q-membrane (12%). To see whether the material produced via
each process differed in primary T cell transduction efficiency, we
performed a titration using drug substance from each process at
increasing MOIs to ascertain whether any difference in profile or
saturation point occurred. No notable difference was observed be-
tween the two processes across two T cell donors (Figures 7F and
7G), indicating that on a per vector per cell basis each drug substance
was equally efficient at transducing patients’ primary T cells. These
data demonstrate that the 3.5-fold gains made in functional TU re-
covery result in the same increase in efficacious product. We also
performed particle size measurements using dynamic light scattering
to ascertain differences in average particle size of the two drug sub-
stance samples with no notable difference observed (Figure 7B).

Despite using the same volumetric concentration factor, the DR2
membrane showed higher concentrations of major residual species
(Figure 7C) in the drug substance (total DNA = 0.097 pg/mL, total
protein = 0.198 ng/mL) compared to the standard Q-membrane (total
DNA = 0.071 pg/mL, total protein = 0.088 pg/mL). However, the
increased yield of the DR2 process allows for more doses from the
same volume, reducing residuals per dose. Assuming 2 x 10° TU/
dose,'* Figure 7E shows the relative impurity mass per LV dose.
The DR2 process achieves a 2.8-fold reduction in DNA mass per
dose and 1.7-fold reduction for total protein. Thus, despite higher im-
purity concentrations, the DR2 process results in lower residual spe-
cies per LV dose. Note that these values are for process comparison
and do not represent real administered values, as further processing
occurs to generate final formulated LV drug product. It is also worth
noting that despite impurity differences, both materials performed as
efficiently during T cell transduction (Figures 7F and 7G). These data
highlight the significant improvement to both LV recovery and purity
achieved in devices scalable to GMP production sizes, achieving 3.5
times more LV-CAR doses per batch when compared against current
membrane-based manufacturing processes.

DISCUSSION
This work demonstrates that time-dependent product loss of LVs on
current commercially available standard Q-membranes can be miti-
gated by increasing membrane occupancy (bound mass). Through
contact experiments using increasing
(Figure 1), we observed that increasing membrane occupancy led
to a notable improvement in LV recovery, with the recovery
halving-time (ty, /2) increasing from 2.69 min (40 CV) to 7.14 min
(200 CV). Despite achieving ~60% recovery at short contact times,
the high flow rates required for this approach present challenges
for large-scale implementation, limiting its practicality. As we hy-
pothesized that the interaction strength between LV and the mem-
brane was driving these time-dependent losses, a new membrane
material was designed to address this issue. Three critical adsorbent
features were modified to reduce LV-membrane

time load volumes

interaction
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strength: ligand density, ligand attachment method, and pore size
(Figure 2). The ligand density was reduced from 100 to 8 pmol/
mL, and the ligands were attached directly to the membrane surface,
instead of within a polymer-grafted hydrogel. A reduced and more
uniform pore size distribution was used, changing from 3-5 pm
(standard Q-membrane) to ~1.05-1.32 pm, to mitigate capacity
loss through increased ligand accessibility. Four prototype mem-
branes were generated (Figure 2) with these characteristics, utilizing
either quaternary amine (Q) or dimethylamine (D) anion-exchange
chemistries, with two pore size distributions: narrow (R1, 1.05 +
0.04 pm) and wide (R2, 1.32 + 0.02 pm).

Despite prototypes having approximately 2-fold lower DBCs than
standard Q-membranes (Figure 3), a substantial improvement in
loss of LV with time spent in the adsorbed state occurred, with
high total particle recoveries of 73%-92% achieved at 4 min spent
in the adsorbed state (Figure 5). Importantly, this improved recovery
appears largely independent of the time the LV remained in the ad-
sorbed state, achieving 72%-85% at 100 min in the adsorbed state.
These results affirm our hypothesis that strong interaction strengths
are the primary driver of time-dependent LV loss in standard
Q-membranes. Considering the relationship between adsorbent
ionic capacity and time-dependent loss, which has also been reported
in other vector systems, we recommend future designs for LV AIEX
adsorbents focus on reducing interaction strengths to maximize re-
covery and view membrane capacity as a secondary consideration.**
While costly affinity resins, such as Protein A, drive up overall pro-
duction costs of monoclonal antibodies, the cost of AIEX membrane
materials is minimal compared to that of lost product. This shifts the
focus toward AIEX recovery, a major determinant of the cost per
dose of LV drug substance."*

