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Chapter | Detection of critical quality attributes of AAV
formulation

1.1 Introduction

Vectors based on recombinant adeno-associated viruses (rAAV) have emerged as the
leading gene delivery system due to their safety and long-term gene expression (1, 2). AAV
gene therapy has successfully been proven as a strategy for various monogenetic diseases
and is with Luxturna® and Zolgensma® already on the market (3). AAV can attach itself
and enter the target cell, transfer to the nucleus, and express the transgene in a stable manner
over a sustained period of time. Currently, there are over 190 ongoing clinical trials utilizing
different AAV serotypes to target various genetic diseases, including hemophilia (AAV2
and AAVS8), congenital heart failure (AAV1 and AAVG6), cystic fibrosis (AAV2),
rheumatoid arthritis (AAV2), and Batten disease (AAVrh.10) (3). Final preparation,
formulation, and characterization of AAV drug substance are fundamental to support
preclinical and clinical applications. Characterization of AAV preparations includes the
determination of identity, potency, purity, stability, and safety of a rAAV batch (4, 5).

For the characterization, feasible, time and cost-efficient methods are needed to get a
reliable information on critical quality attributes (CQA) of AAV drug products. Due to the
complex nature of AAV, the development of analytical methods is extremely challenging,
and some well-established methods from protein analytics are unsuitable for AAV. The
main reason is the large size and molecular weight of AAV. Another challenge is the vector
DNA inside the capsid, which is negatively charged and therefore requires some effort to
analytically characterize this component of the AAV vector.

As one part of characterization, the identity of the AAV product must be demonstrated. In
particular, identity of the capsid serotype as well as the target vector genome (vg) need to
be confirmed. Identity of the vg can be deduced by product-specific PCR methods. The
identity of capsid proteins (cp) can be demonstrated by serotype-specific ELISA or
differential scanning fluorimetry (DSF). The latter is a relatively easy method to determine
identity of a given serotype via identification of the characteristic melting temperature (Tm).
Those and other methods will be discussed in 1.3.1.

Traditionally, concentration of AAV vectors is measured by quantification of the amount
of vg in the sample with g°PCR. However, this vector genome titer underestimates the total
amount of capsid in the sample, because in most cases only a fraction of the capsids

contains a vg, whereas the remaining fraction consists of empty capsids only. The current
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method of choice for determination of the number of capsids is the serotype specific
ELISA. However, alternative methods for fast and easy determination of vg and cp titer are
available, as well as different options to quantify the infectious titer of an AAV sample.
These methods will be discussed in 1.3.2.

Many possible impurities could be contained in a particular AAV preparation due to the
production and purification process of AAV. Host cell proteins, host cell DNA, and empty
AAYV are examples that might occur in the AAV sample and can lead to immune reactions
(6, 7). Thus, the purity of AAV must be controlled, for example by SDS-PAGE, qPCR,
ELISA, TEM, AUC, or chromatography methods, depending on the type of impurity (7-9).
This is explained in more detail in 1.3.3.

Controlling the physical and chemical stability of AAV is necessary because it was shown
previously that for example deamidation results in less infectious AAV (10). Appropriate
analytical methods to determine the stability are discussed in 0.

As for all drug products (DP), safety must be taken into consideration, therefore a short
overview on methods to assess safety is given in 0.

Finally, the objectives of this work lead from the challenges in analytical characterization
and purification of AAV to the formulation and freeze-drying of AAV suspensions with a

stable lyophilized AAV formulation as the desired endpoint.

I.2 Recombinant adeno-associated viral vectors

AAV was first detected in 1965 under the electron microscope (EM) as a contamination of
adenovirus preparations (11-13) and has been used for gene transfer since the mid-1980s.
It can be considered the most commonly used vector (14). AAV belong to the family of
Parvoviridae and have a linear single-stranded DNA genome of about 4.7 kilobases (kb)
(max. 5,2 kb) (15, 16). The genome encodes replication (rep), capsid (cap) flanked by
inverted terminal repeats (ITR). The ITR are flanking the coding area and consist of a
palindromic sequence building a hairpin structure (17). The cap gene encodes the structural
viral proteins (VP 1-3), a chaperone AAP which facilitates capsid assembly by providing a
scaffolding function within the nucleus (18, 19) and the membrane-associated accessory
protein (MAAP), which acts as AAV egress factor (20) The rep gene encodes the proteins
which are regulating the replication (21).

The capsid is icosahedral and consists of the three different viral proteins (VP1, VP2, VP3,
with a molecular weight of 87, 73, and 62 kDa, respectively), all back splice versions of
the cap gene (22). In the 60-mer capsid the ratio of VP1:VP2:VP3 is 1:1:10 (11, 12, 23).



The AAYV particle has a total molecular weight of around 5100 kDa and a diameter of 25 —
28 nm (24). With approx. 3750 kDa, the protein part makes up 74% of the molecular weight
of the whole virus, leaving 26% for the DNA (approx. 1350 kDa). The isoelectric point
(IEP) of the AAV depends on the presence or absence of the vg. AAV containing vg have
an IEP of around 5.9, while empty capsids have an IEP of 6.3 (25, 26).

As all members of the genus of Dependoparvoviruses AAV needs another virus for a
productive infection cycle, a so-called helper virus. Examples of helper virus are
adenovirus, herpes simplex virus (HSV), Cytomegalovirus (CMV), as well as human
Papillomaviruses (HPV) (13, 27-30).

For gene therapy only recombinant AAV (rAAV) are used, which have their rep and cap
genes replaced by a given gene expression cassette. Due to the lack of rep, rAAV are not
able to integrate into the host genome and, after infection, their genome persists in the host
cell nucleus primarily in episomal form as linear and circular monomers and linear and
circular concatemers (31, 32). These episomal forms can be associated with histones in
chromatin-like structures and support sustained transgene expression (33).

Hundreds of naturally occurring AAV serotypes and numerous engineered AAV variants
have been identified or generated and differ in their tissue tropsim (34). From this group
AAV?2 is the most intensively studied one and many of the findings on the biology of the
virus are based on this serotype. Up to 80% of the human adult population have antibodies
to one or more serotypes of AAV (35, 36). Nevertheless, AAV has not been linked to any

disease and is therefore considered nonpathogenic.

1.3 Critical quality attributes of AAV vectors

CQA for therapeutical products are defined as: “A CQA is a physical, chemical, biological,
or microbiological property or characteristic that should be within an appropriate limit,
range, or distribution to ensure the desired product quality.” (37)

For all biopharmaceuticals as well as rAAV samples, quality control of identity, potency,
purity, stability and safety is required. More detailed characterization of the effect of
changes in production process parameters or cleaning methods on CQA will improve
process understanding and enable process optimization, ultimately ensuring highest
product quality in rAAV production. (38).

Given the increasing number of engineered capsids as well as new vg, it is necessary to
ensure the identity of both parts of the rAAV. Concerning the capsid structure, not only the

serotype is of interest but also the post-translational modifications (PTM), as it has been



shown in previous studies that a variation in the PTM coming from different production
cell lines may result in functional differences of the rAAV (39-41).

Another CQA is the AAV vector concentration in the sample. This refers either to
infectious, capsid or vg concentration. For clinical trials the vg titer is typically used for
dosing. Yet, for safety concerns the capsid titer is also of interest because to date the impact
of the empty capsids on immune reactions remains unclear (42). Therefore, also the ratio
of vg/cp should be considered a CQA for rAAV because a high number of empty capsids
can lead to a stronger immune reaction in the patient.

For the CQA of purity not only empty capsids are of interest. There are also other impurities
like residual helper viruses, nucleic acids, proteins, residual benzonase or affinity ligands
that can contribute to immuno- or genotoxic effects (7, 25).

One stability indicating attribute of biopharmaceuticals is the number of aggregates and it
was shown that AAV capsids are prone to aggregation (6). Aggregate formations highly
affects the stability of AAV vector formulations. It was shown that dimers (d ~ 35nm),
small oligomers (d < 100 nm), and large subvisible aggregates (d > 100 nm) are present in
AAYV vector formulations (43-45). Trigger for aggregation of AAV2 can be high capsid
concentrations, free DNA or low ionic strength (< 150 mM) (6).

In a nutshell, a clear understanding of the origin and risks associated with the vector
manufacturing process and product-related impurities in rAAV vectors is necessary to
ensure and control the identity, purity, potency, stability, and safety of the product.

1.3.1 Identity of vector plasmid and AAV capsid
Today, amyriad of serotypes and engineered AAV vectors are available and a huge number
of interesting genes for gene therapy. To distinguish the capsid variants and genes analytics

for identity must be performed to ensure that the correct combination of both is present.
1.3.1.1 Vector plasmid identification methods

The vector plasmid contains the origin, antibiotic resistance genes, ITR, promotor and
transgenes. Before encapsulating the gene of interest into the AAV capsid, the identity of
the transgene and the ITR must be controlled by genome sequencing or analytical
restriction analysis. The latter needs less work and results in reliable results, as well. When
it comes to the identity of the transgene, Sanger sequencing is working well, but as it was
shown the sequencing of the ITR is quite challenging (46): The ITR create a hairpin
structure which is hard to decode by conventional sequencing analysis. If the genome is

already encapsulated, alternatively, the size of the AAV genome can be checked by AUC,
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because AUC works based on mass differences and bigger vector genome has a higher total

mass.
1.3.1.2 AAYV capsid identification methods

The icosahedral capsid is a 60-mer composed of 5 VP1, 5 VP2 and 50 VP3. VP3, the
smallest of the three proteins, contributes most to capsid structure and tissue tropism
because of its abundance. VP2 is necessary for capsid assembly, as was shown in studies
in insect cells (47). However, viruses composed only of VP3 have been produced recently
(48).VP1/2 N termini of AAV harbor a conserved catalytic phospholipase A2 (PLA2)
domain. The PLA2 domain has been described as necessary for endosomal escape (49, 50)
and the basic regions contribute to viral infectivity by possibly allowing nuclear import of
capsids (51-53).

Among the different serotypes, there are some highly conserved regions on the capsid but
also some variable ones. Of the many naturally occurring serotypes, 1-13 are the best
characterized and are commonly used in preclinical studies, and some are already in clinical
development. Many more mutated and engineered variants are generated. Hence, the
identity of the capsid must be controlled for the crude lysate as well as DP. This can be
done with specific antibodies and Western blot analysis (54) or by determination of the
melting point of the capsid (3, 55, 56).

1.3.1.2.1 Western/dot blot analysis with specific antibodies

For Western or dot blot analysis a specific antibody that recognizes an antigen on the capsid
must be available. In both assays a selective, reversible, and non-covalent binding of the
antibody and the denatured (Western blot) or native (dot blot) antigen must be created. The
building of antigen-antibody-complexes can be detected for example by bioluminescence

reactions.

For dot blot analysis 1 puL of the AAV suspension of 10° cp fully assembled capsids is
spotted directly onto a PVDF membrane. For AAV2 and AAV3 intact capsids can be
detected by the conformation specific monoclonal A20 antibody (54, 57). This cross-
reactivity originates from the sequence homology of the AAV serotypes 2 and 3. Similar
cross interactions were shown for the ADK1a antibody that reacts with AAV1, AAV6, and
AAV12 (58, 59).



For Western blot analysis, a previous denaturation of AAV capsid and separation of VVPs
on a SDS-PAGE must be performed. The individual VVPs are then electrophoretically
transferred (aka “blotted”) onto a PVDF membrane and incubated with monoclonal
antibodies. The monoclonal B1 antibody that bind denatured VVP1, VP2 and VP3 can be
used to confirm the presence of AAV capsid proteins, because it binds to an epitope in the
C terminus present in all three viral capsid proteins and conserved in all serotypes except
AAV4 (60). The Western blot also provides information about the stoichiometry of the VPs
as well as their molecular weight. This is especially informative if some engineered variants

with additional amino acids or complete deletion of one VP are used.

1.3.1.2.2  Capsid unfolding temperature detection by fluorescence and changes in heat
capacity

The Tm of the capsids is a serotype specific characteristic (55). Tm is the temperature where
half of the protein is unfolded, allowing the SYPRO Orange dye to bind to the hydrophobic
regions of the protein, exposed during unfolding (3). Therefore, it is possible to determine
the capsid identity by Tm, independent of the genome.

The differential scanning fluorimetry (DSF) measurement can be run on a thermocycler
instrument, with temperatures ranging from 30°C to 99°C and ramping at 0.5°C — 1°C per
minute (3, 22). The measurement of Tr can also be done label free, using the intrinsic
fluorescence of the tryptophan, tyrosine, and phenylalanine residues (56). Advantages of
this method are the smaller sample volume of 10 pL as well as the lower virus titer of
3*10'! AAV. For comparison: The measurement using SYPRO Orange requires samples
of 45 pL and a titer of 1 — 5*10%2 (55). Lastly, iDSF allows the measurement of samples
containing detergents like Tween 20 or poloxamer 188, commonly used in AAV
formulations (4). Further information and a discussion about the measurement of capsid
unfolding by intrinsic fluorescence can be found in Chapter II.

Differential scanning calorimetry (DSC) is an analysis technique used to characterize the
stability of a protein or other biomolecule in its native form, without the need for extrinsic
or intrinsic fluorophores. This is done by measuring the heat capacity change associated
with thermally induced processes, such as the molecule’s thermal denaturation triggered by
heating at a constant rate (61, 62). With DSC it is also possible to determine the capsid
unfolding (22, 63) as well as the DNA ejection from the filled capsid and finally the melting
of the genome DNA at around 95°C (64). The melting signals of empty and filled capsids
differ and allows therefore for differentiation of full and empty capsid. Another point for



distinction of full and empty capsids is the DNA melting peak occurring at around 95°C
because this melting peak is missing for empty capsids. However, getting a reliable ratio of
full and empty capsids using this method is quite challenging because the melting peaks of
full and empty capsids are overlapping and therefore no ratio can be derived from the peak
areas. In addition, the required amount of capsid for this measurement is quite high with
around 102 cp/mL and 325 pL.

1.3.1.2.3 Conclusion

Western or dot blot analysis are widely used methods in AAV research because both assays
work with low titer samples, do not require special equipment, only the special antibodies,
and are commonly used in laboratories. Nevertheless, they are time consuming and,
depending on serotype and antibody, not 100% serotype specific. In contrast, most AAV
serotypes can easily be distinguished via the capsid unfolding temperature, except the
couple of AAV9 and AAVrh10. These methods require a little more AAV material, but the
measurement is easy, reproducible, and takes only 1 h. What is more, the measurement
using a fluorescent dye can be performed with gqPCR equipment, which is anyway often
available in labs working with AAV, neither requiring extra equipment. Finally, the capsid
unfolding temperature might be of additional use in evaluating lot-to-lot product

consistency (34).

1.3.2 Potency — quantification of AAV vectors

For an accurate quantification of AAV vectors, differentiation between the vg titer, capsid
amount and vector functionality should be considered: If the quantification of AAV vectors
relies on the capsid amount, the capsid titer is measured without differentiation between vg
containing capsids and empty capsids. The vqg titer refers to the number of encapsulated vg
only. Finally, the vector functionality means the transduction activity or infectivity of AAV
vectors. The number of infective particles is usually lower compared to the vg titer, as not
all full AAV vectors in a sample are able to transduce cells.

1.3.2.1 Capsid titer

The total capsid content can be as important as the vector genome titer. Yet, until today
there is no harmonized method to assay the total capsid amount. The number of capsids can
be determined using techniques, such as enzyme linked immunosorbent assay (ELISA)

(57), dot blot and western blot analysis (60), UV spectrometry (65), dynamic and static



light scattering (DLS + SLS) (64), as well as multiangle light scattering (MALS) (64), SDS-
PAGE (66), (cryo-) electron microscopy (EM), or TEM and flow virometry (67).

1.3.2.1.1 ELISA

The conventional sandwich ELISA uses a microtiter plate coated with monoclonal
antibodies to capture only intact, assembled AAV capsids. The biotin/ streptavidin
peroxidase color reaction of the detecting antibody allows for the photometrical
determination of the precise titer of intact AAV capsids. ELISA methods are serotype
specific: antibodies need to bind to capsid proteins. A method to quantify AAV2 capsid
protein was originally described using an A-20 antibody-based ELISA (57), but more
recently ELISA detection for most AAV serotypes has been developed and is commercially
available, e.g. AAV1-3, AAV5, AAV6, AAVS, AAV9 and AAVrh10.

Calibration can be done with reference standard material (RSM) for AAV2 (68) and AAV8
(69) or with an internal calibration sample, characterized previously characterized by
electron microscopy and protein content tests on purified capsid preparations: Protein
content is equated to capsid titers by assuming that a capsid is made up of 60 subunits
having a uniform stoichiometry of structural proteins (VP1:VP2:VP3 = 1:1:10); one
particle is estimated to have a molecular weight around 6.5x10°° ng. Depending on where
the sample is situated on the calibration curve, the coefficient of variation (CV) can vary
between 3 and 67% (57).

The ELISA allows reliable detection for various steps in the production process and does
not require highly purified material. This method can be performed with only a few
microliters of sample containing 107 — 10° cp/mL. Some matrix effects can occur, due to
high levels of salt, surfactant or iodixanol in the sample (57). In addition, the ELISA assay
does not provide much flexibility because of the serotype specific antibodies and the

turnaround time of four up to five hours.

1.3.2.1.2 Dot and western blot

Non-denatured AAV capsid (dot blot) and denatured AAV (Western blot) can be used to
quantify the number of fully assembled capsids. This is done by using RSM or internal
generated calibration standards and a serotype specific antibody for labeling. As already
discussed in 1.3.1.2.1 this method requires only 1 puL sample volume and the required
sample concentration of 10%- 10° cp/mL is usually available for DP. For Western blot
densitometric analysis of protein bands is possible. However, structural protein ratios of
VP1:VP2:VVP3 have been observed to fluctuate between 1:1:8 and 1:1:20 (70). This



fluctuation leads to two-fold to three-fold change in the total capsid number, because the
capsid titer is calculated based on the amount of VP3. One exception must be made for
crude lysates: In these samples free VP occurs , which can shift the ratio between the three
VP much more (71). Special diligence should also be paid to AAV that were produced in
systems of baculovirus production, because it has been discovered that the VP ratio is

dependent on the production system (58, 72, 73).
1.3.2.1.3 SDS-PAGE

SDS-PAGE is used to analyze the size of proteins. As a separation medium for this type of
electrophoresis, a polyacrylamide-based discontinuous gel and a sensitive protein staining,
usually Coomassie blue or silver stain, is utilized (74). SDS, an anionic surfactant, covers
the intrinsic charges of the protein, allowing for the analysis and differentiation of the
different capsid proteins VP1 (87 kDa) VP2 (73 kDa) VP3 (62 kDa) (11, 12, 23). SDS-
PAGE can also be used to determine the purity of AAV samples (75-77), as it detects
smaller proteins (in this case contaminations, like cell host debris, protein, genomic DNA,
serum protein, helper DNA, or helper virus), as well (26). The reason why it is important
to control the impurity level is their potential immunogenicity: even though AAV
themselves also have an immunogenicity, a higher amount of impurities implies a stronger
immunogenicity (78). In addition, with SDS-PAGE we can calculate the capsid amount in

the sample, using the following equation after calibration with BSA (8):

_ vpP3[g]
P = 49868 x 10-18¢g

The denominator, 4. 9868 x 1028 g, is the mass of VP3 in one capsid. Because each capsid
contains 50 VP3 subunits, total VP3 of one capsid equals approximately 3 MDa (66).
Dividing the amount of VP3 (in g) by 4.9868*10 '8 g will yield the number of viral
particles. The required sample volume for this method ranges from 4 pL up to 20 pL
depending on the AAV concentration. The AAV amount in the sample volume should be
higher than 10%° cp to use silver staining (see Chapter I11).