In addition to the improvements in LV recovery, we observed signif-
icant differences in the gradient elution profiles between the proto-
type membranes and the standard Q-membrane (Figure 4). The pro-
totypes produced much tighter elution peaks at lower NaCl
concentrations (50-450 mM) compared to the broader peaks seen
with standard Q-membranes (150-1,350 mM) (Figure 4). Differ-
ences between the Q and D chemistries were also apparent. While
Q-chemistry membranes still exhibited the “two-peak” behavior,
the D-chemistry membranes produced a single, shouldered peak
(Figures 4D and 4F). These peaks are thought to arise from discrete
LV subpopulations in the cell culture mix and are therefore also pre-
sent in the D-chemistry profiles, suggesting superimposition
(reduced peak separation) of the populations during elution."” Given
previously reported differences in T cell activity between the two LV
subpopulations,'>** future work could explore the separation of
these populations, potentially favoring Q chemistries for superior
peak separation. However, from a product selectivity standpoint,
the D-chemistry membranes may be advantageous as their tighter
elution profiles minimize impurity co-elution (Figures 4C-4G).

Functional titer recoveries for the prototype membranes were
approximately 3-fold higher than those achieved with standard
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Q-membranes across two different transgenes, with the DR2 mem-
branes recovering 50% of LV-GFP and 73% of LV-CAR transducing
units (Figure 6). Additionally, DNA removal was significantly better
with the QR2 and DR2 membranes when using identical purification
protocols. However, when using higher loading conductivities on the
standard Q-membrane to reduce residual binding, this resulted in
largely comparable residual removal between the DR2 and standard
Q-membrane.

The best-performing membrane, DR2, was scaled up to 20 mL mem-
brane capsules (N = 2) and used to purify 3 L of cell culture harvest.
in an end-to-end downstream process (Figure 7). This process was
compared to a similar process using standard Q-membranes to
also purify 3 L of cell culture harvest. The DR2-based process
achieved a 2.8-fold improvement in functional vector recovery at
the anion-exchange chromatography step. Minimal product losses
were observed for DR2 membranes during the subsequent ultrafiltra-
tion/diafiltration stage, resulting in a 3.5-fold improvement in func-
tional product recovery at drug substance (DR2—43%, Standard
Q—12%) with comparable T cell transduction efficiencies. Addition-
ally, the DR2 process resulted in a 2.8-fold reduction in DNA mass
per dose and a 1.7-fold reduction in total protein mass per dose.

These results underscore the significant improvement in LV purifica-
tion that can be achieved by combining the beneficial properties of
membranes for the capture of larger targets with binding properties
specifically designed for reversible binding of LV, rather than adapting
existing materials not designed for this purpose. We have demon-
strated that targeted adsorbent redesign can eliminate key LV loss
mechanisms, resulting in a 3-fold improvement in product recovery
compared to currently available materials. We would have liked to un-
derstand which of the modified properties (i.e., pore size, ligand den-
sity, and hydrogel grafting) contributed most significantly to the
observed improvements. However, our ability to perform an evalua-
tion on this scale was constrained due to the interdependence of these
parameters and difficulties associated with manufacturing the large
number of prototypes required for this type of study. A way to enable
these studies would be highly desirable but is beyond the scope of this
paper as our primary goal was to develop commercially relevant ma-
terials capable of being manufactured at scale.

Our findings suggest that this next-generation chromatography mem-
brane has the potential to significantly improve the productivity and
robustness of LV downstream processing and has subsequently been
commercialized under the trade name “Sartobind Convec” for indus-
trial use. We recommend applying this tailored approach to other
adsorbent morphologies and vector systems to achieve similarly
high recoveries and robust processes. More broadly, treating viral vec-
tors as a homogeneous product class that can be uniformly targeted
using the same adsorbent materials greatly oversimplifies the diversity
of viral vector structures and the intricate adsorption mechanisms they
entail. We recommend that designers of chromatography materials
focus on developing adsorbents specifically tailored to distinct viral
vector separations. Such materials are essential for enabling manufac-

turers to meet the growing demand for viral products and enable the
progression of cell and gene therapies to market.