Classical SDS-PAGE can be exchanged for capillary electrophorese or chip-based — SDS-
PAGE: Both methods take around 2 hours, including sample preparation and running time.
They are equipped with an automatic detection system and detection limit is comparable to
Coomassie Blue staining. The systems eliminate handling of SDS-PAGE slab gels,
staining, and imaging steps for a more efficient workflow and results are achieved rapidly,

with the automated analysis. Disadvantages are the upper detection limit of 270 kDa, not
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allowing for the detection of native AAV, and observed matrix effects due to high salt
amounts and surfactant in the sample, requiring buffer exchange from time-to-time that can
lead to a loss of AAV. Finally, these measurements need special equipment which is not

regularly available in all labs.

1.3.2.1.4 UV spectrometry

For highly purified material, a spectrophotometric method to determine the number of
capsids and the number of vg from the A260/A280 ratio, taking only 30 minutes, has been
established (65). This method requires the denaturation of particles prior to analysis,
because of significant light scattering from intact particles (cf.1.3.2.2.5).

Although this method is sensitive to impurities and to buffer, it is probably the simplest
method available to measure AAV concentrations and a well-established one to measure
the concentration of protein samples (71). However, this method is problematic for AAV
vectors purified by iodixanol gradient centrifugation , because iodixanol can interfere with
the determination of optical density at the relevant wavelengths (79). To solve this problem,
an extra purification steps can be added to remove the iodixanol.

Capsid protein concentrations are derived as the product of vg per mL and capsids per vg,
using 3.74 MDa as the molecular mass of empty capsid particles (80). The MW of the vg
can be calculated form the sequence or can be measured with a multiangle light scattering
(MALS) detector. The ratio between full and empty AAV can be calculated by the

following equation (65):

A
1.76%x10~6(1.8-2280
( Azso)

cp _
/Ug - MWDNA * A260 _
—=2=-0,59
A280

1.3.2.1.5 Static light scattering — SLS

In SLS the average molecular particle weight and size of a sample are quantified by
measuring the time-steady intensity of light, scattered by its solutes due to Rayleigh
scattering. To improve the accuracy of SLS, measurements are combined with DLS.
Through the combination, determination of capsid titer, molecular weight, and the presence
of aggregates is possible, while the sample can be recovered after measurement, if
necessary (44). The measurements are performed as batch measurements, using 1 to 30 uL
sample containing a minimum of 6*10'° cp/mL and can be performed in less than
5 minutes, because no sample preparation is required. Using a plate reader instrument, high
throughput is feasible by using 384- or 1536-well plates (43, 44, 81).
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Major challenges for accuracy and precision of SLS/DLS measurements are the high
sensitivity to the refractive index, as well as the viscosity of the sample (43, 44, 81).
Reliability is particularly poor due to the difference in refractive index in samples
containing empty and full capsids side by side, leading to errors of up to 33%, since in the
case of a mixture the refractive index can only be estimated and is required for particle
number calculation by SLS. However, it is of course possible to make two measurements
with the two different RI1, so one can at least estimate the smallest and the largest possible
titer as it is done by Stunner (Unchained Labs, Boston, MA, USA) (38). The same is true
for the viscosity, especially for samples containing iodixanol. In these samples the amount
of iodixanol can differ from preparation to preparation, thus the viscosity must be adjusted
carefully from batch to batch to get reliable data.

Stunner also uses SLS/DLS measurements for vg and cp titer determination. In addition,
Stunner combines SLS/DLS with UV spectrometry and can therefore gather information
about aggregation, full-empty-ratio and other impurities like free DNA or proteins.
Measurement with Stunner only require 2 uL of sample with 10'? cp/mL and take 2
minutes, including data analysis. Measurement is fully automated and up to 96 samples can
be measured in one plate. The UV spectrum holds additional information about iodixanol
content, yet, if the sample contains iodixanol, a full-empty-ratio cannot be determined by
this method because of the high UV absorption of iodixanol. Nevertheless, based on the
information about the iodixanol amount, the viscosity can be corrected to produce reliable

data from the SLS measurements (82).

1.3.2.1.6 Multiangle light scattering — MALS
MALS is an alternative to determine cp titer, full empty ratio and aggregates: MALS

detectors are now commonly used for in-line measurements with UV detector and/ or
differential refractive index (dRI), after sample separation via SEC (83-85), AF4 (86-89),
or AEX (90, 91). But batch mode measurements are possible, too. Capsid and vg titers can
be calculated by measuring MW for individual species. Furthermore, it is also possible to
determine the percentage and size of aggregates when a separation device is used before
the MALS (89, 92-94).

For the calculation of the vg or capsid titer, the refractive index, as well as the extinction
coefficient of the capsid and the genome DNA, must be known. The refractive index is
mostly constant for different serotypes and engineered variants, but the extinction

coefficient varies widely and must be calculated for every capsid and genome DNA.
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Importantly, this analysis method assumes that the sample is either full or empty, whereas
it is not possible to account for partly filled or overfilled particles (64).

The detection limit of the MALS depends on the LOD of the UV and RI detector and on
the sample itself: Full capsids have a higher extinction coefficient and can be detected at
lower concentration., while in general, in-process controls (IPC) or DP with an injected
capsid amount >10%!cp are measurable. With the following equations the respective particle
number can be calculated (NA is Avogadro’s number, MWcp is the molecular weight

(9/mol) of the capsid, MW,q is the molecular weight of the genome calculated from the

sequence) (64):

Total capsids: Crotal = (Concep [%@XNA)
MWp =]

Full capsids: Cfull — (CO”CDJI\\;,;/[E—“Z]XNA)

Empty capsid: Cempty — Ctotal _ Cfull

With AEX a full empty separation can be achieved by using an UV detector. The relative
area of the full capsid peak is higher than the empty capsid peak if the same capsid amount
of the two species is in the sample. This results in a substantial overestimation of full
capsids, due to the higher extinction coefficient (65). One option to correct this
overestimation is to calculate a correction factor as demonstrated by some papers (95, 96).
However, this correction factor must be calculated for each AAV construct separately,
while a MALS detector can be used in-line to calculate the capsid amount of both peaks
without overestimation of the full capsid peak. In addition, MALS also provides insights

about the relative size of empty and full capsid peaks in harvests and lysates (93).

1.3.2.1.7 Virus particle counting

Particle counters such as nanoparticle tracking analysis (NTA) are primarily used in protein
formulation for the analysis of subvisible particles. However, due to the small size of AAV,
before measurement by NTA, labeling must be done to make the AAV visible. For NTA
the AAV are labeled with small gold nanoparticles. The resulting gold-labeled virus
particles scatter enough light to be visualized and tracked by the optical system, enabling
the use of NTA to measure the size and concentration of AAV, as well as the aggregation

state and formulation stability (97). Other optical systems like Virus Counter® (Sartorius
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Stedim Biotech GmbH, Gottingen, Germany) require labeling of the AAV with a
fluorescent dye, too. Particle counting has been successfully applied to a bride variety of
virus samples at different purification steps and adds a 30 minutes labeling step to sample
preparation (67). The fluorescence signal can be detected in the flow-through of 195 pL for
5*10° to 10° cp/mL. It has been implemented for other viruses like lentiviruses, for which
it is also possible to derive the full empty ratio of the virus suspension (98). At present, this
technique is only available for AAV2 and AAV3, because only for those two serotypes a

Virotag is commercially available (99, 100).

1.3.2.1.8 Conclusion

There are different methods for the quantification of the capsid titer, which can be divided
into antibody-based, optical, and light scattering methods. While the antibody-based
methods have a longer turnaround time, usually 4-5 hours, they have high specificity and
quantify even unpurified in-process samples reliably. Recently developed antibody-based
methods, such as BLI (101) and FV, promise rapid analysis with high throughput and
marginal sample preparation, but FV in particular requires a fairly large sample volume for
measurement. However, there is little published literature on BLI and FV with respect to
rAAYV or other viral vectors (38).

For the antibody-based methods, the main challenge is the need to have serotype-specific
antibodies for the corresponding serotype. This is the case for the commonly used
serotypes, but with the constantly increasing number of engineered capsids, new serotype-
specific antibodies will always be a problem. As well as the provision of reference
materials, as standardized reference materials are currently only available for rAAV2 and
rAAVS (69, 102).

Unlike antibody-based methods, optical and light scattering methods are easy to use and
have high throughput, which is attractive for process development. Furthermore, some of
these methods allow for the determination of additional CQA, such as the number of
aggregates. However, it is not possible to measure unpurified samples with these methods
because they lack specificity and robustness (38). Currently, there is limited experimental
data overall for rAAV quantification to compare the accuracy and precision of all optical

and light scattering methods. Chapter I11 does offer some new insights in this respect.

Each of the three method groups is already suitable for different applications, depending

on sample purity and required analytical capacity. Nevertheless, the methods based on light

13



scattering or a combination of light scattering and UV spectrometry have the potential to
become universal methods for at-line or in-line use during process development, where

they are already regularly used in protein analysis.
1.3.2.2 Vector genome titer

The vg titer can be determined by quantifying the number of packaged vector genomes by
several methods like: quantitative polymerase chain reaction (QPCR) (103), droplet digital
PCR (ddPCR) (102), dot-blot hybridization (104, 105), Southern blotting (106), ultraviolet
(UV) spectrophotometry (65), or DNA quantification using fluorescence dyes (107, 108).

1.3.2.2.1 PCR analyses

The common measured parameter of AAV concentration is the amount of vg by
quantitative real-time Polymerase chain reaction (QRT-PCR) or digital droplet PCR
(ddPCR). The gPCR is a nucleic acid amplification method, based on the principle of
conventional polymerase chain reaction (PCR), moreover allowing for the quantification
of recovered DNA. This method is often referred to as physical genome titration of AAV
vectors and is the preferred and widely accepted method for the quantification. What is

more, it is frequently used to determine clinical doses (109, 110).

1.3.2.2.2 Quantitative polymerase chain reaction — gPCR

Currently, gPCR is the most used quantitative assay for rAAV vector genome titration. This
assay was also selected as the titration method for rAAV2 and rAAV8 RSM, as it has
proven to be a robust and accurate method for determining rAAV genome titers (69, 103,
111-113). Quantification is performed based on the fluorescence signal, that increases in
proportion to the amount of PCR products analyzed during a PCR cycle. For the
quantification of the PCR product, only the phase of exponential increase of the
fluorescence signal can be used, because only in this phase optimal reaction conditions
prevail (112). Only a few pL of the sample are needed for the gPCR, containing 10° — 10*°
vg/mL. The main benefits of gPCR under ideal conditions are that it is a simple and robust
method and, therefore, can be used for a range of clinical applications requiring the
detection or quantification of viruses. But as every method, gPCR has its limitations. The
most significant disadvantages of gPCR are the labor intensity and the very sensitive
experimental conditions. Other factors, such as PCR primers, reagents, equipment, and
DNA standards can also significantly affect test results (109, 114).
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DNA extraction prior to amplification is considered a crucial step for vg quantification, as
this releases the DNA from the capsid and eliminates any PCR-inhibiting substances that
were originally present in the matrix. For example, a sample derived from crude cell lysate
must be appropriately diluted to obtain the correct vg titer by gPCR, because in the cell
lysates and media inhibitory components are present (115). This is also relevant for samples
that have been purified by hydrophobic interaction chromatography (HIC), as these
samples contain high salt concentrations, that can interfere with gPCR. However, apart
from the necessary dilutions, no further purification steps or buffer exchange steps are

required. This is an advantage as every additional step can reduce the virus yield.

Another problem in vg titration, not to be underestimated, is the lack of harmonization of
protocols and materials that can lead to significant differences between laboratories (4, 69,
113). The use of different forms of genome DNA alone as a calibration standard can
significantly alter the quantification of vg concentration. These inter- and intra-laboratory
variations may originate from the use of sequences as quantification standards that produce
secondary structures, such as circular or supercoiled forms of genome DNA. This can lead
to an overestimation of the AAV titer up to a factor of seven, compared with quantification
based on a linear genome DNA standard (109, 116). Several attempts have been made to
improve the variability of standard gPCR, for example by quantifying AAV2 ITR
sequences in gPCR (117). This sequence is not only used in most rAAV vectors but also
used as a common vector dosing unit against which laboratories should calibrate their
measurements(114). Unfortunately, only two well-characterized reference standards for
AAV2 and AAVS are currently available for validating the method (69, 113, 118).

1.3.2.2.3 Digital droplet polymerase chain reaction — ddPCR
The ddPCR is an endpoint PCR approach with the capability of measuring the absolute

number of DNA targets in a sample. It uses dilutions, PCR, and Poisson statistics. The
concept that was first described by Sykes et al. in 1992 (119). The digital PCR can be
performed as microfluidic/ chip based dPCR or emulsion (droplet) based ddPCR. Even at
low copy numbers, targets are determined accurately and cost-efficiency can be
significantly improved in combination with multiplexing (120). For absolute
quantification, ddPCR does not require standard curves, avoiding the bias in amplification
efficiency observed with gPCR (121-123). Furthermore, ddPCR is independent of
reference materials and less sensitive to inhibitors of PCR reactions, thus simplifying both

the performance of experiments and the comparability of data. ddPCR performs
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significantly better than gPCR in terms of robustness and assay variance, which is
particularly relevant to IPC or samples with high salinity (55, 102). Another accelerating
effect of ddPCR is that it can be performed without prior DNA extraction (124). Limit of
detection (LOD) and limit of quantification (LOQ) are comparable to gPCR, whereas the

inter- and intra-laboratory-variability is lower (124-126).

However, the ddPCR titration method is not yet being used widely. Two reasons for this
are the need for a special device and the labor intensity. Another downside is PCR inhibition
when using primers near the hairpin of self-complimentary (sc)AAV vectors. A particular
problem when performing ddPCR is the presence of aggregates: This is because aggregates
can lead to distorted results since the distribution of virus particles in the droplets is not

random in this case.

1.3.2.2.4 Vector DNA determination by membrane blotting
By blotting vector DNA on a membrane by using dot blot (71, 104, 127) or southern blot

(106) the vg titer can be determined for low volumes and low vg titers. Independent of the
method, the vector DNA must be extracted from the sample with phenol/chloroform and
finally precipitated with ethanol before blotting. In doing so, some loss in DNA is possible.
The extraction is followed by alkaline agarose gel electrophoresis and southern blot
hybridization. The number of particles must be calculated from the specific, full-length of
the virion DNA, hybridized with 32P-labeled probe DNA.

Dot blot assays have been extensively used to quantify rAAV vectors by hybridization, but
this is a rather labor-intensive and time-consuming procedure because it requires sample
processing to remove protein contaminants. Moreover, 5- to 10-fold inter- and intra-assay
variations have been reported for dot blot analyses (127). AAV formulations containing
magnesium ions have been reported to inhibit the interaction through DNA binding (128).
These ions are more common in AAV samples nowadays, as full-empty separation by anion

exchange chromatography (AEX) becomes customary practice (95).

1.3.2.2.5 UV spectrometry

Through the measurement of the optical density (OD) of AAV samples, it is possible to
calculate the vg and the capsid titer of a sample. The sample must be highly purified as the
measurement is affected by cellular proteins and DNA contamination. Furthermore, the
MW of the vg must be known to correctly calculate the vg titer. Also 0.1% SDS must be
added to the sample before heating to 75°C for 10 minutes, resulting in lysed AAV. Before
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the absorbance measurement at 260 and 280nm, the sample must be slowly cooled down
to room temperature. At all the UV assay takes 30 minutes and is therefore time- and cost
efficient. To calculate vector genomes per milliliter the following equation is solved, using
the value of the MW of DNA, and the measured absorbance (65):

4,47 * 1019 (A260 - 0:59 A280)
MWDNA

The linear absorbance range is 5*10* up to 10* vg/mL and the required sample volume

vg/ml =

depends on the used spectrometer. As already mentioned, the measurement can be affected
by residual protein impurities as well as by excipients that absorb in the UV range, like
Tween 80 or iodixanol. To avoid AAV losses due to adsorption poloxamer 188 can be used

instead of Tween 80, that does not show measurable absorbance at 260 and 280 nm.

1.3.2.2.6 Measurement of DNA amount by fluorescent dyes

Vg can also be calculated by measuring their DNA contents more directly: Cell Biolabs
(San Diego, CA) has designed a commercial AAV titration kit (QuickTiter™ AAV
Quantitation kit) based on quantifiable binding of DNA dye (CyQuant GR) to rAAV
genome. Similarly, PicoGreen®, another DNA sensitive dye, has been used to measure
AAV titer. However, only double-stranded DNA (dsDNA) can be labeled by PicoGreen®
(107). Therefore, if used for quantification, the AAV capsid must be lysed first and the
single-stranded genome annealed to dsDNA (65).

With PicoGreen®, the assay is linear in a range of 0.16 to 120 ng DNA, which corresponds
to vg titers ranging almost 3 logs, from 3*10%° to 2.4*10%® vg/mL. For the measurement
2 pL of AAYV suspension is diluted with 18 pL TE buffer with 0.1% SDS and lysed for
1 hour at 70°C.

The following formula is used to convert ng/mL to viral genome per mL (107):

" rAAV genome conc. (ﬂ) * 1.82 » 1012 (b—p)
. g mL ng
rAAV vial genome )=

Length of AAV genome (2—5)

The quantification of the vg by PicoGreen® has also been tested in the most commonly
used storage buffers for AAV: PBS (129, 130), PBS+5% sorbitol (131, 132) and
PBS+135 mM NaCl (113). None of the storage buffers did interfere with the PicoGreen®

titration assays.
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Notably, both CyQuant GR and PicoGreen® are membrane permeable dyes belonging to
the cyanine dye family. In recent years, several safe nucleic acid dyes have been developed,
such as Gelgreen® and Gelred® from Biotium (Fremont, CA, USA), SYBR Safe and
SYBR Gold from Thermo-Fisher Scientific (Waltham, MA, USA), and Diamond™ from
Promega (Madison, WI, USA). These dyes are membrane impermeant, making them safer

to use and more friendly to the environment (133).

For Gelgreen®, it was already shown that vg concentration can be determined (108). This
dye needs to be diluted 1/10000 to end up in a linear measurement range of 0.16 ng to 50
ng DNA in 10 pL of a lysate sample, heated at to 95°C for 5 minutes. The LOQ of this
assay is 0.39 ng DNA, which corresponds to a AAV titer of 101° vg/mL in 10 pL of an
AAV sample.

The following equation allows to convert encapsulated DNA (ng) to vg titer (vg/mL) (108):

_ DNAmass (ng) * 10™°g * 6.022 * 10**mol™"
B MW x volumen (uL) * 1073mL

AAV titer (%)

Both dye-based methods are simple, fast, and robust. The dyes are cheap, and the most labs
are equipped with a fluorescence reader (PicoGreen®: excitation: 485 nm, emission:
535nm; Gelgreen®: excitation: 488 nm, emission: 528/20nm).

1.3.2.2.7 Conclusion

Preclinical and clinical dosing of rAAV DP is usually based on the number of genome
copies, so the accuracy and precision of the vg titer is critical. The methods for determining
the concentration of vg discussed here, can be divided into three groups: PCR-based,
membrane blotting and spectrometry-based.

A clear advantage of the PCR-based methods is that they are already established in the field
of AAV vector research. This is especially true for traditional g°PCR. However, this method
shows large inter- and intra-laboratory variations, as well as matrix effects for certain
compounds in the sample. The ddPCR is less susceptible to these two problems, yet

aggregates must be avoided at all costs during vg quantification.