MATERIALS AND METHODS

Cell culture and clarification

Third-generation HIV-1 LVs were generated following multi-
plasmid co-transfection of the suspension-adapted HEK293T 1.65s
cell line (Oxford Biomedica) as described in Pamenter et al.. Briefly,
cells were inoculated at approximately 1 x 10° cells/mL in serum-
free FreeStyle 293 Expression Media (Thermo Fisher Scientific) in
glass STRs (Applikon) and agitated using an impellor stirring rate
of 290 rpm. Cells were incubated at a temperature of 37°C, a pH
set point of 7.2, and dissolved oxygen was maintained in excess of
20% throughout using an air/oxygen mix supplied via a sintered
bead porous sparger. LV production was instigated via transient
co-transfection of cells with four viral production plasmids: pOXB-
GP (gag-pol protein and viral enzymatic components), pOXB-Rev,
pOXB-VSV-G (envelope), and pOXB-GFP/CAR (transgenes).
Approximately 24 h before vector harvest, LV production was stim-
ulated by supplementation with the histone deacetylase inhibitor so-
dium butyrate (Sigma-Aldrich, Merck). At the termination of the
production phase, the STR’s contents were clarified using a 0.2 pm
normal flow filter, as previously described, to generate the CCH."®
This was stored at —80°C before use in chromatography studies.
For the large-scale study (Figure 7), material was not frozen, with
the full downstream process completed immediately following biore-
actor harvest. All LV-GFP materials originated from a single STR
source. LV-CAR material was generated individually for each study.

Membrane characterization

All membrane materials were generated in house by Sartorius. Stan-
dard Q-membrane refers to the commercially available Sartobind Q
anion-exchange membrane. Prototype membrane materials were
generated using Sartorius’ proprietary technology. Four prototype
materials were produced using Q and D chemistries at two pore sizes.
Mean flow pore sizes were measured using a POROLUX 500 gas-
liquid porometer and found to be 1.05 + 0.04 pm (R1) and 1.32 +
0.02 pm (R2). Thus, the four prototypes are as follows: QR1 (Q
chemistry, 1.05 pm pore), QR2 (Q chemistry, 1.32 pum pore), DR1
(D chemistry, 1.05 pm pore), and DR2 (D chemistry, 1.32 pm pore).

Ligand densities were determined by loading the membrane samples
with an excess of aqueous 0.1 M potassium phosphate buffer
(pH 7.0). Excessive salt was removed by rinsing with deionized water.
Immobilized phosphate was eluted with an aqueous solution of 10%
(w/w) Na,SO,. Aliquots of the eluate were mixed with an equal
amount of testing solution (0.5% [w/w] ammonium heptamolybdate
tetrahydrate, 10% [w/w] sulfuric acid, and 2% [w/w] L(+)-ascorbic
acid in deionized water). The mixture was incubated at 65°C to
75°C for at least 15 min. The phosphate concentration was determined
photometrically at 825 nm using a phosphate standard as a reference.

For confocal imaging, membrane prototype samples were rinsed in
deionized water and ethanol and dried at 80°C, followed by an
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incubation in an ethanolic solution of AF647 (10 pg/mL). Excessive
dye was removed by rinsing in ethanol, and the stained membrane
sample was dried at 80°C. Samples were soaked in glycerin and imaged
on a Leica TCS SP8 confocal laser scanning microscope equipped with
an HC PL AP0 63x/1.40-0.60 OIL objective using glycerin as an im-
mersion medium. For Sartobind Q, membrane samples were rinsed in
binding buffer (20 mM Tris-HCl buffer [pH 7.2]), followed by incuba-
tion in an AF647 solution (10 pg/mL) in binding buffer. Excessive dye
was removed by washing in binding buffer. Images were acquired us-
ing an HC PL AP0 63 x/1.20 W CORR CS2 water immersion objective
using otherwise identical procedures.

Anion-exchange chromatography

CCH, initially frozen at —80°C, was rapidly thawed in a 37°C water
bath before experimental runs. All experiments were conducted us-
ing an AKTA Avant 150 chromatography system (Cytiva). Before
processing, AKTA systems and membranes units were subject to a
decontamination in 0.5 M NaOH for 1 h. Membranes were then
charged with 2,000 mM NaCl and equilibrated in 50 mM NaClL
Membranes of varying volumes—0.08 mL or 0.345 mL (research
scale), 1 or 3 mL (bench scale), and 7 or 20 mL (large scale)—were
utilized based on the experimental protocol and material availability.
Three process buffers, all formulated with 20 mM Tris with different
NaCl concentrations, were mixed inline using the AKTA system to
achieve specific salt gradients or isocratic elution concentrations.
Specifically, the buffers were dilution buffer D (0 mM NaCl), buffer
A (50 mM NaCl), and buffer B (2,000 mM NaCl). All CCH was
diluted 1:1 using the dilution buffer prior to loading onto the
AKTA system, unless otherwise stated, to achieve a suitable loading
conductivity. Volumes in CV's are quoted based on pre-dilution vol-
umes, unless otherwise stated.

For the chromatography membranes, all small-scale research devices
(0.345 mL) utilized three-layer research units. For radial flow devices
(>1 mL), Sartobind Q membranes utilized 4 mm bed height, and
prototype devices utilized 8mm bed height.

Contact time experiments

To generate kinetic profiles of LV recovery loss over time in the ad-
sorbed state, we followed our previously described protocol.'® One
milliliter Sartobind Q Nano membranes were loaded with 40, 120,
and 200 CV of CCH at 65 CV/min. After loading, a 30 CV wash
with 150 mM NaCl at 65 CV/min flushed CCH from the system
hold-up, and elution with 15 CV of 1,350 mM NaCl was performed.
The eluate was collected in 45 mL of buffer D, resulting in an imme-
diate 4-fold dilution to 300 mM NaCl. This procedure provided an
average adsorbed contact time of 6.61 min for the 200 CV load.
Extended time points were generated by “on-column” static incuba-
tion (e.g., 35-min contact time was achieved using a 28.39-min incu-
bation). Incubations were performed after the 150 mM NaCl flush, as
indicated in Figure 1C.

For the calculation of recovery in contact time experiments, specif-
ically for generating kinetic loss profiles, only the recovery of bound
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vector material is considered. Accordingly, recovery is calculated
based on the bound mass, determined by subtracting the flow-
through mass from the initial loaded mass, as previously described
in Pamenter et al.

Dynamic binding capacity

Membranes of volume 0.08 mL (Sartobind Q) and 0.345 mL (Proto-
type) were loaded with 810 CV (1,620 CV post dilution) of CCH
diluted 1:1 in buffer D at a flowrate of 10 CV/min. Samples of the
flowthrough were taken at 22 CV intervals and measured for p24
concentration.

Linear gradient elutions

Membranes of volume 0.08 mL (Sartobind Q) and 0.345 mL (Proto-
type) were loaded with 58 CV (116 CV diluted) of LV-GFP CCH at
10 CV/min. After loading, columns were flushed with 50 mM NaCl
buffer for 40 CV. An elution range of 50-1,350 mM NaCl (Sartobind
Q) and 50-750 mM NaCl (prototypes) was conducted by mixing
buffers A and B. The same gradient slope of 6.1 mM/CV was applied
to each membrane giving gradient length of 213 CV (Sartobind Q)
and 115 CV (prototypes) to achieve the same resolution. Samples
were fractionated every 2.9 CV.

Isocratic elution of LV-GFP and LV-CAR

For direct step elution comparison using LV-GFP, 1 mL (Sartobind
Q) and 0.345 mL (Prototypes) membranes were loaded with 58 CV
of diluted LV-GFP CCH at 10 CV/min, then flushed with 40 CV of
buffer A. Elution was conducted using 30 CV of elution buffer,
1,200 mM NaCl for Sartobind Q, and 750 mM NaCl for the proto-
types. The eluates were immediately diluted in buffer D to a final
concentration of 200-250 mM to prevent salt-related infectivity
loss that could affect functional titer assay readouts. All elutions
were followed by a 0.5 M NaOH strip to remove any strongly bound
material from the membrane.