Methods for determining vg concentration by membrane blotting are widely available, too,
and require little laboratory equipment. However, they are all very labor- and time-

intensive. In addition, like qPCR, these assays have a very high variation.
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Both spectrometry and fluorimetry-based methods are very fast, compared to PCR-based
methods. However, significantly higher titers are required, especially for UV spectrometry.
These titers should not be a problem for DP, as the two gene therapeutics currently on the
market are well above 102 vg/mL. For IPC controls, on the other hand, both methods are

not feasible, as both measurements are disturbed by residual DNA and proteins.

Another method for vg quantification that has received little attention so far could be DSC
(64). DSC was introduced in chapter 1.3.1.2.2. Because a clear melting peak for the DNA
is visible in the thermogram, this could be calibrated and then used for quantification.
However, right now very large volumes and concentrations of AAV samples are needed
for such measurement. Nevertheless, it is a promising method for the future, as additional
information on purity and possibly also on the ratio of full and empty capsids can be

obtained at the same time.
1.3.2.3 Vector functionality: transduction and infection assays

The most important criterion for a functional gene therapy vector is the ability to infect and
transduce specific cells. Not every genome containing capsid can infect cells, therefore it
is well documented that the infectious genome titer can significantly differ from the vg titer
(113, 134). This is also the reason why the Ph. Eur. (9.5.14) requires in-vitro and in-vivo
activity data for genome vectors. Because of the different tropisms of the variety of AAV
serotypes and engineered variants, the activity assay needs to be performed with relevant
cell lines: For example, rAAV5 vectors infected HEK293 and HelLa cells very poorly
(135),while it is very efficient at infecting retinal pigment epithelium (RPE) cells and retinal
cells in human retinal organoids (136, 137). However, it is not always possible to culture
the cells that are to be targeted in humans; thus, transduction of the desired cells is not
tested as part of a routine assay. If it is not possible to cultivate the cell line to be transfected
in the laboratory, the only possibility to prove the functionality of the AAV is an animal
experiment. Such experiments are particularly costly and are therefore performed as late as
possible in the development of new AAV vectors (71).

Another reason for a difference between the vg titer and the infectious titer can be
fragmented genomes or damaged capsids. These genomes contribute to the vg titer in g°CR
but are not able to infect cells.

There is a variety of activity tests: (end-point) dilution assays, serial dilution replication

assays, fluorescent cell assays (single or multiple cells) (138), infectious center assays
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(ICA) (139), infectivity titrations, replication center assays (140), and tissue-culture
infected dose at 50% (TCID50) measurements (139, 141). All these assays involve the
evaluation of transduction efficiency of the gene therapy vector and can be distinguished
into two broad categories: transduction assays and infection assays.

1.3.2.3.1 Transduction assays

Theoretically, the best way to evaluate transduction efficiency is to add AAV to a non-
complimenting cell line and to measure the expression of the transgene (71). This is a
commonly used biological assay to test infectivity of AAV preparations and results in a
titer of transducing units (TU). Prerequisites for transduction are entry of AAV vectors into
the cells, translocation of vg into the nucleus and its conversion into double-stranded DNA,
and, lastly, transcription of the transgene. However, it is not always possible to measure the
transduction easily and directly.

The simplest way to determine the expression of genes is to measure the amount of proteins
expressed. These assays are quite specific when marker genes such as GFP or lacZ are used
(138). The number of GFP-expressing cells can be measured with fluorescence activated
cell sorting (FACS) However, this is not possible for transgenes of clinical interest.
Therefore, assays that detect the sequence of the transgene in the transduced target cells by
gPCR are used (142-145).

Lately, Spark Therapeutics developed a commercial assay for the quantification of vector
functionality. It measures the in-vitro potency of rAAV-RPEG5 vectors (146). It uses a
serial dilution of rAAV-RPEG65 and tests the gene expression on modified HEK293 cells,
constitutively expressing lecithin retinol acyltransferase. All cells are lysed after 72 hours,
and the lysates are incubated with all-trans-retinol and cellular retinaldehyde-binding
protein for 2 hours in the dark. Then, the amount of 11-cis-retinol is quantified by LC-MS
because RPEG5 is an enzyme that enzymatically converts all-trans-retinol to 11-cis-retinol
(146).

Crucial for every transduction assay is the level of detectable expression, which depends
on many biological properties of the capsid, transgene and promoter, as well as target cell
line. For reporter genes like B-galactosidase, GFP, and luciferase under strong promoters,
such as the cytomegalovirus (CMV) promoter, detection of transgene expression is
relatively straightforward. For therapeutic transgenes with tissue-specific promoters,

detection is very complex (71).
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1.3.2.3.2 Infection assays

In contrast to the transduction assays, expression of the transgene is not essential for the
infection assays because the aim of these assays is to control whether the transgene has
entered the nucleus or not. One often used method to quantify infectiousness of AAV
vectors, consists of infecting trans-complementing cells, such as HeRC32 cells (147) that
have stably integrated AAV2 rep and cap genes (148). Determination of infectious units
(IU) by intracellular amplification of the rAAV genome in rAAV preparations in the
presence of wild-type AAV and adenovirus can be performed by various methods: TCIDsg
and ICA.

In TCIDso, gPCR is used for vg replication determination (113, 141). ICA-DNA
hybridization, on the other hand, uses a probe of the rAAV gene cassette to detect cells in
which vg replicate (140, 149). It can be expected that values obtained from this type of
assay will be significantly higher compared to transduction assays because it does not rely

on transgene expression.

1.3.2.3.3 Conclusion

AAV vector activity can be determined by two different assays: transduction or infectivity.
In the transduction assay, the expression of a specific protein or product is measured. This
assay is simplest when marker genes can be used, as the transduced cells can then be easily
detected by color (138). Unfortunately, this detection capability is not available for
transgenes of clinical interest, so the corresponding protein must be quantified by other
analytical methods (142-145).

Compared to the measurement of transduction efficiency, the measurement of infectivity
titer of AAV vectors is much more difficult and costly. The reasons are: (1) the vector is
inherently incapable of replicating in transduced cells, so multiple helper virus genes as
well as wild-type AAV must be replicated in cell culture to detect infectivity measured by
replication of the AAV genome; (2) cytopathic effects (CPE) caused by infection with an
AAYV vector can be overridden by even stronger CPE of the helper viruses; and (3) is mainly
relevant for AAV vectors that are not based on AAV2: Most available cell lines do not
support efficient infection by vectors even when sufficient helper virus genes are present
(7).

Notwithstanding these difficulties, infectivity can be used as a relative measure of the
functional activity of AAV batches and provide further information about the stability of

the vector. This is important, for example, in various upstream and downstream processes.
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It is important to note that both infection and transduction titers can vary significantly
depending on the combination of serotype and target cell line used for the assay. Other
parameters, such as cell confluence or use of a helper virus, can result in significant
differences in infectious titers and should be considered when batch-to-batch comparisons
of vectors are made. Therefore, transduction activity assays were performed for all
experiments discussed in Chapters V and 1V. In each case, GFP expression is measured by
the number of green-fluorescent cells. In Chapter V, the assay is used to compare the
activity of batches of AAV with the same amount of AAV per cell for different upstream
and downstream processes. The focus in Chapter VI is on constant GFP expression over
storage time. Liquid and freeze-dried formulations are compared, after storage at 4°C and
25°C.

AAV capsids that contain the intended vector genome but have low replication or
transduction pose similar risks as empty capsids: defective particles may release
unnecessary viral antigen, impair transduction by infectious particles, and increase the risk
of immunotoxicity. In addition, preparations of AAV vectors with lower infectivity require
higher doses to be effective. Because the ratio of vg titer to infectious titer (vg/IU) is a key
parameter for assessing vector quality, accurate titration of vg by free-ITR-PCR may allow

better vector characterization (110).

1.3.3 Purity of AAV vectors

As with most biological products, it is necessary to perform quality control testing for AAV
vector sterility, endotoxin content, mycoplasma, and adventitious virus detection (150). In
addition, some tests specific to AAV production are required: host cell-, process- and
product-related impurities, like DNA, RNA or protein impurities and vector-related
impurities, like empty capsids and capsids encoding host-cell or helper DNA.
Accordingly, the production cell lines, either human cell lines (4, 148) or insect cell lines
(151, 152), makes a difference in the type of possible contamination: remaining host cell
proteins and nucleic acids lead to different risk levels of immunotoxicity and genotoxicity,
as the overall risk of genotoxicity may be higher in transduced human cells because of the
possibility of homologous recombination with genomic sequences. While the genotoxicity
is lower if insect cells are used for AAV production, the risk of immunogenicity increases
due to the possibility of unintended expression of polypeptides from insect cells in

transduced tissue (7).
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Therefore, quality control tests must be implemented to measure the level of process
impurities, including residual host cells, residual production genome DNA, and other
reagents added to the product as part of the manufacturing process. Useful methods to
assess protein impurities in purified recombinant viral vectors, such as residual production
cell protein and bovine serum albumin (BSA), include SDS-PAGE (discussed in 1.3.2.1.3)
and ELISA (discussed in 1.3.2.1.1). Concerning DNA impurities, various gPCR methods
are available and for other process-related impurities, like buffer ingredients, surfactants or
affinity ligands, reverse phase chromatography (RP-HPLC), optionally combined with a
charged aerosol detector, can be performed. These reagents may cause safety concerns,
making it necessary to demonstrate the non-existence of these impurities at the end of the

process.

Finally, the vg to capsid ratio is clearly another CQA for AAV samples because empty
capsid can induce different effects which can lead to lower transduction efficiency and/ or
immunogenicity. To determine the number of empty capsids in the sample, cryo electron
microscopy (cryo-EM), analytical ultracentrifugation (AUC) or anion exchange
chromatography (AEX) can be used.

1.3.3.1 Replication competent AAV

An AAV containing rep and cap flanked by ITR, and therefore able to replicate in the
presence of a helper virus, is termed a helper virus-dependent replication-competent AAV
(rcAAV), also known as "wild-type" or "pseudo-wild-type" AAV. The expression of AAV
rep or cap from rcAAV present in an AAV vector investigational product increases the risk
of immunotoxicity in vector-transduced tissues. There is evidence that rcAAV may
contribute to the generation of CD8+ T cells which can recognize vector-transduced cells
(153). These cells present peptides derived from the input capsid protein component of the
vector inoculum through a cross-priming mechanism (153). Not all mechanisms are yet
fully understood but the risk of immunotoxicity underscores the need to reduce rcAAV to
the lowest achievable levels in AAV vector drugs.

Helper virus-dependent rcAAV closely resembles authentic AAV vectors, and thus cannot
be separated by purification process steps. Rather, strategies are required to minimize
rcAAV formation during vector generation in cell culture. The generation of rcAAV
particles is highly dependent on the method used for AAV production, the triple
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transfection method being more prone to generate rcAAV than productions relying on
stable cell lines (154, 155).

To test the presence or absence of rcAAV forms, a sample of the vector stock should be
amplified in a serial passage assay, typically on adenovirus infected HEK293 or HeLa cells.
Thereafter, DNA is isolated from P2 cell population and analyzed for AAV replication
intermediates (148). One problem of this method to test presence of rcAAV is the need of
using wild-type AAV vectors as a control for the test, which are a risk for cross-
contamination of rAAV stocks. Furthermore, with the increasing number of serotypes and
mutants in use, it will be necessary to develop wild-type AAV standards for each serotype

or mutant to ensure sufficient sensitivity of the test.
1.3.3.2 DNA impurities

During the production process, different types of DNA emerge that are required at a
particular step to produce AAV. Accordingly, the foreign DNA in the final product can
come from the production cells, from helper viruses, but also from the vector genome used
itself. All this DNA is undesirable in the DP because it can be immunogenic. These DNA
fragments can be free or enclosed in a capsid. The removal of foreign DNA enclosed in the

capsid is much more difficult than the removal of free DNA fragments.

1.3.3.2.1 AAV-encapsulated DNA impurities

Although viral ITR in the vector genome functions as a signal for specific DNA
encapsulation, it has been described that other DNA forms can be encapsulated
nonspecifically (156-158). Encapsulated baculovirus DNA was one of six major product
quality concerns identified during licensure assessment of Glybera (42).

When using triple transfection protocols, there is an increased risk of “cross-encapsulation”
of DNA because high amounts of genome are used for this transfection. Indeed, AAV
containing prokaryotic DNA and, in particular, the ampicillin resistance gene pose a
significant problem, as this can lead to antibiotic allergies (156). One of the mechanisms
that lead to undesired DNA packaging is the encapsulation of the backbone of pTransgene
plasmid that contains the ITR-flanked vector genome by a reverse packaging process.
Addressing this concern, it was demonstrated by Hauck et al. that, by including stuffer
DNA to increase the size of the pTransgene above 5 kb, it is possible to reduce reverse
packaging up to 7.6-fold (157).
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To measure relevant specific nucleic acid impurities, the genome DNA can be quantified
by gPCR with primers and probes specific for the ampicillin or kanamycin resistance gene
common to all genomes used for rAAV vector generation. In the additional studies
concerning purification strategies of AAV vectors in Chapter V, the amount of pTransgene
backbone was determined by gPCR. Quantification of host cell DNA (HEK293 or Sf9) is
possible by a TagMan gene expression assay for 18S rRNA or by Alu sequence (a repetitive
DNA sequence), as it is done in Chapter 1V of this thesis. The amounts of these specific
DNA impurities are indicated as amount in pg compared to vg (74). Furthermore,
distinction can be made between encapsulated and naked DNA impurities, based on
nuclease sensitivity. DNA fragments from host cells can account for 1-3% of the total AAV
vectors (158).

Regardless of the cell lines used to produce the AAV, i.e., human or non-human origin, two
possible risks are genotoxicity and immunotoxicity (7). As mentioned, the potential for
homologous recombination with genomic sequences in transduced human cells is greater
when human cell lines are used. Since these lead to AAV with residual human genomic
DNA, which in turn leads to an increased genotoxicity risk. In contrast, when insect cells
are used as production cell line, the risk of genotoxicity is likely to be reduced (7).
However, the risk of immunotoxicity is increased, due to unintended expression of
polypeptides from insect cells in transduced tissue. Lastly, both HEK293 and HeLa cells
may have activating oncogenes present. This, of course, raises concerns because relevant
amounts of these oncogenic DNA sequences can be conserved in viral vector preparations

(159-161). In any case such impurities should be reduced to the lowest achievable levels.

1.3.3.2.2 Helper virus DNA

Helper viruses can occur as contaminant as whole virus or in the form of encapsulated
DNA. Herpes simplex viruses, adenoviruses, or baculoviruses are commonly used for
rAAV production, depending on the adopted strategy. Packaged helper DNA sequences
can be determined and quantified by specific primers during qPCR, as already discussed in
1.3.2.2.2. Packaged residual DNA impurities, derived from vector template and helper
sequences, were reported to range from 1% to 8% of vg DNA in purified AAV samples
(156, 157). A primary concern of residual helper DNA sequences packaged within AAV is
the possibility of unintended expression of immunogenic peptides. In the DP no more than
0.1% of vg DNA is allowed to be residual helper DNA (162).
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1.3.3.2.3 Free DNA/RNA impurities

In addition to the encapsulated DNA of host cells and helper viruses, the DNA may also be
presented in free form. Therefore, it is also necessary to remove as much free DNA as
possible from the DP. Despite numerous purification steps, it is possible that free DNA is
found in the DP. Regardless of the cell line used for production, AAV products must be
screened for the presence of DNA-related contaminants that originate from the host cell or
helper components that are used part of AAV production. To quantify host cell DNA
impurities, g°PCR/ddPCR-based methods are used that target regions such as Alu repeats
(163), 18SRNA (164) or other housekeeping genes within host cell genomic DNA. Primers
for Alu repeats were also used in Chapter IV to quantify the amount of HEK cell DNA.

It has been shown that a large fraction of free DNA binds to the outside of the capsid and
therefore co-elutes with the capsid when using size exclusion chromatography (SEC, for
more information see 1.3.4.2.2). During the SEC run, the presence of contaminated DNA
can be measured by fluorimetry using Picogreen (93). However, quantitative comparisons
should only be made with caution: even when assuming uniform staining and
chromatography conditions, the intercalated dye may be displaced. For example, a high
amount of salt (1M NaCl) can decrease Picogreen fluorescence, while divalent metal

cations are known to enhance Picogreen fluorescence (93).

The concern that residual DNA impurities might express oncogenes led to the existing
guidelines: residual DNA amount and size must be controlled; residual cell-substrate DNA
should be <10 ng per dose, with a median DNA size of 200 bp or lower and residual plasmid
DNA must be below 100 pg per 10° vg (165, 166).

1.3.3.3 Protein impurities

The only proteins that should be present in purified rAAV stocks are the capsid proteins
(VP1, VP2, VP3). However, it is common for protein impurities to be co-purified with
these vectors. In the case of AAV, the protein impurities can be of different origins: e.g.,
bovine serum contained in the culture medium or endogenous proteins from the producer
cells (167). Depending on the serotype and the protein present, there may be significant
interactions between the protein and the AAV. Human galectin-3 binding protein (hu-
G3BP) has been shown to cause aggregation and precipitation in AAV6 and may even
decrease the transduction efficiency of AAV6 (168).To determine the protein composition

of the rAAV stocks, the most common method involves SDS-PAGE and sensitive protein
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staining, usually silver stain (see 1.3.2.1.3). In SDS-PAGE, the ratio of the capsid proteins
VP1, VP2 and VP3 can be estimated, and the relative purity of the capsid can be controlled.
This implies that the purity of the sample can only be assessed in comparison to a reference
preparation. Unfortunately, for the moment only reference materials for AAV2 and AAV8

are available.

Alternatively, optical density measurement of rAAV stock at 260/280 nm and correlation
of this value to vg can be used to estimate protein impurities (65, 74). There are also
commercially available ELISA kits, for example Bio-Rad microassay (76), antibody
affinity extraction, or LC-MS, that can be used to determine the protein content in the
sample.

1.3.33.1 Empty capsids and other product-related impurities

Empty capsids consist of an identical AAV capsid shell as the full capsids. But unlike these
they do not contain a nucleic acid molecule, so they are not therapeutically active. Empty
capsids are the result of a very low encapsulation efficiency during production. In current
standard production methods large amounts (50-90%) of AAV particles do not contain
vector genomes (57, 65, 80, 103).

Whether empty capsids have a positive or negative effect on transduction efficiency is
much debated: on the one hand, they may reduce transduction by competing for vector-
binding sites on target cells, which in turn may lead to an increased need for vector dosing.
On the other hand, empty capsids have also been reported to have a positive effect on
transduction efficiency. Due to their immunological similarity, empty capsids may act as
effective decoys to decrease neutralization of functional AAV vectors by pre-existing
antibodies, thereby increasing transduction in target tissues after systemic administration
(42, 169, 170).

In addition, capsids may be partially filled: Fragments of other nucleic acids contained in
these capsids may pose a disproportionate risk for enhancing adaptive immune responses
directed against the viral capsid antigen, if not removed. Furthermore, the ratio of empty
capsids to genome-containing AAV particles may influence the outcome of in vivo gene
transfer (4, 26).

There are several well-established methods for full-empty distinction of AAV products,
including analytical ultracentrifugation (AUC), cryogenic electron microscopy (cryoTEM),
and anion exchange chromatography (AEX). More recently, capillary electrophoresis

isoelectric focusing (cIEF) (171), charge detection mass spectrometry (CDMS) (172), and
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mass photometry (MP) detection (173) have also been used to distinguish between full and
empty capsids. In addition to empty capsids, it is important to measure partially filled and

aberrantly formed capsids, as well as the relative abundance of empty to full capsids.

1.3.3.3.2 Sedimentation-velocity analytical ultracentrifugation — SV-AUC

SV-AUC monitors sedimentation during centrifugation and links the sedimentation profiles
of the AAV sample with the molecular weight and size of the particles. For detection UV
extinction at 230 nm, 260 nm, or 280 nm, as well as Raleigh interference can be used. In a
single experiment, information can be obtained on the relative content of full (100-120
Svedberg (S)), partially filled (80-95 S), and empty capsids (60-70 S), as well as on the
number of aggregates and minor impurities (174-176). This makes AUC one of the few
measurement methods that can detect partially filled capsids, at all. In addition to separating
full and empty AAV by AUC, the 260 nm to 280 nm ratio can be used for determination of
the full-empty ratio. For full AAV the ratio is about 1.4 and for empty AAV about 0.6.
The advantages of SV-AUC are the good reproducibility of the relative proportion of full
and empty capsids and the quantification of partially filled capsids. However, this method
also has its disadvantages: Quantification of aggregates is only possible when their content
is higher than 3%, because the standard deviation for aggregate content is about 1% (177).
To perform an SV-AUC experiment, 400 to 500 pL of sample volume and an AAV
concentration higher than 1*10? vg/mL are required, and it is not possible to recover the
material after the measurement (174-176). AUC equipment is expensive, and scalability is
difficult due to the limited throughput of seven samples within six hours. Nevertheless, it
is often used as an orthogonal method to validate alternative methods that offer higher
throughput but possibly poorer resolution, like AEX or clEF (174, 178).

1.3.3.3.3 Transmission electron microscope — TEM

TEM is a well-established method providing visual information on AAV. This allows an
image based morphological assessment of the capsid content (179, 180). An alternative to
negative-staining TEM is cryogenic electron microscopy (cryo-EM) (181). The structural
characterization relies on good contrast, which is typically achieved with heavy metal
staining salts. The salt diffuses into the inside of empty AAV capsids and due to the electron
dense staining material, the inside of the capsid appears dark (donut-like) in the TEM
images. The higher the degree of filling of the capsid, the less space is available inside the
capsid for the staining material and the brighter and more uniform, the core regions of the
AAV appear. By counting the AAV particles, the titer of the AAV can be estimated. The

28



titer can be estimated separately for full and empty AAV (182). However, this estimation ,
is complicated by possible intermediate particles that appear neither empty nor full, as
reported by Grimm et al. (183).

Using manual visual identification (123, 174, 184) by TEM is, along with AUC, de facto
the reference method for determination of full to empty content ratio. Usually, TEM is used
for purified samples because impurities can interfere with the accurate identification of
AAV. Nevertheless, it was recently shown by Subramanian et al. that it is feasable to
measure unpurified samples (181). Furthermore, it has been used for the identification of
aggregates, deformed capsids, other particles such as host cell debris, and other
contaminants (123).

The main advantages of electronic microscopy are that it can be used independently of the
AAV serotype and only requires a small sample amount. On the downside, it is an imprecise
and non-standardized method for titer measurements (4). Multiple thousands of capsids
must be imaged and analyzed for statistical significance, with the capsid content of
individual images varying by around 2% (174, 181). Moreover, it is not possible to detected
over-filled capsids by TEM. Over-filled capsids are capsids that contain more DNA than
the normal vector genome. Thus, unreliable results are common and poor agreement with
orthogonal methods, such as AUC, has been reported (9, 80). Due to the low throughput
and long turnaround time, it is difficult to use TEM as a routine analysis method. For the
future, novel software solutions, that use deep learning algorithms for quantitative

assessments, reveal potential for fully automatization of TEM image analysis (185).

1.3.3.34 Anion exchange chromatography - AEX

AEX is an established method in protein analytics. It uses charged functional groups with
reversibly bound counter ions on a polymeric matrix. The species then can be separated,
based on their different isoelectric points (IEP). The literature IEP of full AAV is 5.9, the
IEP of empty AAV 6.3 (25, 186). AAV viral particles contain multiple sites to bind anion
exchangers, therefore AEX is a widely used chromatography for purification and analytic.
AEX can be used for purification of the AAV samples from empty capsids with fairly good
results (26, 176, 187). This is also shown in Chapter IV. For example Poros HQ (26, 188),
CIMmultus QA and PrimaS (93, 189), Q-Sepharose x| (26), or HiTrap Q (190) were used
for full-empty separation of AAV1, 2, 4,5, 6 and 8, successfully (95, 191-193).

Because the classical column materials used for protein purification (chromatographic

resins) are of limited applicability for the size range of viruses, monoliths are an alternative
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purification and analytic format for large macromolecular complexes (194). Significant
overlap between empty and full capsid peaks in IEC chromatogram is commonly observed,
which means that some full capsids must be sacrificed to achieve complete elimination of
empty capsids, using this method. Until recently, the AEX had to be developed newly for
every serotype. But lately, a robust AEX method to achieve complete separation of empty
and full capsids for several serotypes was developed (189). For industrial scale
chromatography, linear gradients are simpler and more robust, but separation performance
can be significantly improved with step gradient chromatography (95).

What is more, AEX can be used for quantification of empty capsids in an AAV preparation,
because empty capsids will elute earlier in the gradient (salt or pH), in respect to the full
AAYV (191). This can be important for future studies on stability and formulation screening
because it is an easy, cheap, and time-efficient method (182). For detection, an UV-detector
can be used, because from the ratio 260/280 nm, it is possible to confirm the ratio of full
and empty AAV (194) (see 1.3.3.3.2). A ratio ~1.438 indicates that the viruses are full and
a ratio ~ 0.59 that they are empty (65). To derive the relative percentage of empty capsids,
the different extinction coefficients must be considered - otherwise the empty capsids are
underestimated because of the lower extinction coefficient (see 1.3.2.1.6, Chapter 1V). To
reduce this difference to a minimum, the separation can be also monitored by intrinsic
fluorescence, because DNA contributes only 0.2% of full capsid fluorescence (93, 195,
196). Using a fluorescence detector can also substantially lower the impact of free DNA,
that occurs as impurity in the sample, and can enhance the sensitivity of AAV detection

massively (93).

1.3.3.35 Capillary isoelectric focusing - clEF

clEF is another method to separate full and empty capsids on the basis of charge (171).
clEF is commonly applied in proteomics research due to the very high resolution power
and has been reported to baseline separate components with a difference in their respective
IEP of only 0.01 (197). The measurement can be done in less than one hour and results in
good separation of full and empty capsids, as well as partially filled ones. In the application
note of the PA 800 (SCIEX, Brea, CA, USA) 27 uL sample containing 3*10'? vg/mL AAV
are used for the measurement. A good reproducibility was shown, with <5% RSD for the
peak area and 2% RSD for the pl value. Thereby, it is possible to identify different AAV
vectors based on their pl. The findings for the full-empty ratio in clEF correlate well with

orthogonal methods like AEX (171). Both methods work with UV detection, so a correction
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factor is needed to prevent overestimation of full capsids (Chapter 1V). Estimation of the
v titer is so far not possible, because the workflow is tedious and the process of calibration
not yet established. But in future it should be possible to get this information from clEF. A
relatively large amount of sample is currently still needed to perform this analysis. The
needed concentration of AAV in the sample is also in the upper range. These two factors
are a clear disadvantage of this method, since for newer AAV constructs often only small
amounts of sample with low titers are available at the beginning. If a FI detector were used
instead of a UV detector, the AAV concentration in the sample could be about 10 times
lower and still allow good detection. This improvement is also crucial because after this

measurement the sample cannot be used for further analysis.

1.3.3.3.6 Charge detection mass spectrometry - CDMS

A mass spectrometry-based approach, such as CDMS, has recently been shown to be able
to separate full, partially filled, and empty capsids (172, 198). CDMS measures the charge
and mass-to-charge ratio of individual ions simultaneously, allowing direct determination
of the mass of typically thousands of ions (199). This method has already been used for
other viruses, like rice yellow mottle virus (RYMYV) and tobacco mosaic virus (TMV), with
RYMV being quite similar to AAV in size and shape (199).

CDMS, together with AUC, clEF and MP is the only other method capable of resolving
partially filled capsids. The turnaround time of CDMS is around 2 h, followed by a quick
generation of a mass histogram from the CDMS data. However, the instrumentation is less
mature and still in development, yet the technology has recently been commercialized by
Megadalton Solutions Inc. (Bloomington, Indiana, USA), with a focus on improving the
application to AAV (200).

Another problem for CDMS is the variation in mass distribution in each capsid due to the
numerical changes of VP1-3, which depend on the expression system for AAV production
(73). This heterogeneous mass distribution is a challenge to analyze by conventional mass
spectrometry because each peak in the mass distribution would lead to several overlapping
peaks in the mass-to-charge ratio spectrum. But some progress has been made in analyzing
the m/z spectrum of AAV by Snijder et al. (201). Depending on the vg, a broad variety of
partially filled capsids can be detected. Especially, for self-complementary vg, partially
filled capsids were observed and there seems to be a preference for cleaving the genome
near the hairpin that joins the two self-complementary segments. All in all, the results from
CDMS correlate well with the data from cryo-EM (172).
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1.3.3.3.7 Mass photometry -MP

MP measures the mass on the single particle level, by detecting the light scattered by the
individual particles as they are bound on a glass surface. The measurement is neither
affected by the particle’s size nor its shape and can, therefore, quantify full and empty
capsids easily (202, 203). The interferometric contrast of scattered and reflected light can
be related to the mass of the particles through a calibration procedure applied both to
proteins (204) and nucleic acids (205).

Refeyn Ltd. (Oxford, UK) demonstrated the ability of a mass photometer to measure the
mass of empty capsids from AAVS5, 6, 8, and DJ, with a mass precision of 2.7% (3.7 MDa
+ 0.10 MDa). Before the measurement, a dilution of 2-10 pL of the sample in 10-18 pL of
PBS is necessary and the capsid concentration in these 20 pL should be around 1-
2*10% cp/mL to have a good particle count rate during the 60 - 120 seconds measurement,
while avoiding overloading the microscope coverslip (173, 206). Additionally, full-empty
capsid ratio determination can be performed easily by MP, due to the difference in mass.
Only the total capsid number or vg titer is not available for the moment. Besides this, the
method is able to detect impurities if they have a mass above 40 kDa, including partially
filled capsids, and calculate the percentage of the impurities in comparison to all detected
particles (173).

1.3.3.3.8 Conclusion

When quantifying the full-empty quotient, a tradeoff between throughput and resolution
must be made for each method. Among high-resolution methods, AUC remains the gold
standard to quantify partially filled capsids, though it requires significant sample volumes.
MP, CDMS, and capillary isoelectric focusing can achieve AUC resolution with a shorter
turnaround time, but there is little literature on either method as they are still in development
(38). The high resolution methods allow the quantification of partially filled capsids in
process development, but the sample throughput is limited and the time required is

expanded.

If it is only necessary to distinguish full and empty capsids, other methods are available
with higher throughput compared to AUC. Of these, AEX is the most promising
technology, as it is both more robust and more precise than other methods (38), and much
more flexible in terms of detection capabilities of the species separated (193, 207). In
addition, quantification of the capsid titer with AEX, either directly using a known

extinction coefficient, or via a standard curve, is possible.
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In general, there are two caveats for quantifying the content ratio using any of the methods
presented here. First, results between orthogonal methods often do not correspond to each
other, and in particular the accuracy of TEM with negative staining is often questionable
(9, 38, 174). In low resolution methods, the contribution of partially filled capsids to the
signals from empty and full capsids is usually not sufficiently clear. Moreover, the content
ratio is a simplified ratio of a heterogeneous composition of capsids and therefore should
not be given too much weight. Ultimately, the distinction between vectors with a complete,
functional genome and a fragmented, nonfunctional genome of comparable size is the
crucial point. Unfortunately, this important distinction is not currently possible with any of
the methods. This is also the reason why the concentration of complete capsids, as estimated
from the titer and content ratio of capsids, cannot be equated with the genome titer, nor
with the number of transductable AAV (38).

1.3.4 Stability of AAV vectors

Stability is a very general term that can have different meanings to scientists and depends
on their research focus. In the field of protein and AAV stability, four different types of
stability must be considered: Conformational stability, colloidal stability, chemical
stability, and interfacial stability. To each of these four stability types, different CQA can
be assigned and studied, as will be discussed below. The goal here must be to find an AAV
formulation that stabilizes the AAV well enough during storage that they are stable in this

formulation for several months or even years.

1.3.4.1 Conformational stability

Conformational instability refers to a change in the higher order structure of AAV. There
are two main pathways for conformational instability: denaturation or small changes in the
capsids that lead to genome ejection. Conformational instability can not only affect the
stability but also the transduction efficiency of AAV and the degradation products can be

immunogenic, it is also a safety concern.

1.34.1.1 Denaturation

Denaturation is the loss of native structure of an AAV, either in the form of loss of
secondary, tertiary or quaternary structures. Many factors can affect conformational
stability, including temperature, pH, product concentration, ionic strength, and the type and

concentration of denaturants. Adsorption to surfaces and shear stress during pumping,
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filtration, filling, and processing can also lead to the unfolding of capsids and result in less

infectious AAV or even force aggregation (208-212).

The conformational stability of biopharmaceuticals in a defined formulation can be studied
by thermal or chemical denaturation to induce unfolding of the protein at a specific
temperature or concentration of denaturant, and thus observe the changes in AAV
conformation. Calorimetric methods such as DSC and spectroscopic methods such as
fluorescence spectroscopy or circular dichroism (CD) are well established for
characterizing the structure and conformational stability of biopharmaceuticals (186, 213).
DSC has been established as one of the most important methods to study conformational
stability of proteins (214, 215). Second, both the intrinsic and extrinsic fluorescence can be
applied to study changes in the AAV conformation (3, 55, 56). With these techniques a
serotype identification of AAV is also possible (see 1.3.1.2.2 and Chapter Il) and it was
found that AAV2 is the least thermally stable serotype (3, 55, 56).

Venkatakrishanan et al. used 350 pL with an AAV concentration of 0.4 mg/mL
(4*10'2 cp/mL) to investigate the structural changes of the AAV capsids due to low pH
using CD (186). CD describes the differences in the absorption of left- and right-circularly
polarized light by chiral molecules. The local chemical environment alters the respective
absorption of light by intrinsic asymmetric peptide bonds and amino acid residues (216).
Thus, in CD spectroscopy, changes in secondary structure are detected by far-UV CD at
wavelengths from 180 to 240 nm and changes in tertiary structure are detected by near-UV
CD at wavelengths from 260 to 320 nm (216). It was reported that a local unfolding of VP
proteins occurred rather than the whole capsid degradation (217). And for the pH induced
denaturation, reversibility was shown by adjusting pH again back to pH 7.4 (186).

1.3.4.1.2 Genome ejection

Depending on the formulation process and over storage, genome ejection can take place
due to the fluidity of the capsid proteins at elevated temperatures (186). The loss of
encapsulated DNA is relevant because it results in less transduction efficiency. A reduced
transduction efficiency was shown in literature for example for lyophilization and storage
(218) and is also discussed in Chapter VI.

Bee et al. developed an easy to perform method to determine the amount of free vector
DNA in an AAV formulation (219). Before this, it was not possible to distinguish between
encapsulated vector DNA and free vector DNA with the established gPCR methods. The
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new method uses SYBR Gold to intercalate the free DNA, like it is done with the vector
DNA in 1.3.2.2.6. The measured fluorescence is then compared to the fluorescence count
at 100% free vector DNA, generated by capsid rupture achieved by adding 0.1% poloxamer
188 and heating to 85°C for 20 minutes (218, 219).

Besides elevated temperatures, pH can force genome ejection, too, because
Venkatakrishnan et al. found some structural changes of the o helices of VVP1 in the capsid
when lowering the pH from 7.5 to 4.0 (186). These changes may also result in the loss of
the genome inside the capsid. Nevertheless, it was also shown, that setting pH back to 7.5,
the structural changes are reversed. So, the partial unfolding of VP1 is reversible,
nevertheless ejected genomes might not be encapsulated again and, in addition to the loss
of encapsulated genomes, the unfolded regions are often prone to hydrophobic aggregation
and if aggregation is irreversible, refolding is not possible anymore. In line with these
finding, in a freeze-thaw study Croyle et al. showed that stability of AAV vectors can be
improved by increasing pH from 4 up to 7.5 (210). However, an opposite pH trend was
reported for the solubility of AAV2: the solubility increases from pH 10 to 4.5 (212). This
implies that the pH stability is serotype specific. The pH range associated with the best

stability should be usually established during (pre)-formulation development.

1.3.4.2 Colloidal stability

Colloidal stability is related to the weak net interactions between protein molecules in
solution (220). Such net protein-protein interactions can be either attractive or repulsive
and result from the sum of long-distance electrostatic interactions, short-distance attractive
interactions, and interactions between hard spheres (209). In particular the weak protein-
protein interactions are important for formulation development, because they impact
aggregation, solubility, viscosity, phase separation, and crystallization behavior (209, 221,
222). For AAV, the factors solubility and viscosity are currently not yet an important issue,
since the manufacturing possibilities are still limited and therefore only very few
investigations of samples with high AAV titers were made. In contrast, aggregation plays
a very important role in formulation development. Therefore, some methods for

investigating aggregation are discussed here.
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1.3.4.2.1 Aggregation

Another pathway to physical instability of AAV vectors is aggregation. As for all
biopharmaceuticals, this is a key risk factor that limits the stability of AAV. Aggregates are
a major concern with biologics because they can cause immunogenic reactions (6, 7, 208).
It is known that immune responses can limit transgene expression after administration of
AAYV vectors (223, 224). Aggregation is caused by excessive attractive interactions like
self-association or oligomerization of native proteins, (partially) unfolded intermediates, or
largely unstructured proteins, which can be forced by extreme pH and suboptimal salt
concentration in a liquid formulation (6, 225, 226). Furthermore, concentrated AAV stocks
are prone to aggregate because there is an intrinsic tendency of AAV to aggregate, which
can result in titer loss and inconsistencies in determining AAV concentration, for example
when using ddPCR, particular for AAV2 (210-212, 227). Lastly, PEGylated AAV can
aggregate by cross-linking the polymer with multiple viral capsids (228).

The efficient removal of residual vector surface host cell DNA by treatment with nucleases
was reported to be an effective strategy to reduce aggregation (229). There are some
appropriate analytical methods which are required to quantify soluble protein aggregates
and subvisible particles. A combination of methods, such as, SEC, AF4-MALS, DLS,
negative stain EM, or AUC can be used for accurate evaluation of aggregation of AAV
capsids. Both, AUC and (cryo)-TEM, have already been discussed in 1.3.3.3.1 and are

therefore not included in the following sections.

For an injection, the European Pharmacopeia sets no limit for osmolality, but it is
recommended to stay in the isohydric range of 280 — 320 mOsmol/kg (230). The impact of
ionic strength on AAV aggregation was studied by Wright et al. (6). They found no
correlation between osmolarity and AAV aggregation, whereas the relationship between
low ionic strength and rising particle size is obvious. The inhibition of AAV aggregation
by ionic excipients depends on their type and concentration. For example, a concentration
of multi-charged excipients is effective at 180 — 220 mOsmol/kg to prevent aggregation of

AAV, whereas 300 — 320 mOsmol/kg of NaCl is necessary for the same result.