For purification of LV-CAR an elution protocol more representative to
real processing conditions was used. As the higher concentration of salt
required to elute LV from Sartobind Q enables a higher load conduc-
tivity (150 mM NaCl), which also prevents the binding of residual spe-
cies, adaptations to the loading condition were applied. A Sartobind Q
membrane was loaded with ~400 CV of un-diluted CCH based on our
previous DBC work with this membrane and load material (data not
shown). For the prototypes, 3 mL bench-scale devices were loaded
with 220 CV (440 CV post dilution) of clarified CCH as determined
by DBC (data not shown). The subsequent chromatography procedure
was then the same as given above for LV-GFP.

Large-scale full downstream process of LV-CAR

LV-CAR cell culture was conducted as described previously. Two STR
sources were used, which were independently clarified before both fil-
trates were pooled to generate the starting CCH material. For standard
Q (Sartobind Q), 3 L of CCH was loaded directly to a 7 mL membrane
device (429 CV) at a flowrate of 4 CV/min. This was followed by a
150 mM NaCl post-load flush. Elution was conducted at 1,200 mM
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NaCl. The eluate was diluted 1:1 in buffer D to give a final product
pool concentration of 600 mM NaCl. For each of the two DR2 runs,
3 L (150 CV) of CCH was diluted 1:1 prior to loading. This was fol-
lowed by a 50 mM NaCl post load flush. Elution was conducted at
500 mM NaCl, and the eluate was not diluted further.

All eluate was loaded onto a 500 kDa hollow fiber (Cytiva). Due to
differences in eluate volume from AIEX, all elution fractions (DR2
and standard Q) were concentrated at different concentration factors
in order to achieve the same overall volumetric concentration factor
of 30 from CCH to drug substance. Material was then diafiltered with
10 diavolumes of 100 mM NaCl and 20 mM Tris-based buffer to
generate drug substance.

p24 concentration and functional vector measurement

The titer and recovery of LV after each unit operation is often
measured in terms of both total physical particles, as measured by
p24 concentration, and functional particles. The concentration of
HIV-1 p24 was determined using the Ella (Protein Simple) high-
throughput automated HIV-1 p24 ELISA.

Functional particle concentration was assessed using the method
described in Pamenter et al.. In summary, samples were diluted
with Dulbecco’s modified Eagle’s medium containing polybrene
and added to adherent HEK293T cells in duplicate or triplicate, de-
pending on the assay size. Cell analysis was conducted with an Attune
NxT acoustic focusing flow cytometer (Thermo Fisher Scientific),
measuring cell size and transgene fluorescence to identify the per-
centage of cells surpassing the background fluorescence of non-trans-
duced cells. Functional titer was then calculated using Equation 1:

Statistics, non-linear regression, and model fitting

All statistical analysis (regression and hypothesis testing) was con-
ducted using JMP 18 statistical software (SAS). Significance is given
at the a = 0.05 level unless otherwise stated. Non-linear regression
was performed using the “specialized modeling” platform, “non-
linear.” An empirical model was fitted to the isocratic elution kinetic
data to characterize the loss curves. A full description of this
modeling methodology is given in Pamenter et al. and is described
by Equation 3%

Y = Yo = Yo + Y, where t = !
T (Yoo Ya)kot + = VR Ty TY Ok,
(Equation 3)

where Y = recovery, Y, = recovery ast — oo, Yy = recovery att = 0,
k, = decay rate constant (min™'), t = time (min), and ty,, = the re-
covery halving-time.
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Tit TU [% cells expressing Transgene x number of cells at transduction X dilution factor]
itre [— ) =
Volume of Vector added at transduction

Relative activity is determined by the functional titer to p24 ratio,
Equation 2:

TU
Functional titre (—)

m
P4 ()

T
Relative Activity <E) = (Equation 2)

Particle size measurement

Particle size distributions were measured using a Zetasizer Ultra
(Malvern Scientific) dynamic light scattering machine. Measure-
ments were performed in triplicate and analyzed 100 pL of sample
at 20°C using a 633 nm laser and detecting backscattered light at
an angle of 173°.

(Equation 1)
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