1.3.4.2.2 Size exclusion chromatography — SEC

SEC is the gold standard for the analysis of soluble aggregates in formulations of
biopharmaceuticals, but for AAV formulations SEC is of limited use due to the big size of
AAV compared to proteins and antibodies. Recently some columns have been developed

to measure AAV fragments, monomers, dimers and small soluble aggregates: for example
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Superose 6 (Cytiva, Marlborough, MA, USA) (64), WTC-050S5 column (Wyatt
Technology, Santa Barbara, CA, USA) (Chapter V1), Acquity UPLC protein BEH SEC,
450A, 2.5 um (Waters Corporation, Eschborn, Germany) (45), TSKgel GSW4000swxI
column (Tosoh Bioscience, Greisheim, Germany) (93). For detection, UV absorbance or
FI can be used, each with its own advantages and disadvantages (93). While UV detection
at 260 nm and 280 nm provides additional information about the full-empty ratio in the
sample, the LOD is tenfold higher, compared with FI. Apart from aggregation SEC also
allows for the detection of protein and DNA impurities (cf. 1.3.3.2 ). On the downside, SEC
will filter out bigger aggregates and particles. Not only can this result in an underestimated

number of aggregates, but it also risks destroying the integrity of the column.

1.3.4.2.3 Asymmetrical flow field flow fractionation — AF4

To get a better overview of aggregates of different sizes in the AAV formulation, AF4 can
be used. Especially the analysis of very large aggregates is possible by AF4 because no
centrifugation or filtration is required before measurement. Separation in the channel is
achieved through different diffusion coefficients of the particles in the sample, in contrast
to the filtration principle in SEC. Frequently, AF4 is used in combination with a MALS
detector. By this, it is possible to determine the total number of single, as well as aggregated
AAV particles (see 1.3.2.1.6). Deng et al. showed that only 1.08*10" aggregated particles
were eluted by SEC whereas AF4 detected 1.89*10%* particles (88). This means that a
majority of aggregated particles were removed in the stationary phase of the SEC. This
experiment underscores the value of AF4 for a correct analysis of AAV aggregates.
However, there are some disadvantages of AF4 compared to SEC. In AF4, the sample is
diluted to a greater extend, which results in a lower signal to noise ratio for the detection
and especially the RI detector. To overcome this, a larger sample volume can be injected,
or a two UV wavelength detector can be used instead of a RI detector. Because of
robustness and simplicity SEC remains the first choice for monomer analysis of AAV, yet

for aggregate analysis, AF4-MALS is nearly indispensable.

1.3.4.2.4 Dynamic light scattering - DLS

Light scattering-based techniques, such as DLS, are orthogonal analytical methods to
directly assess the colloidal stability of proteins in solution in the respective formulations.
The hydrodynamic radius of particles is measured based on the intensity fluctuation rate of
laser light scattered by the particles or macromolecules over time due to Brownian motion,

applying the Stokes-Einstein-Equation. The smaller the particles are, the faster will the
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amount of scattered light change because smaller molecules have a higher diffusion speed
than larger particles. The high sensitivity towards larger particles is useful to detect even
trace amounts of aggregates.

Operated in batch mode, DLS is a non-destructive method with high throughput and often
combined with SLS (44). No prior sample preparation is needed and the measurement take
less than 5 minutes (43, 81). In highly purified samples, full capsids have a diameter around
26-27 nm, whereas empty capsids range around 32-33 nm (64). But the particle size
distribution obtained from DLS is only semiquantitative and a particle number can only be
achieved in combination with SLS (231-233). If a high polydispersity occurs, this can be
due to inadequate salt amount or high viscosity of AAV formulations (6, 234). Limitations

occurring from DLS/SLS are discussed in 1.3.2.1.5 in more detail.

1.3.4.2.5 Submicron and subvisible particles detection methods

Besides aggregates with a defined number of monomeric units, like dimers and trimers,
there are also bigger aggregates named oligomers, which contain a few monomeric units
and these are generally submicron aggregates, depending on the size of the monomer (235).
The size of submicron aggregates ranges from 100 nm up to 1 um. Oligomers of these sizes
can be detected by TEM, DLS/SLS, and AF4, which can also be used to detect the AAV
monomers. But there are also methods that can only detect the oligomers, like nanoparticle
tracking analysis (NTA), tunable resistive pulse sensing (TRPS), laser diffraction (LD), and
resonant mass measurement (RMM). In particular NTA was already mentioned in 1.3.2.1.7
for being able to detect the AAV monomers after labeling with gold nanoparticles.
However, the common measurement range is from 30 nm up to 1 pum and is therefore
perfect to detect AAV oligomers without labeling. For the measurement with NTA a
sample volume > 200 pL containing 107 — 10° cp is injected into a sample chamber and
illuminated by a laser beam. Thereby, the scattered light from the particles is detected with
a dark field microscope and the Brownian motion is used to track hydrodynamic radius of
the particles (236-239).

Recently, it was shown for TRPS that it is possible to detect particles and aggregates
ranging from 40 nm up to 20 um in exosome formulations (240), as well as the monomers
of lentiviruses (236) and the vesicular stomatitis virus (241). To measure the particle size
with TRPS 10°-10* viruses must be suspended in electrolytes and 40 puL sample volume is
pipetted onto a flow cell and the particles are passed through the nanopore. In doing so, the

magnitude of the signal is used to detect the particle size and the signal frequency is used
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to calculate the concentration. All in all, one measurement takes around 10 minutes and
automation is not possible so far. For impure samples the nanopore might be blocked by
the impurities (237, 242, 243).

In addition to the submicron particles, the subvisible particles are also a well-known issue
for biologicals (213, 240, 244). Particle of this group ranges from 1 pum up to 100 pm and
can be detected by scanning electron microscopy (SEM), imaging flow cytometry (IFC),
light microscopy, flow imaging microscopy (FIM), light obscuration (LO), or

backgrounded membrane imaging (BMI) (235).

Recently, Halo Labs demonstrated that heat denatured AAV can be detected using their
Aura device (245). The technique underlying Aura (Halo Labs, Burlingame, CA, USA) is
BMI. Here, depending on the concentration of particles in the sample, up to 100 pL is added
to a membrane filter well from which the background has previously been taken. After
filtration, a picture of the membrane is taken and the background is subtracted from it. Thus,
particles between 2 um and 5 mm can be visualized and information about particle shape
and morphology can be obtained. Besides BMI, also FIM can be used to detect subvisible
particles. One instrument using this technique is FlowCam (FlowCam® 8100, Fluid
Imaging Technologies, Inc., Scarborough, ME, USA). For one measurement 160 pL
sample are needed and can detect aggregates in the range of 1 yum to 100 um. For the
moment there is very few literature about oligomers of AAV measured with one of the
mentioned methods because the amount of needed sample for all these methods is rather
large in the context of AAV formulation.

1.3.4.3 Interfacial stability

The interfacial stability of a protein and viral vector capsid proteins depends on the stress
that occurs at the air-liquid, solid-liquid, or liquid-liquid interfaces. Such interfaces can be
found, for example, between AAV capsid and primary packaging material, the air in the
headspace of the container, or at the surface of silicone oil droplets. By shaking, stirring,
or dropping, this surface area can be further increased. Many therapeutic proteins have been
shown to be surface active and tend to accumulate at the interfaces mentioned above. This
phenomenon has also been observed for AAV: They have a strong tendency to interact with
the primary packaging agent or injection device, so that a significant loss of AAV after
injection can be observed. In one study, up to 75% of vector loss occurred and a significant

reduction in dose was reported due to surface adsorption of AAV vector when the product
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was administered using an 1 mL syringe (246). In another preclinical study, AAV5
exhibited significant adsorption to glass and plastic surfaces (247). During adsorption,
protein molecules may change their physical state and conformation (248, 249). There are
several mechanisms of surface adsorption. The most important factors are intramolecular
forces, hydrophobicity, and ionic and electrostatic interactions (250, 251). Misfolded
proteins can reveal hydrophobic residues that facilitate protein aggregation through
hydrophobic interactions (250, 252). These interactions then lead to the formation of small
aggregates, which in turn may nucleate further AAV aggregation, ultimately generating

visible particles in solution.

In most cases of therapeutic proteins, interfacial instability can be mitigated by the addition
of an appropriate amount of nonionic surfactant, such as polysorbates. Therefore, these are
nowadays included in most protein drugs on the market (248, 253). Comparable results
have also been shown for AAV. The surfactant most frequently investigated in this context
is poloxamer 188 (218, 254).

The interfacial stability of a protein is usually evaluated after application of mechanical
stress, like shaking, stirring, vibration, freezing or dropping (220, 255, 256). For proteins,
numerous studies are available in this area. For AAV, on the other hand, only a few studies
are currently available (245, 254). Those studies currently focus primarily on adsorption to
the packaging material or on freeze-thaw experiments, since AAV are currently stored
below -60°C by default and are thus inevitably subjected to at least one FT cycle. In such
studies, different formulations with and without surfactants and surfactant concentrations

are usually tested.

For subsequent analysis, a variety of methods are available for proteins, such as: UV
spectroscopy and chromatography to quantify the loss of soluble protein that occurs when
protein adsorbs and remains at interfaces or when insoluble protein aggregates form. SEC,
AF4, and light scattering are used to study the formation of small soluble aggregates. The
presence of larger insoluble aggregates is investigated using techniques such as light
obscuration, flow imaging microscopy, or others (257). In the field of AAV, these
techniques are currently not widely used; instead, the vg titer is mainly determined using
gPCR or ddPCR. Alternatively, the activity of AAV is directly determined using
transduction or infection assays. However, due to the higher throughput and the possibility
of automation, the methods already established for proteins will be used more and more in
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the field of AAV analysis in the future. In Chapter Ill, capsid loss by filtration was
investigated and loss of monomer recovery was determined by SEC. It was shown that with
the aid of poloxamer 188 adsorption to both the syringe and the filter membrane can be
reduced significantly. In addition, it was also shown that the choice of filter material has an

influence on the amount of AAV adsorbed.

1.3.4.4 Chemical stability

The chemical stability of protein drugs is limited by chemical changes of the composing
amino acids such as oxidation, deamidation, hydrolysis, disulfide exchange, and
isomerization (258). The chemical degradation pathways have been well described in
literature and the resulting chemical changes can also impact the physical properties of
proteins such as electrostatics, hydrophobicity, secondary and/or tertiary structure, and the
thermodynamic and kinetic unfolding/folding barriers (250, 251, 259). AAV capsid
proteins can oxidate due to downstream process, storage, or by exogenous stresses. The
oxidation as well as deamidation of AAV8 was reported in an LS-MS study (260) and
acetylation was detected for AAV2 using CE/MS (261). Chemical changes of AAV capsid

proteins could impact vector safety and efficacy.

One commonly occurring chemical alteration is oxidation which has been shown to impact
safety and transduction efficiency (4). Mainly the amino acids Met, Tyr, Trp, His, and Cys
are exposed to oxidation. Studies have shown that the main cause of damage of viral
particles during long-term storage for 24 months at 5°C is free-radical oxidation (262-265).
Damage to the viral capsid protein can result in the inability of viruses to recognize cellular
receptors, thereby preventing cell transduction (266). By adding combinations of metal
chelators and hydroxyl radical scavengers such as EDTA and histidine, it is possible to
limit oxidation (6, 265).

One common analytical method to detect chemical changes of methionine residues in
proteins is reverse phase (RP) chromatography that utilizes the differences in
hydrophobicity to separate the degraded and non-degraded proteins (267). The coupling of
RP chromatography with MS is a well-established analytical technique to detect chemical
changes in proteins and identify specific amino acids that are susceptible to oxidation or
deamidation (268). By performing an RP chromatography, the proteins normally undergo
denaturation due to the combination of acidic pH values, high levels of organic solvents,

and elevated temperatures. In contrast, hydrophobic interaction chromatography (HIC) is
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able to separate proteins based on their hydrophobicity under non-denaturing conditions at
neutral pH values and ambient temperature (269, 270). Therefore, the AAV capsid can be
chromatographed in HIC as a whole, which is not possible in the RP due to the experimental
conditions. To do so, hydrophobic interactions of the proteins with the column are triggered
by high salt concentrations in the elution buffer and the applied gradient reduces the salt

concentration until the proteins elute from the column.

Deamidation is another common chemical change within the capsid. It occurs when the
amide group of an asparagine or glutamine side chain is cleaved off as the result of a
nucleophilic attack. This leads to a succinimidyl intermediate (271) that, via hydrolysis,
results in a mixture of aspartic acid and iso aspartic acid (or glutamic acid and isoglutamic
acid) (272). Deamidation kinetics depend on the local flexibility of the peptide chain,
overall protein structure, solvent accessibility, buffer identity, pH, and temperature (208,
273, 274). Deamidation of selected amino acids alters the stability, immune response, and
in the case of AAV vectors also the transduction efficiency (250). It was recently reported
that the deamidation of asparagine residues of AAV1, AAV3B, AAV4, AAV5, AAV7Y,
AAV8, AAVY, and Rh32.33 serotypes results in a loss of activity (10).

Especially for deamidation, IEX is a valuable chromatographic method for the analysis of
chemical degradation in protein formulations. Separation is achieved through differences
in the respective charge-distribution on the VP surface and subsequent differences to the
charged stationary phase (275, 276). As already discussed in 1.3.3.3.5, isoelectric focusing
is also a useful method to separate proteins based on differences in their charge (261).

Incorrect disulfide bond formation or exchange is a third common chemical degradation
pathway for biotherapeutics. Disulfide formation is pH dependent, usually resulting from
an increased pH value of the formulation (250). Free cysteine residues in proteins can be
oxidized to form disulfide bond linkages or cause disulfide exchanges, causing protein
aggregation or polymerization (277, 278). The AAV capsid protein contains five highly
conserved cysteines that remain mostly buried within the capsid (279). So far, the impact
of disulfide bonds on the function of the VP remains unclear (280).

Lastly, isomerization is a pH dependent formation that results either from Asn deamidation
or Asp dehydration and leads to a succinimide intermediate (281). As described for the
other deamidation processes, this succinimide intermediate results in a mixture of Asp and

iso-Asp. For AAV5 isomerization has been reported under various stress conditions (263).
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It is unclear whether chemical changes to the DNA also occur during storage, but it is
reasonable to conclude that the DNA is largely protected from external influences by the
AAV capsid. Free DNA, on the other hand, is certainly subject to chemical changes, but
this is of little importance in the context of AAV DP formulation, since only DNA that is
present in the AAV capsid can show its effect in the activity assay and thus also in the

patient.

1.3.5 Safety

Next to the already discussed CQA of active pharmaceutical ingredients like identity,
potency, purity, and stability the last CQA is the safety of the product. The applicable
criteria result from the administration route of the product. Like most other biologicals,
AAYV must be injected to the body or the specific compartment of the body in order to take
full effect.

Firstly, the formulation should be clear and colorless and should not contain any visible
particles after USP 787. Additional safety testing for parenteral products includes sterility
tests, as well as testing for the absence of microbial contaminations, mycoplasma,
endotoxin, or adventitious viral agents. The absence of mycoplasma and adventitious viral
agents must already be shown for the crude cell harvest, because this is the point where
these contaminants would occur (282). The sterility and endotoxins testing must only be
performed on the drug product. The allowed endotoxin amount depends on the route of
administration of the product.

A special safety issue, only applicable to AAV DP, is the occurrence of rcAAV. Testing
for rcAAV can be done with an infectious center assay and the required threshold is 1
rcAAV in 108 vg (283). But as already discussed in 1.3.2.3.2 infection of cultured cells like
HEK293T or HelLa often shows very low efficiency (282). Because this assay is very
inaccurate and laborious, other more reliable analytical methods must be found to reliably
detect rcAAV. For example, gPCR using appropriate primers and probes could be used
(283).
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1.4 Aim of the thesis

The aim of this thesis was to find new characterization methods for AAV serotypes, to
enhance AAV vector stability, and to create a fast, easy, and serotype-independent
purification process, with the final goal of improved storage stability of AAV vector
formulations using lyophilization. Accordingly, the following chapters of the thesis build
upon each other and reflect not only the research process but can also function as a guidance
for better AAV DP development.

In Chapter I, a simple and rapid method for serotype identification based on intrinsic
fluorescence is described. The only other method of serotype identification established for
now is a dot or Western blot with specific antibodies for the corresponding serotype. In
addition to the immense time required for these assays, the detection of multiple capsids by
one antibody is considered problematic. To simplify this, it has already been shown with
the help of SYPRO Orange dye that different AAV serotypes have different unfolding
temperatures. The downside of SYPRO Orange is the relatively large sample size and
concentration that is required. On top of this, measurements of samples containing
surfactants are nearly impossible. Measuring the unfolding of the capsids using iDSF
should reduce the sample amount and concentration, while at the same time allowing for
measurement of samples containing surfactants. This is important because it has been
shown several times that surfactants significantly reduce the adsorption of AAV to
packaging materials and therefore should be included in formulations to achieve best

possible stability.

The next crucial CQA to consider for AAV DP is the cp titer. Cp titer does not only provide
a clear indication of the number of viral capsids, but in conjunction with the vg titer
provides information on the ratio of full to empty capsids. The current standard method for
the determination of the cp titer is an ELISA, which is, however, very labor and time
intensive. Therefore, Chapter 111 compares different methods for the determination of the
capsid titer with the goal of faster, yet still reliable, determination of the cp titer. The
detection methods evaluated range from fluorescence and UV detectors, to light scattering
analysis using MALS, DLS and/or SLS, UV spectrometry, as well as the well-established
SDS-PAGE. Special attention is given to the additional information that can be obtained
by the respective methods. In addition, the chapter deals with the positive effect of
poloxamer 188 on adsorption to the primary packing that has already been demonstrated

several times. However, adsorption does not only occur at the primary packing, but also
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during the fill and finish process. Here adsorption to hoses and filters can occur. Therefore,
the influence of poloxamer 188 and different membrane materials on AAV loss during

sterile filtration is investigated in Chapter 11, as well.

One of the main challenges for AAV DP production is purification. Classical purification
of AAV is performed by ultracentrifugation in different layers of iodixanol or cesium
chloride. This form of purification takes a lot of time and is also difficult to scale up. With
the steadily increasing interest in AAV formulation, there is a growing need for faster,
accurate, and scalable purification processes that meet the production requirements. For
this purpose, different liquid chromatography-based purification strategies for AAV8 are
tested and compared in Chapter 1V, with a particular focus on virus yield and remaining
impurities. Since a major advantage of ultracentrifugation purification is the easy
application to all serotypes, the developed purification strategies are also tested with
different variants of AAV2, AAV2.NN and AAV2.GL, manipulated variants of AAV2.
The goal is to develop a strategy that can be used as universally as possible.

In a next step, Chapter V supplements the purification experiments with further studies of
the purified samples. The analytical scope is extended towards the control of the residual
pTransgene backbone, as well as new approaches for full-empty determination. The chapter
closes with an evaluation of the impact of different purification strategies on capsid damage

and transfection efficiency.

One of the main problems for the global application of the AAV DP is that its applicability
is severely limited by storage conditions. Both gene therapeutics on the market are stored
below -60°C because, according to current data, only at these low temperatures the stability
of AAV can be guaranteed over a longer period. Since this form of storage not only requires
a lot of energy, but also poses a problem for transport over long distances, Chapter VI aims
at improved storage stability above -60°C by means of various excipients and freeze-
drying. This is done by comparing the respective liquid and freeze-dried AAV formulations

during storage over 4 weeks at 2-8°C and 25°C.

Finally, Chapter VII provides a summary of the presented results on the characterization,
purification and lyophilization of AAV vector formulations, discusses the impact of the
advancements this thesis provides for AAV DP, and gives an outlook on the future work
on AAV vector formulations.
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Chapter 11 Intrinsic differential scanning fluorimetry for
fast and easy identification of AAV serotypes
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1.1 Abstract

Recombinant adeno-associated virus (AAV) vectors have evolved as the most promising
technology for gene therapy due to their good safety profile, high transduction efficacy,
and long-term gene expression in non-dividing cells. AAV-based gene therapy holds great
promise for treating genetic disorders like inherited blindness, muscular atrophy, or
bleeding disorders. Multiple naturally occurring and engineered AAV serotypes exist,
which differ in capsid sequence and as a consequence in cellular tropism. Individual AAV
capsids differ in thermal stability and have a characteristic melting temperature (Tm), which
enables serotype-specific discrimination of AAV vectors. Differential scanning fluorimetry
(DSF)combined with a dye-like SYPRO Orange (SO-DSF), which binds to hydrophobic
regions of unfolded proteins, has been successfully applied to determine the T of AAV
capsids. Here, we present DSF measurement of intrinsic fluorescence signal (iDSF) as a

simple alternative method for determination of AAV capsid Tm. The study demonstrates
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that DSF measurement of intrinsic fluorescence signal is a simple, accurate, and rapid
alternative to SO-DSF, which enables characterization of AAV capsid stability with
excellent precision and without the need of SO or any other dye.

Keywords: adeno-associated virus AAV vector, high-throughput technology, intrinsic

fluorescence, melting temperature, capsid thermal stability

Abbreviations: AAV - adeno-associated virus; Cp - capsid particle; DSF - differential
scanning fluorimetry; SO-DSF - differential scanning fluorimetry with SYPRO Orange;
IDSF - differential scanning fluorimetry with intrinsic fluorescence; IFS - intrinsic
fluorescence signal; ITR - inverted terminal repeats; PBS - phosphate buffered solution;
SEC - size exclusion chromatography; SO - SYPRO Orange; Tm - melting temperature; vg

- vector genome.

1.2 Introduction

Gene therapy aims to treat a disease or improve patient conditions by genetic modification
of patients cells (284). While the concept of gene therapy is not novel, major developments
have been made during this past decade. An important reason for this is the availability of
highly efficient and safe gene therapy vectors (285). Among the vectors used, recombinant
adeno-associated virus (AAV) vectors have emerged as very promising option and have
been already used in more than 190 clinical trials across different indications with very
good safety characteristics (286-289). This is reflected in the recent marketing
authorization of Luxturna® and Zolgensma®, AAV vector-based therapies for RPE65-
linked retinal dystrophy and SMN1-linked spinal muscular atrophy, respectively. AAV are
small, non-enveloped, non-pathogenic DNA viruses belonging to the Dependoparvovirus
genus of Parvoviridae. They are dependent on the presence of helper viruses such as adeno-
, papilloma- or herpes-viruses for replication and progeny production. Multiple naturally
occurring AAV variants (so called serotypes) exist, which differ in their capsid amino acid
sequence and, thus, show distinct anti-AAV antibody profiles. In addition, multiple
engineered versions with synthetically or alternatively modified capsids exist. AAV
particles consist of three structural viral proteins (VP1, VP2 and VVP3) and an approx. 4.7 kb
single-stranded DNA genome containing two genes, Rep and Cap, between two inverted
terminal repeats (ITR). Rep encodes multiple non-structural Rep proteins, which are
essential for viral genome replication and packaging. Cap contains an open reading frame
(ORF) that produces the VP1, VP2 and VP3 proteins from distinct start codons in a ratio
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of approx. 1:1:10. In addition, a second +1-frameshifted ORF produces the non-structural
assembly-activating protein (AAP), which acts as a chaperone facilitating the assembly of
the three VPs into the icosahedral capsid structure (19, 290). To construct recombinant
AAYV vectors for gene therapy the Rep and Cap genes are replaced with an expression
cassette that contains the transgene cDNA of interest with an appropriate promoter and
other regulatory components such as polyadenylation signals. For rAAV vector production
the Rep and Cap genes as well as a minimal set of adenoviral genes are provided in trans
from different plasmids that do not have ITRs.

Different AAV serotypes not only have distinct cellular tropism and transduction profiles,
but also differ in their structural properties and stability. The latter feature is also reflected
in the thermal stability and results in a serotype-specific melting temperature (Tm) of the
capsids. Interestingly, Tm measurement allows for distinction of most AAV capsid pairs
independently of the carried genome. So far, the established method for T measurement
is based on differential scanning fluorimetry (DSF) with AAV samples treated with a
fluorescent dye like SYPRO Orange, which binds to hydrophobic regions of unfolding
proteins and enables monitoring of capsid unfolding in response to a temperature ramp (3,
55). The fluorescence of SYPRO Orange is quenched by solvent molecules and increases
upon binding to the hydrophobic sites that are externalized during thermally induced
protein unfolding (291).

We present a simple method with excellent precision, utilizing DSF without using SYPRO
Orange. The DSF approach is based on the intrinsic fluorescence of tryptophan residues
within the AAV capsid protein sequence, which are highly conserved across AAV
serotypes and whose spectral properties are dependent on their local environment. Changes
from hydrophobic to a hydrophilic environment lead to a red shift of the emission spectrum
of tryptophan upon excitation in the UV range (292). With this easy measurement, it is
possible to determine the Tm of different AAV serotypes within one hour, down to a

concentration of around 2*10!* cp/mL with only 10 pL of sample volume.

11.3 Materials and methods

11.3.1 AAV production and purification
Recombinant AAV vectors were produced and purified based on previous studies in
adherent HEK293 (293, 294) or Sf9 cells (295) and finally buffered in 1xPBS. Empty and
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full particles from some AAV vectors were purified by two rounds of CsCl gradients as

described previously in Ayuso et al.2010 (74).

When indicated, AAV vectors produced in HEK293 cells were purified by tangential flow
filtration (TFF) using a 300 kDa mPES membrane from Repligen (Massachusetts, USA)
and buffered in 1x PBS (10 mM NazPOs4, 1.8 mM KH2PO4, 4.27 mM KCI, and 137 mM
NaCl, pH 7.4).

11.3.2 AAV particle quantification
11.3.2.1.1 Serotype-specific ELISA
For the capsid titer of AAV2 and AAVS the quantitative and serotype specific ELISAS

(Progen, Germany) were performed according to the manufacturer's instructions (57, 113)

11.3.2.1.2 SDS-PAGE densitometry

A serial dilution of an AAV internal control is prepared, typically five dilutions for a range
of 1*10%° to 2*10™ particles per well. Dilutions of the recombinant AAV vectors to be
analyzed are prepared in duplicate. Samples are loaded on a 10% Tris-Glycine gel (Life
Technologies, USA) after addition of Laemmli 4X (Biorad, USA) and denaturation at 95°C.
After electrophoresis in denaturing conditions, the gel is rinsed three times under agitation
with deionized water. The Coomassie Blue staining is performed with Imperial Protein
Stain solution (Thermo Scientific, Germany) for 1.5 hours with gentle shaking. The stained
gel is washed once for 20 minutes and additional one to three times for 40 minutes with
deionized water to obtain the clearest background for photography with the Luminescent
Image Analyzer LAS-1000plus (Fujifilm). Quantification of the number of particles per
mL is realized using the Icy open source image processing software based on the VP3
capsid protein signal in comparison to the AAV internal control. The standard curve is

validated if the coefficient of determination r? is > 0.95.

11.3.3 Vector genome titer determination by gPCR

The vector titer was measured by real-time PCR, carried out with the Step one Plus (Thermo

Fisher scientific, Germany). AAV2 free ITR qPCR was realized as described in D’Costa et

al. (114).

11.3.4 Determination of the thermal stability of AAV capsids by intrinsic differential
scanning fluorimetry (iDSF)

A Prometheus NT.48 (NanoTemper Technologies GmbH, Munich, Germany) was used to

measure the capsid melting temperatures. The system measures the intrinsic fluorescence
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intensity at 330 and 350 nm after excitation at 280 nm. A minimum of three consecutive
temperature upscans of the same sample (3*10 pL) from 30°C to 100°C in a linear ramp of
1°C/min were performed. The rate of changes in fluorescence with temperature was
recorded and the thermal profile resulted in counts of fluorescence against temperature. The
apparent AAV melting temperatures (Tm) were determined with the PR. ThermControl
software V2.1 (NanoTemper Technologies, Munich, Germany) from the maximum of the

1%t derivatives of the thermal unfolding curves (296, 297).

All samples were formulated in PBS (10 mM Na2POgs, 1.8 mM KH2PO4, 4.27 mM KClI,
and 137 mM NacCl, pH 7.4) A negative control with only PBS was included in every run.
The AAV samples were filled in standard iDSF-grade capillaries and the capillaries were

sealed.

To survey the minimal concentration of AAV capsid that would provide measurable
fluorescence using the intrinsic fluorescence signal (IFS), full and empty AAVrh10 were
used (1.2*10' cp/mL and 1.1*10% cp/mL, respectively). After serial ten to thousand-fold
dilution of the AAV stocks in the formulation buffer, 3*10 uL of each dilution were used

for triplet measurements with the DSF, as described above.

For the measurement with surfactants poloxamer 188 (BASF, Ludwigshafen, Germany,
Lot. GNA19221BT), polysorbate 20 (Roth, Karlsruhe, Germany, Charge: 317259797) and
80 (Alfa Aesar, Massachusetts, USA, Lo0t.10200710) were added at the following
concentrations: 0.5%, 0.1%, 0.01%, and 0.001%. The samples stayed at room temperature
(RT) for around 30 minutes.

11.3.5 Determination of the thermal stability of AAV capsids by DSF using SYPRO

Orange

The DSF method using SYPRO Orange was previously described in Pacouret et al. and
Rayaprolu et al. (22, 55). SYPRO Orange 5000X (Thermo Fisher Scientific) was aliquoted
(5-10 pL) and stored at —30°C for up to 18 months. For each new experiment, a 500 puL
sample of SYPRO Orange 50X was prepared using PBS2+ (Corning) as a solvent. 96-well
plates were loaded with 45 ulL samples, supplemented with 5 uL. SYPRO Orange 50X.
PBS2+ and 0.25 mg/mL Lyzozyme (Sigma-Aldrich) solutions were used as negative and
positive controls, respectively. Plates were sealed and centrifuged at 3,000 rpm for two
minutes and subsequently loaded into the real-time PCR instrument (StepOnePlus Real-

Time PCR System, Thermo Fisher Scientific). Samples were incubated at 25°C for two
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minutes prior to undergo a temperature gradient (25°C to 99°C, ~2°C/10 min, step and
hold mode with 0.4°C temperature increments), while monitoring the fluorescence of the
SYPRO Orange dye using the ROX filter cube available on both gPCR systems.
Fluorescence signals F were normalized between 0% and 100%, melting temperatures were
defined as the temperature for which the numerical derivative dF/dT reached its maximum
(55)

11.3.6 Size exclusion chromatography (SEC)

A Dionex Summit 2 system (Thermo Fisher, Dreieich, Germany) and an Acclaim 1000, 7.8
x 300 mm, 7 um column (Thermo Fisher scientific, Dreieich, Germany) were used for the
size exclusion chromatography. AAV elution was detected at 280 nm and 260 nm with a
UV detector (Dionex UVD170U) and at excitations wavelength 280 nm and emission
wavelength 330 nm with a fluorescence detector (Dionex RF2000). The running buffer
consisted of 100 mM sodium phosphate and 200 mM sodium perchlorate at pH 7.4 with a
flow rate of 0.3 mL/min. The chromatograms were integrated with Chromeleon V6.8

(Thermo Fisher, Dreieich, Germany).

1.4 Results

The Prometheus NT 48 system measures the intrinsic fluorescence signal (IFS) in proteins
generated by tryptophan residues. During controlled heating from 30°C to 100°C, AAV
capsid proteins denature. Tryptophan and to a lesser extent other aromatic residues get
exposed and can contribute to a higher fluorescence signal, which allow for assessment of
the Tm of AAV vectors.

AAV?2 is the most studied AAV capsid and recombinant AAV vectors almost exclusively
carry genomes with AAV2-derived ITR. Therefore, we first used iDSF to evaluate the
suitability of IFS for determination of the Tr, of AAV2 vectors. As depicted in Figure 11.1,
Tm of AAV2 is around 68°C and can be obtained with the fluorescence of the single

wavelengths at 330 nm and 350 nm and also from the ratio 350/ 330 nm.
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Figure 11.1 DSF measurement of intrinsic fluorescence signal (iDSF) of AAV2. 10 pL of AAV2 vector at
a concentration of 5*10'! vg/mL were heated at a rate of 1°C per minute from 30°C to 100°C. ISF was
measured at 330 and 350 nm. (A) Graph showing the raw fluorescence (counts*mm) obtained at 330 nm
(blue trace) or 350 nm (red trace). The ratio of the 350 nm / 330 nm signals is plotted in green. In all three
evaluations a change of the signal was obtained at about 68°C. (B-D) First derivatives of the ISF obtained at
330 nm (B), 350 nm (C) and of the ration 350 / 330 nm. The peak is indicative of the Tm.

To test the ability of iDSF to discriminate between AAV serotypes, we next determined the
Tm of various AAV capsids produced in HEK293 cells using triple-transfection. As shown
in Figure 11.2A, the resulting Tm varied substantially between different AAV serotypes and
allowed distinction of almost all tested AAV. Only exceptions were the pairs
AAVI/AAVIrh10 and AAV3/AAVS, which under the tested conditions showed T values
too similar to be distinguished (Figure 11.2A).

We next tested the effect of different production processes on Tm. The production of AAV
by different platforms (mammalian versus insect cells) was shown to result in a distinct
glycosylation profile of the capsid (298), which might impact the melting behavior.
However, as shown in Figure 11.2B, no difference in Tm could be observed for AAV2 and
AAVS8 produced in HEK293 or Sf9 cell lines.
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Figure 11.2 Tm measurement of different AAV serotypes with iDSF. 10 pL of AAV were heated at a rate
of 1°C per minute from 30°C to 100°C. ISF was measured at 330 and 350 nm. (A) shows the different melting
temperatures of six different AAV serotypes at a concentration of 1*10%2 cp/mL (B) shows AAV2 and AAV8
produced in two different cell lines (HEK293 and Sf9) at a concentration of 1*10? cp/mL (C) shows T for
AAV2 and AAVS5 produced by three different laboratories (Hannover (blank), Munich (striped), Nantes
(plaid)) at a concentration of AAV2: 5*10* vg/mL and AAV5: 1*10%? vg/mL (D) AAV8 with three different
genomes at a concentration of 1*10? cp/mL.

To test for the robustness of the iDSF method, we next measured Tm in AAV2 and AAV5
preparations produced in three different laboratories. The most thermostable serotype
AAV5 showed a very low standard deviation (SD) and resulted in very similar Tm

independent of the producing laboratory (Figure 11.2C). In contrast, for the serotype AAV?2,
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having the lowest T, SD was higher and the range of Tm values was more variable than
for AAVS5 (Figure 11.2C). Finally, we evaluated the effect of the AAV genome on T by
analyzing AAV8 capsids carrying genomes of different size and nature (single stranded (ss)
or self-complementary (sc)). Previous DSF + SYPRO Orange (SO-DSF) studies suggested
a minor effect of the genome on capsid stability (3, 55). Despite some variability, different

AAVS8 vectors carrying distinct genomes showed similar Trm (Figure 11.2D).

Previous work showed that the SO-DSF method was able to discriminate AAV with distinct
melting temperatures (AAV2 and AAV5) from each other when pre-incubated and
measured as a mixture (22). To test if iDSF can be used to identify different AAV in a
mixture as well, we incubated mixtures of AAV5 and AAV8 at room temperature for 30
minutes before running the iDSF temperature scan. A good baseline separation of the IFS
was possible (Figure 11.3). Mixing the two AAV serotypes at ratios up to 1:10 still resulted

in clearly separated distinct signals at the expected T of each of the two capsids.
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Figure 11.3 iDSF measurement of AAV5 and AAV8 mixtures against the temperature. Graph shows 1%
derivative of the ratio 350/330 nm of mixtures with different amounts of AAV5 (cp/mL determined by SDS-
Page) and AAV8 (cp/mL determined by ELISA). Two distinct peaks at 90°C and 72°C with clearly separated

baseline was observed in all ratios measured. Starting concentration was 1*103 cp/mL of each vector.
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Figure 11.4 Comparison of iDSF with SO-DSF for Tm measurements of AAV vectors T, was measured
for AAV2, AAV5, AAV8 — AAVrh10. The blank bars show Ty measured with iDSF at a concentration of
1*10'2 cp/mL and plotted with SD of 3 technical replicates or more, the striped bars show Tr measured with
SO-DSF with a heating rate of 0.4°C/min and n=2.

As mentioned above, SO-DSF was already introduced as a method for determination of Tr,
and for distinction between different AAV capsids (3, 22, 55). We therefore determined Tm
of identical batches of different AAV serotypes with both methods, iDSF and SO-DSF. As
shown in Figure 11.4, both methods resulted in similar Tr, values, confirming that both are
equally well suited for distinction of the different serotypes. There was, however, a
tendency for slightly higher T values with the iDSF method as compared to SO-DSF
(Figure 11.4).

Moreover, previous studies showed that SO-DSF measurement of Tn, also informs about
the concentration of the AAV sample, as there was a linear increase of the SO-DSF signal
amplitude with increased particle concentration (55). The lowest detectable concentration
of AAV particles by SO-DSF was shown to be 3.4 - 3.95%10% cp/mL with a minimum test

volume of 20 — 25 pL (3, 55). We, therefore, set out to determine the limit of detection of
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iDSF with serial dilutions of an AAVrh10 sample. As shown in Figure 11.5, measurement
of Tm with iDSF is possible over a wide concentration range and quantifiable signals were
obtained at a minimum titer of 2*10! cp/mL and with a minimum volume of 10 pL. With
increasing sample concentration, the IFS (fluorescence ratio amplitudes in Figure 11.5A)
increased, confirming that the IFS intensity — similar to SO-DSF — depends on sample
concentration. AAVrh10 empty capsids showed a similar behavior and matching Tm value
(Figure 11.5B), suggesting that the packaged genome has little impact on the capsid’s
thermostability.

Intriguingly, closer inspection of the Tr, values at different AAV concentrations revealed a
shift of T, towards higher values with increased AAV sample concentration (Figure 11.5A-
B). We therefore plotted the Tm values against AAV sample concentration and found a
linear correlation between them (R?: 0.99243) (Figure 11.5C). Similar results were observed
with all other tested AAV serotypes suggesting a generally lower T value obtained by

IDSF at lower capsid concentrations.
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Figure 11.5 iDSF measurement of Tm with a serial dilution of AAVrh10 (A) 1% derivative of the ratio
350/330 nm of the concentration series of AAVrh10 empty from 1*10% — 1*10'! cp/mL (B) 1%t derivative of
the ratio 350/330 nm of the concentration series of AAVrh10 full (CAG-GFP) from 1*10% — 1*10** cp/mL.
Color code for (A) and (B): black: 1*10% cp/mL, red: 1*10* cp/mL, blue: 8*10* cp/mL, green: 6*101*
cp/mL, yellow: 4*10% cp/mL, turquoise: 2*10'! cp/mL, orange:1*10% cp/mL (C) Tm plotted against

concentration series of AAVrh10 empty from 1*10% — 2*10% cp/mL. Grey line: Nonlinear fit:
y=13,29*In(8,344*In(x)), 95% Confidence Band Adj. R?: 0,99243
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The question arose, if it is possible to differentiate full and empty AAV samples by

measuring Tm with iDSF.
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Figure 11.6 Comparison of Tm of full (blank) and empty (striped) AAV measured by iDSF. Capsid titer
for all samples was 1*10%?cp/mL 3 technical replicates plotted with SD.

As shown in Figure 11.5A-B, the fluorescence ratio plots for full and empty AAVrh10 were
similar, but not identical. To follow up on this observation, we subsequently determined
the Tm values of full and empty capsids of various serotypes. The main visible fluorescence
measured by iDSF arises from the tryptophan residues exposed during unfolding of the
capsid. In line with this, we found no gross differences between the Tm of full and empty
capsids (Figure 11.6). However, the Ty was consistently slightly higher for the full capsid
than for the empty capsid. The Tm difference (Tm full - T empty) was lowest for AAV5
with only 0.2°C and highest for AAV3b with a 0.7°C (Figure 11.6). While this difference

in Tm between full and empty capsids is reliably quantifiable with iDSF, it is too small in
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order to distinguish full from empty AAV species in mixed samples, e.g. in a non-purified

or in process control samples.

iDSF relies predominately on the fluorescence of tryptophan residues within the AAV
capsids and capsid structure-dependent changes in fluorescence intensity which occur
during temperature-induced unfolding. Most tryptophan residues in the tested AAV capsids
are conserved. In particular, AAV2 VP1 contains 15 tryptophans, which are all conserved
in AAV3b, AAV8 and AAVrh10. In AAVS5 and AAV9 VP1 most of those residues are
conserved with only minor changes totaling 14 and 16 tryptophans, respectively. The N-
terminal part of all VP1 proteins, except of AAV5 VP1, contains three tryptophans with
two of them arranged as a doublet. To test for the contribution of these three tryptophans
to the Tm values obtained with iDSF, we generated an AAV8 vector with VP2/3 only,
lacking VP1 (delVP1). As shown in Supplemental Figure 11.2, the T value was 0.3°C
lower for AAV8delVP1 than for wildtype AAVS8, suggesting that the N-terminal

tryptophans contribute to a small extent to the T, measured by iDSF.

SO-DSF is used as a high-throughput screening method for the analysis of AAV serotypes
by measuring the melting temperature. Determination of Tm can be helpful to confirm the
identity of the AAV capsid in final products (3, 55). As shown above, iDSF provides a
facile alternative method for determining AAV Tm, which does not require pretreatment of
the sample with fluorescent dyes likes SYPRO Orange. This makes iDSF an optimal
candidate for in process control of AAV production, i.e. for monitoring the purification
process. Since the standard heating rate of 1°C/min can be increased to 2°C/min, the

analysis time could even be cut in half without compromising fidelity (Figure 11.S1).

AAYV used in this study were produced from HEK293 or Sf9 cells. As with many other cell-
derived biotherapeutics AAV vectors, preparation scans contain a variety of impurities such
as host cell proteins (HPC), proteins from any serum- or other animal-derived products in
the cell culture media, nucleic acids from host cells or the transfection process (7). To test
for the ability of iDSF to monitor the purification status of the AAV sample, we measured
AAYV with different purification status. As shown in Figure 11.7, the sample highly purified
by ultracentrifugation results in one sharp peak in the iDSF measurement, whereas the
sample only rudimentary purified by a single tangential flow filtration (TFF) step showed

an additional and clearly visible shoulder to the main peak at 65°C.
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Figure 11.7 AAVS at different purification states measured with iDSF (A) and SEC (B). (A) The 1%
derivative of the ratio 350/330 nm shows for the buffer exchanged product after TFF 300 kDa PES membrane
(black line) one peak at 71°C and a shoulder. The red line shows the thermal unfolding of the final purified
product via lodixanol gradient and there no additional shoulder is detected. (B) The SEC- Chromatogramm
shows two peaks for the buffer exchanged sample i.e. single TFF purification (black line). The fist peak
contains the AAV and the second one some minor impurities. The final purified sample (red line) shows a
single peak.

Nevertheless, the purity of the sample had no impact on the Tm of the serotype
(Figure 11.7A). The purification of the samples can also be evaluated by size exclusion
chromatography (SEC) (Figure 11.7B). In the SEC chromatogram two peaks were detected
at an emission of 330 nm for the only TFF-purified sample likewise. In contrast, the
iodixanol gradient purified sample showed only one peak containing the AAV at

24 minutes. The second peak at 26 min most probably represents process related impurities.

Typically, surfactants are utilized in AAV formulations to reduce the adsorption of AAV
to the primary packaging or application devises such as syringes (299). However, the
commonly applied polarity-sensitive dye SYPRO Orange shows bright fluorescence in the
presence of micelles, which could conceal the signal of protein unfolding (215). We
therefore tested the impact of commonly used surfactants on AAV Tm measurement with
iDSF.
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Figure 11.8 Tm of AAV8 without (w/0) and with poloxamer 188 (A), polysorbate 80 (B) and 20 (C) in the
formulation as measured by iDSF. (A-C) 1st derivative of the ratio 350/330 nm is plotted against the
temperature [°C] and showed for all formulations a clearly defined melting peak for AAV8. All samples in
the graph were only purified by TFF 300 kDa PES membrane. (D) The melting temperature is plotted against
the amount of detergents using 3 technical replicates plotted with SD.

As shown in Figure 11.8, the addition of a surfactant, i.e. poloxamer 188, polysorbate 20 or
80, did not impact the determination of Trm with iDSF as a clear peak for unfolding of the

capsid was observed.

In the presence of polysorbate surfactants Tm was slightly shifting towards higher
temperatures (Figure 11.8D). Thermal shifts of Tm indicate stabilizing or destabilizing
effects of excipients (300). The shift observed here, depending on the amount of surfactant,
indicates a stabilizing effect. Furthermore, the Tm measurements indicate a difference
between the surfactants. poloxamer 188 is normally used in formulations of AAV to reduce
adsorption on the packaging material, but poloxamer 188 showed no significant shift in Tm
when added to the formulation. In contrast to this, polysorbate 20 and polysorbate 80
showed a clear shift of Tm. For polysorbate 80, the shift in Trm seemed to be concentration

dependent, because a slightly higher Tm is observed for 0.5% of polysorbate 80 than for
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lower concentrations of polysorbate 80. The addition of polysorbate 20 resulting in the

biggest shift of Tm, independent of the concentration.

1.5 Discussion

In this study, a novel iDSF protocol was developed to determine Tm of AAV capsids as a
method for serotype identification. The measurement of the IFS with iDSF is a simple,
rapid (30-60 minutes), and high-throughput (48 samples/ 30-60 min) method for
determination of AAV Tn with low costs and low material input (10 pL, 2*10* cp/mL).
Such low amount of material is easily attainable from the final product and from in process
controls samples. Since iDSF measurements allow for the detection of process related
impurities as well (see Figure 11.6), the new method is a very attractive high throughput
screening method for monitoring sample purity during the purification process and for

analyzing batch-to-batch consistency.

Overall, iDSF measurements result in very reliable and accurate determination of Tm. As
shown in this study, neither the production process, nor the source of the AAV samples had
a strong impact on Tm. The comparison of AAV2 and AAV5 form the three different
laboratories showed only minor differences for AAV5 and only a slightly higher variability
for AAV2, which degrades at lower temperatures. However, AAV2 samples were matched
according to the vector genome (vg) titer whereas for AAV5 capsid titers were available.
The findings that vg titers can substantially vary between laboratories (114) and that the
amount of cp/mL influences Tm (see Figure 11.5), might explain the higher variability
observed for AAV2. As for most techniques: the lower the value the higher the SD.

In comparison to SO-DSF, this new assay showed a slightly higher Tr for all serotypes.
The reason for this slight difference is not known yet but could be related to different
heating rates in the two experiments (1°C/min for iDSF and 0.4°C/min for SO-DSF). In
support of this, we found that Tm measured by iDSF depends on the heating ramp: the
higher heating rate the higher Tm (Figure 11.S1). However, this phenomenon does not
impact the ability of the method to distinguish between the different AAV serotypes. A
clear determination of the serotype is still possible at higher heating rates. These differences

could be controlled by fixing the heating ramp parameters and harmonizing the protocols.

Another factor, which influences the T measurement with iDSF and might explain the
differences between the iDSF and SO-DSF Tm measurements, is the dependency of iDSF
on the amount of the AAV capsid used. Whereas Tr in SO-DSF is independent of the AAV
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concentration of the sample (22, 55) this is not the case for iDSF (as shown in Figure I1.5).
The structural stability (Tm) of AAV capsids increased with the capsid concentration. This
result correlates well to the results of a stability study from Howard and Harvey (301). The
authors found that the undiluted sample (2.1-5.9%10*2 vg/mL) showed a higher transduction
efficacy than 1:5 and 1:10 diluted sample after storage at 4°C over 7 weeks. Wright (6) also
speaks about dilution stress by studying the impact of ionic strength on AAV aggregation.

The stressing by dilution would fit good to our observations.

Given the dependency of iDSF on the concentration, valid comparison of T data from
different AAV capsids require dilution of the test samples to a similar AAV capsid
concentration. While this could complicate comparison of different AAV capsid samples
if concentration vary substantially, it is common in the field that final products are

concentrated in the range of 1*10'2 — 1*103 vg/mL.

In contrast to SO-DSF, iDSF allows for measuring the T in the presence of different
surfactants. Unlike SYPRO Orange, which interacts with the surfactant and elevates the
baseline, with iDSF the addition of polysorbate or poloxamer does not lead to a baseline
shift (215). However, the addition of surfactant does shift Trm towards higher values. This
can be explained either by a stabilizing effect of surfactants on AAV or a higher “real”
concentration of (non-aggregated or non-adsorbed) AAV due to less aggregation and
adsorption by the surfactant in the sample (302, 303). The latter is also the reason why
AAV formulations commonly contain surfactant: to reduce adsorption effects to the
packaging material.

While both SO-DSF and iDSF allow for quick and reliable determination of Tr and, thus,
inform about the type of AAV capsid, they both have limitations. The most obvious issue
is that AAV capsids with very similar level of thermostability, such as AAV3 and AAV8
or AAV9 and AAVrh10, cannot be distinguished by either method. This limitation could
be overcome by measuring in different buffers in which the AAV serotypes exhibit
different thermostability and allow to distinguish between the pairs (3). Other than that,
discrimination of all other pairs of AAV capsid is easily possible. Moreover, mixtures of
AAVS5 and AAVS can be precisely measured and discrimination between two serotypes in
one sample is possible down to a concentration ratio of 1:10. Another limitation is the
amount of AAV capsid needed for reliable measurement of Tm. As shown in our study, the
lowest titer needed for iDSF is 2*10! cp/mL in 10 L. An improvement vis-a-vis SO-DSF

63



with a minimum amount of 3.4 - 3.95*10% cp/mL in a minimum test volume of 20 — 25 pL
(3, 55).

The effect of the empty capsids on clinical outcome is unclear and currently discussed in
the field (42). There is a potential for increasing innate or adaptive immune responses to
the vector. At the same time, very recent data showed that empty AAV capsids can actually
enhance gene transfer by mitigating the problem of preexisting humoral immunity to AAV
(42). Thus, methods for purification and for analytical distinction of full / empty AAV
capsids are needed. When tested for its ability to discriminate between full and empty AAV,
IDSF was able to detect a slight stabilizing in term of Tr, of the vector DNA on the AAV
capsids. For all serotypes the T for the DNA containing capsid was slightly higher (0.2-
0.7°C). However, the differences were too small to clearly distinguish between full and
empty AAV in a complex sample mixture. For this purpose, other analytical methods can
be used such as anion-exchange-chromatography (26, 188), analytical

ultracentrifugation (175, 176) and transmission- or cryo-electron microscopy (304).

In summary, DSF offers a rapid, cost effective and robust method for AAV serotype
identification due to their unique thermal stability profiles in the commonly utilized
formulation and storage buffers and detergents.
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Figure 11.S1 Effect of different heating rates on the iDSF measurent. T, measured with iDSF at a heating
rate of 1°C/min (blank bars) or at a heating rate of 2°C/min (striped bars). The concentration of all samples
was 5*10™ vg/mL. 3 technical replicates were measured and plotted with SD.

72.8 - DFS

= ’| DFS+S0

H

72.4 -

72.2 -

H

72.0 1

71.8

71.6 o

71.4 -

Melting temperature, T, [°C]

71.2 4

71.0 4 7

Figure 11.S2 Comparison of Tm of AAV8 and AAVS del VP1 as measured by iDSF. AAV8wt (CAG-
hGFP) showed a higher T than AAV8 delVP1(CAG-hGFP) with a capsid titer of 1*10%?cp/mL and 3
technical replicates plotted with SD.
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Table 11.S1. Multiple sequence alignment of viral protein VP1 sequences of AAV capsids used in the study.

NAMES-Uniprot Identifiers:
AAV2-P03135; AAV3(AAV3 B)-056139; AAV5-QIY1J1; AAVB-Q808Y3; AAVI-Q6JC40; AAVIh10-

Q5Y9B4

FEATURES
AAV2

AAV3

AAVS

AAVS8

AAVI9
AAVrhl0
Consensus

AAV2

AAV3

AAVS

AAVS8

AAV9
AAVrhl0
Consensus

AAV2

AAV3

AAV5

AAVS8

AAV9
AAVrhl0
Consensus

AAV2

AAV3

AAVS

AAVS8

AAVY
AAVrhlo0
Consensus

AAV2

AAV3

AAVS

AAVS

AAVY
AAVrhlo0
Consensus

AAV2

AAV3

AAVS

AAVS

AAVY
AAVrhlo0
Consensus

AAV2

AAV3

AAV5

AAVS8

AAVY
AAVrhl0
Consensus

AAV2

AAV3
AAV5
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Chapter 111 Methods for AAV capsid titer determination

I11.1 Introduction

As already described in Chapter I, AAV concentration is a CQA and refers either to
infectious, genome, or capsid titer. Chapter 111 will focus on capsid titer, because it is the
most useful measure from a process development perspective, allowing for comparability.
Of course, the genome and infection titers are also of importance during the development
process but the capsid titer is a measure for all capsids, independent of the packaged
genome. Moreover, quantification of total capsids is crucial for the development and
optimization of downstream recovery and purification processes because these mainly
depend on the load of product. Furthermore, the capsid titer is of special interest after full-
empty separation by AEX or gradient ultracentrifugation, as a ratio between capsid and

vector genome titer indicates successful separation (95, 305).

The most common techniques for measuring capsid titer are ELISA, AUC, and TEM.
While these methods are widely used and established, they have their downsides. To
streamline the development process of AAV DP, alternative methods are needed that are
less labor intensive, have higher accuracy, are faster to perform, and/or can easily be used
as in-process controls. Thus, this Chapter investigates potential alternatives. In total, seven
different methods for quantifying capsid titers are compared and the additional information

provided by each method is discussed.

In the research process towards improved capsid titer determination, it was uncovered that
substantial loss of capsids takes place within the downstream process. Having identified

filtration as a main issue, its improvement will be discussed shortly at the end of the chapter.
I11.2 Material and methods

111.2.1 AAV material

Recombinant AAV vectors with genomes carrying inverted terminal repeats, derived from
AAV?2 and packaged with wildtype AAVS8, were produced and purified in adherent
HEK?293T cells (The Leibniz Institute DSMZ-German Collection of Microorganisms and
Cell Cultures GmbH, Braunschweig, Germany) as previously described (293, 294). The
packaged self-complementary (sc) genome comprised a CMV promoter driving expression
of eGFP (306). All purifications using liquid chromatography were performed with an
AKTA purifier from Cytiva (Marlborough, MA, USA). For sample loading, a Superloop
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or sample pump were used. All runs were performed at room temperature (25 °C), and the
detection was done with a UV detector (UL-9, fixed wavelength) at 280 nm implemented
in the AKTA system. The evaluation was conducted with Unicorn Software (7.3) (Cytiva,
Marlborough, MA, USA).

For affinity chromatography (AC), a Poros capture select AAVx column (1 mL; Thermo
Fisher Scientific, Dreieich, Germany) was used. AAV samples, in 10 mM sodium
phosphate buffer and 150 mM NaCl at pH 7.4, were loaded at a flow rate of 0.3 mL/min
on the column and eluted with 100 mM citric acid (VWR, Geldenaaksenbaan, Belgium),
pH 3.0 at a flow rate of 0.7 mL/min. AAV were neutralized by elution into 200 pL 1 M
Tris, pH 8.7 (95).

Full-empty separation was achieved with a CIMmultus PrimaS (AAV) column (1 mL, 2-
pm pores, BIA separations, Ajdovscina, Slovenia). Buffer A contained 10 mM Tris, 10 mM
bis-tris-propane (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 2 mM MgCl,, and
0.1% poloxamer 188 (Kolliphor P 188, BASF, Ludwigshafen, Germany) at pH 8.0, while
buffer B had the same composition at pH 10.0.

111.2.2 Enzyme-linked immunosorbent assay — ELISA

To determine the capsid titer of AAVS, the quantitative and serotype specific ELISA

(Progen, Germany) were performed according to the manufacturer's instructions (57, 113).

111.2.3 Size exclusion chromatography — SEC

A Waters 2695 system (Waters GmbH, Eschborn, Germany) and Wyatt SEC protein
column 50 (WTC-050S5, 5 pum, 7.8x300 mm) (Wyatt Technology, Santa Barbara, USA)
were used for SEC measurements. AAV elution was detected with a fluorescence detector
(Dionex RF2000, Sunnyvale, CA, USA) at an excitation wavelength of 280 nm and an
emission wavelength of 330 nm. The running buffer consisted of 10 mM sodium phosphate
and 150 mM NaCl at pH 7.4, with a flow rate of 0.5 mL/min. The chromatograms were
integrated with Chromeleon V6.8 (Thermo Fisher, Dreieich, Germany). The AAV8 sample
with the capsid titer determined by ELISA was used to calibrate the SEC in a range from
3*10% to 1*10*2 cp.
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111.2.4 Anion exchange chromatography — AEX

For the analytical separation of full and empty AAV, a Waters 2695 system (Waters GmbH,
Eschborn, Germany) was combined with a Protein-Pak Hi Res Q column (5 pum, 4.6x100
mm; Waters GmbH, Eschborn, Germany). For this purpose, 70 mM bis-tris-propane
(Sigma-Aldrich, St. Louis, MO, USA) and 2 mM MgCl», pH 9.0, were used as buffer A.
Buffer B was created by adding 1M tetramethylammoniumchlorid (Sigma-Aldrich, St.
Louis, MO, USA) to buffer A. To separate the full and empty AAV, a gradient from 10%
to 30% B for 20 min was performed at a flow rate of 0.3 mL/min. AAV elution was detected
using a fluorescence detector (FI) (Dionex RF2000, Sunnyvale, CA, USA) at excitation
and emission wavelengths of 280 nm and 330 nm, respectively. The chromatograms were

integrated with Chromeleon V6.8 (Thermo Fisher Scientific, Dreieich, Germany).

111.2.5 Asymmetrical flow field flow fractionation (AF4) and multiangle
light scattering (MALS)

For AF4 measurements, an Agilent 1100 system comprising an UV Detector, a Rl detector

(Agilent Technologies, Santa Clara, USA), and a MALS detector (Dawn Heleos 11, Wyatt

Technology, Santa Barbara, USA) was used. For flow control, an Eclipse Dualtec (Wyatt

Technology, Santa Barbara, USA) with a small chancel containing a regenerated cellulose

membrane (cut off 10 kDa) and a spacer 350 um S were used.
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Figure 111.1 Crossflow profile of the AF4 measurement: 2 mL/min for 2 min (elution),1 mL/min for 4 min (focusing), 2
mL/min for 10 min; exponential gradient from 2 to 0.2 mL/min over 15 min; linear gradient from 0.2 to 0 mL/min over 3

min; 0 mL/min for 5 min.
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The measurements were performed with the following method: detector flow set to
ImL/min during the whole measurement, while the crossflow profile is configured
according to Figure 111.1. The used buffer consists of 10 mM sodium phosphate, 150 mm
NaCl, 200 ppm sodium azide at pH 7.0. The chromatograms were integrated and data
analysis of the MALS data was performed with Astra 7.3.2 (Wyatt Technology, Santa
Barbara, USA).

111.2.6 Dynamic light scattering (DLS) and static light scattering (SLS)

DLS and SLS measurements were performed on a Wyatt DynaPro 111 (Wyatt Technologies,
Santa Barbara, USA), using Corning 3540 384-well plates (Corning, New York, USA) with
20 uL sample volume. The plate was centrifuged at 2000 rpm for 2 minutes, using a
Heraeus Megafuge 40 centrifuge equipped with an M-20 well plate rotor (Thermo Fisher,
Dreieich, Germany). For SLS analysis, the particle shape was set to a sphere and the
refractive index at 830 nm was set to 1.43 for empty AAV, 1.48 for full AAV, and 1.45 for
a mixture of full and empty AAV (307). Each measurement consists of 10 acquisitions
within an acquisition time of 5 seconds. Data were collected as replicates. The
autocorrelation function of each measurement was analyzed using cumulant analysis with

the Dynamics V7.10 software (Wyatt Technology, Santa Barbara, USA).
111.2.7 Sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

For SDS-PAGE, samples were loaded on a NUPAGE™ 6-12% Tris-HCI gel (Thermo
Fisher, Dreieich, Germany) after the addition of Laemmli 4x (Bio-Rad, Hercules, CA,
USA) and denaturation at 95 °C for 5 minutes. After electrophoresis at 200 V for 50 minutes
in MOPS SDS Running buffer (1x) (Thermo Fisher, Dreieich, Germany), the gel was silver
stained with a SilverXpress Silver Staining Kit (Thermo Fisher, Dreieich, Germany) and
pictures were taken by ChemiDog (Bio-Rad, Feldkirchen, Germany) (66). The BSA
(Sigma-Aldrich, St. Louis, MO, USA) for the concentration series ranges from 2 ng to 660
ng. The amount of the viral protein 3 (VP3) of the capsid in gram was calculated from the
calibration curve and divided by the mass of VVP3 per capsid (4.9868*108 g), resulting in
the number of capsids (65, 74).

111.2.8 Stunner

The Stunner instrument from Unchained Labs (Boston, USA) combines UV/Vis

spectrometry and DLS and SLS measurements. Through this, it can provide information on
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the number of vg and cp, as well as additional information on sample aggregation. For the
measurements 2 L per sample were pipetted as duplicates on the stunner plate. Data
analyses were conducted by the AAV quant tool of the Stunner software. Excitation
coefficients were calculated with the software, based on DNA length and serotype

information.

111.2.9 UV spectrometry

The AAV8 samples with pAAV2.1-sc-CMV-GFP plasmid (367683 MW) were denatured
with 0.1% SDS and heated up to 95 °C for 5 minutes and equilibrated to RT. The UV
measurement was performed with a NanoDrop2000c (Thermo Fisher, Dreieich, Germany)

with a sample volume of 1 pL.

The vector genome titer was determined by equation:

4,47 % 10 (Ao — 0,59 Azgo)
MWDNA
The ratio of full and empty capsids was calculated by equation:

vg/mL =

1,76 * 107°(1,8 — %)
280

c
p/vg = MWpp, *

Aze0
- —0,59
Azgo

The capsid titer was calculated by multiplication of the vector genome titer with the ratio
of cp to vg (65).

111.2.10 Filtration

The filtration experiment was performed with 102 cp/mL AAV in PBS with and without
0.001% poloxamer 188 (PX 188). One milliliter of the suspension was filled into a 1 mL
BD Plastipak syringe (Becton Dickinson, Franklin Lakes, USA) and filtered through one
of the three used filter materials - regenerated cellulose (RC4, Sartorius, Gottingen,
Germany), polyethersulfon  (Supor, Pall Corporation, New York, USA),
polyvinylidendifluorid (Durapore, Merck, Darmstadt, Germany) - with a pore size of
0.2 um and a diameter of 25 mm. Samples were taken before and after filtration. For
comparison, some of the samples were not filtered but put into the syringe and out again.

Analysis was performed with SEC and a fluorescence detector.
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111.3 Results and discussion

111.3.1 Capsid determination by different methods

The capsid titers of four different samples were measured and calculated by seven different
methods: SEC, AEX, AF4-MALS, SLS, UV spectrometry, Stunner, and SDS-PAGE. To
evaluate the methods, the capsid titer of one sample was determined with the standard
method: capsid ELISA. The same sample was used for calibration of the SEC and AEX.
The sample, depicted in Figure 111.3A, had a capsid titer determined by ELISA of around
10%2 cp/mL. Only small differences between the measurement methods were detected, with

the highest variability found for Stunner.
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Figure 111.3 Capsid titer determined by different measurements of four different sampels (A) Full/empty mix after
AC 10%cp/mL, (B) Full/empty mix after AC 10%cp/mL, (C) mainly empty capsids after AEX 4*10%2 cp/mL, (D)
mainly full capsids after AEX 9*10** cp/mL.
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Figure 111.3B shows the capsid titer calculations for a sample containing 10'? cp/mL. Again,
only minor differences between the different methods were observed. within line with the
results from Figure 111.2A, AEX and AF4-MALS detection of AAV capsid results in a
slightly lower titer in respect to the SEC result. SLS and SDS-PAGE range in between.

For the sample containing only empty capsids (Figure 111.3C), SEC and AEX identify a
similar number of capsids, whereas the measurements performed with AF4-MALS,
Stunner, UV spectrometry, SLS, and SDS-PAGE detected a slightly lower number of
capsids. The standard deviation (SD) for the UV spectrometry increased considerably. One
explanation is that because of the missing DNA the UV absorption decreases and with this

uncertainty is rising.

Table I11.1 Comparison of the different capsid determination methods. ELISA, UV, FI, SDS-PAGE, DLS/SLS and
Stunner.

Method Number of Capsids Injection Time Detection Principle
[cp] Volume [min]
[WL]
ELISA 107 - 10° 100 300 Fluorescence calibrated by
kit control
SEC >10% (FI) 2-100 30 Calibration, FI/UV
>10'4(UV)
AEX >10% (FI) 2-100 60 Calibration, FI/UV
>10'4(UV)
AF4-MALS >10M 2-100 60 UV, RI; Light scattering
SDS-Page >10% 4-20 240  Calibration BSA amount
VP3 silver-staining
DLS/SLS 6*10°%- 10* 5-100 2 Light scattering
Stunner >2*10° 2 2 Light scattering and UV
uv >1*10° 1 30 uv
spectrometry

The last sample contained mostly full AAV (Figure 111.3D). Again, SEC and AEX detected
a similar quantity of capsids, whereas AF4-MALS resulted in lower and SLS and SDS-
PAGE in higher values. Stunner measurement gave a comparable number of capsids but
with a higher SD. From the UV spectrometry measurement, no reliable data were obtained.
There are two possible reasons for this: (1) the overall low titer or (2) some coeluted free
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DNA in the sample, as shown in Chapter IV for the AUC results of the purification

strategies.

To sum up the findings, the higher the capsid concentration in a sample the easier the
determination of the capsid amount is, as illustrated in Figure 111.3A and 2C. When the titer
is only in the range of 10! cp/mL, it becomes harder to obtain valid data with all available
methods, as can be seen by the higher SD in Figure 111.3B and 2D. For the chromatography-
based methods it is possible to increase the injected amount of the sample to finally reach
the amount of capsid needed for a good measurement. Other methods, like Stunner, have a
fixed amount of sample for the measurement, meaning that it is not possible to adapt the

sample volume, resulting in a considerably higher SD.

For capsid titer determination, the capsid titer of one standard sample was determined by
ELISA and was later used to calibrate SEC and AEX. Because ELISA is rather time-
consuming and expensive, alternative methods have been explored. The major advantage
of ELISA is the high sensitivity, which demands a relatively low number of capsids for
measurement. The limit of detection (LOD) of capsids depends on the detection method
used for chromatography. If a UV detector is used, the minimum amount of capsids has to
be > 10! cp and for a fluorescence detector (FI) > 101 cp is sufficient (cf. Table 111.1) (26,
96, 207).

The other measurements have different advantages: From SEC additional information
about impurities like soluble aggregates and fragments can be obtained and if used together
with a MALS detector, the full-empty ratio of the capsids can be derived. With AEX
chromatography, the ratio between full and empty capsids can be quantified, as well as the
amount of other impurities which are resulting in an additional peak in the chromatogram
when using UV or FI detection. AF4 informs about soluble and non-soluble aggregates,
because the AAV suspension can be injected without previous centrifugation or filtration.
This is possible because the separation takes place in a channel with a membrane and
separation is achieved by the diffusion coefficients of each particle using a detector flow
along the membrane and a vertical crossflow (308-311). By adding a MALS detector into
a HPLC system, it is even possible to measure the diameter, molecular weight, full-empty
ratio, and particle number in one measurement without a calibration curve. Yet, to evaluate
the MALS data another concentration detector is necessary and for this purpose only a UV
or RI detector can be used, limiting the detection to 10! cp and above. All three
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chromatography systems mentioned above can be combined with a MALS detector (83,
93, 312). The only necessity for all chromatography-based methods is 100% recovery,
which can be certainly achieved as long as a solid method development is ensured.

In contrast to the HPLC based methods, light scattering methods (DLS/SLS) allow batch
measurements. These batch measurements can be performed for example by a Wyatt plate
reader 11 (Wyatt Technology, Santa Barbara, USA) or by Stunner (Unchained Lab, Boston,
USA). For valid and correct data, the samples should be monodisperse for the
measurements. The measurement itself takes only a few minutes and only needs a few
microliters of sample. If the measurement is done by Stunner, a full UV/Vis spectrum is
incorporated in addition to DLS/SLS data and from there information about impurities like
free DNA and proteins can be deduced. From DLS/SLS, information on aggregation and
size can be derived and, through combination of these results with the UV/Vis spectrum, a

full-empty ratio of the AAV as well as capsid and vg titer can be calculated.

Information about vg and cp amount can also be derived from UV spectrometry alone. To
this end, denaturation is needed to reduce the significant light scatter resulting from intact
particles. Overall, it is a fast and easy measurement without the need for any special
equipment. However, the measurement requires a highly purified sample, because it can be
affected by residual protein or DNA impurities as well as by density gradient components

or excipients that absorb in the UV range, such as iodixanol or Tween 80.

The last method to determine the capsid titer tested, was the SDS-PAGE calibrated with a
BSA calibration curve. This technique is more time-consuming compared to the others, but
the required equipment can be found in nearly every laboratory. A new calibration curve
must be created for each gel. Especially with this method, it is important to have a rough
estimate of the capsid titer so that the measured samples lie within the calibration curve.
However, the duration of the experiment is particularly long and the number of samples
that can be run in parallel is very limited. This is due to the limited number of available gel
pockets and the need to run several BSA concentrations for the calibration curve on the
same gel. However, an advantage of the SDS-PAGE is that it also detects impurities and

thus provides further information about the corresponding sample.
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111.3.2 Prevention of capsid loss due to filtration

During the comparison experiments, it was discovered that substantial amounts of capsids
are lost during the downstream purification process. Adsorption problems due to the
injection and filtration process have already been documented to be a problem in AAV
manufacturing (313). In this context, filtration of AAV samples is of particular relevance.
For instance, the medium from the cell culture must be filtered to remove dead cells and
cell debris. Also, before loading the sample on a chromatography column, a 0.45-um
filtration is required to reduce the bioburden and the final purified AAV sample is sterile
filtrated (0.22-um) to achieve sterility of the sample. During these filtration steps, loss of
AAYV can occur, but the loss can be reduced significantly by using the proper membrane
material as well as by adding a surfactant to the sample to reduce adsorption of AAV to the

syringe and/or filter.
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Figure 111.4 depicts the loss of AAV capsid determined by SEC due to filtration of 1*10%2 cp/mL AAV in PBS with and
without poloxamer 188 (PX 188) with a regenerated cellulose (RC), polyether sulfone (PES) or polyvinyldifluoride
(PVDF) membrane.

To optimize filtration of AAV samples, three different filtration membranes were tested
with an AAV suspension of 10'2 cp/mL buffered in PBS. In addition, for one series 0.001%
poloxamer 188 was added. As evident from Figure I11.4, an initial loss (32%) was detected

directly after 1 mL of the AAV sample was filled and immediately withdrawn from the

syringe without performing
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the actual filtration. This suggests adsorption of AAV to the syringe material. For the actual
filtration, loss of AAV was observed in all cases, with no clear difference between the three
membranes for the samples without poloxamer 188. Recovery after filtration ranged
between 65% and 74%, with a slight tendency in favor of the PVDF membrane. Using
0.001% poloxamer 188 in the filtration sample reduced the loss of AAV through the syringe
and membranes and decreased the SD. The loss of AAV ranged from 14% for the PVDF
membrane over 18% for PES, to 20% for RC (Figure 111.4). In any case, recovery of AAV
after filtration was clearly higher with poloxamer 188. Especially the adsorption to the
syringe could be drastically reduced by poloxamer 188 in the formulation buffer (9%
compared to 32% without surfactant). This phenomenon matches the results of Patricio et
al. (313) who tested the yield of rAAV2 with and without poloxamer 188 after getting in
contact with all devices which are needed for a subretinal injection and also observed

significatly reduced AAV vector loss if the formulation contained poloxamer.

The filtration experiment performed for this thesis used a medium high titer of 10*? cp/mL.
It would be interesting to repeat the experiment with higher and lower AAYV titers for
further testing the influence of concentration on adsorption. Theoretically, when adsorption
on the syringe and filter reaches saturation, a lower relative loss can be expected for high
titers, as is required for therapeutic interventions (Luxturna: 5*10*? vg/mL and Zolgensma:
2*10% vg/mL). To avoid high loss of AAV vector by filtration, the use of filters with
smaller surface areas could be considered. However, a smaller filter area also decreases the
flow per time and the pressure during filtration may be higher, leading to aggregation of
capsids. It would also be of interest to test surfactants such as Tween 20 or Tween 80, as
these have been used for other biopharmaceuticals (259, 314-316). Moreover, shear stress

could be a problem during the filtration process leading to capsid damage (317-319).

1.4 Conclusion

In this Chapter capsid titer determination via SEC, AEX, AF4-MALS, SDS-PAGE,
DLS/SLS, UV spectrometry, and Stunner, a combination of the latter two methods, was
compared, because the more established methods like ELISA, AUC and TEM all come
with some limitations, preventing a high-throughput application. The capsid titer
determined by the seven methods was comparable for a capsid titer above 4*10'2 cp/mL.
Most of the explored alternatives reach their limit of detection (LOD) at 10! cp/mL, at the
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latest. The closer one gets to this limit, the less accurate the methods become, which is
reflected in a higher SD. On the plus side, most of the methods provide additional
information about aggregates, impurities, or full-empty ratio, that might be of interest. In
particular, optical methods can not only speed up capsid titer determination without a loss
of accuracy but could also offer additional valuable information about the AAV sample.
Overall, Stunner provides in a short time the most comprehensive information about the
sample with the lowest amount of material, but the sample must have a titer >2*10'2 cp/mL
to obtain reliable data. However, such DP titers are well within the range of commonly

used therapeutically useful titers.

After being able to measure the capsid titer easily by SEC, adsorption effects of AAV to
the syringe and filter membrane during a sterile filtration process were studied. The finding
that poloxamer 188 can drastically reduce the adsorption of AAV confirmed the previous
literature regarding absorption to the syringe material. The further experiments confirmed
this positive effect also with regard to adsorption to the filter membrane. Differences
between filter materials were observed, as filtration with PVDF membranes was more

beneficial in terms of absorbtion than RC or PES membranes.

111.5 Outlook

As the interest in gene therapy with AAV vectors is growing, there is an increasing need
for robust and easy-to-use methods to determine the capsid titer. The new upcoming
methods are easier to automate and require less work and time. Some of them are already
established in the field of protein analytics and therefore well known to analytical
laboratories.

It is possible to perform batch measurements using calibrated fluorescence detectors to get
the total capsids number of purified AAV samples, as it was already done for HPLC based
measurements (93). Instruments using fluorescence reading are fluorescence spectrometers
or plate readers but also the Prometheus or Pantha systems (Nanotemper, Munich,
Germany). To achieve more reliable data, a previous denaturation of AAV vectors can be
helpful, as was done for the UV spectrometry measurement. Clearly lower LOQ and LOD

are expected for fluorimetry compared to UV spectrometry.

Instead of a classical SDS-PAGE, CE-SDS (Maurice S. from Protein Simple, San Jose, CA,
USA) or Bioanalyzer from Agilent Technologies (Santa Barbara, CA, USA) can be used to
determine the sample purity and the total capsid amount. With these capillary- or chip-
based SDS-PAGE methods, proteins up to 230 or 270 kDa, respectively, can be detected.
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In experiments done in the context of the thesis, all three structural viral proteins (VPSs)
could be easily detected with these methods. All of them require only low volumes (4 up
to 50 pL) and have a LOD of 10 cp, which is comparable to conventional SDS-PAGE
using Coomassie Blue staining. Caution should be exercised, as some matrix effects are

known for samples with high salt concentrations or extreme pH (320, 321).

The main advantage of Bioanalyzer and CE-SDS is the time aspect: both take
approximately 2 hours for the measurement, including sample preparation and running
time, which is half of the time of classical SDS-PAGE. They are fast, reliable, can be
automated, and offer protein and peptide characterization as well as quality control, and

impurity detection.

Like SDS-PAGE, capillary isoelectric focusing (CIEF) has already been automated (PA 800
Plus Pharmaceutical Analysis system; SCIEX, Brea, CA, USA) and can be used for capsid
and vector genome titer determination, because - like in AEX - it is possible to separate
empty and full capsids by charge (207, 305). For the measurement, 3 pL containing 10'cp
are sufficient because a UV detector measuring at 280 nm is used (322). The ratio of
full/partially filled/empty capsids can be calculated based on the corrected peak areas® of
the separated capsid peaks in the clEF electropherograms. Depending on the salt amount
in the AAV sample, a buffer exchange might be necessary, which requires some extra time
and could lead to loss of AAV. All in all, the method requires less than 1 h per sample and
delivers additional insight into other impurities in the sample. Because of the small size of
the AAV, use of methods already implemented for detection of subvisible particles like
nanoparticle tracking analysis (NTA) requires labeling to make the AAV visible. For NTA
the AAV were labeled with small gold nanoparticles (97). The resulting gold-labeled AAV
particles scatter enough light to be visualized and tracked by the optical system, enabling
the use of NTA to measure the size and concentration of AAV as well as aggregation state
and formulation stability (97). Also, by using Virus Counter® (Sartorius Stedim Biotech
GmbH, Gdattingen, Germany) labeling of the AAV with a fluorescent dye is required.
Sample preparation includes a 30 minutes labeling step and the method has been
successfully applied to a variety of virus samples at different purification states (67). This
technique is already in use for other viruses like lentiviruses for which it is also possible to

determine the full-empty ratio in virus suspensions (98). The fluorescence signal can be

1 With a correction factor, which must be determined for each serotype and plasmid vector, in order to not overestimate the full capsid
due to the extra UV absorbance of the vector DNA
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detected in the flowthrough of 195 pL for 5*10° to 10° cp/mL. For the moment, this
technique is only available for AAV2 and AAV3 because only for those two serotypes a

Virotag is commercially available (99, 100).
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IV.1 Abstract

Recombinant adeno-associated virus (rAAV) vectors have evolved as one of the most
promising technologies for gene therapy due to their good safety profile, high transduction
efficacy, and long-term gene expression in nondividing cells. rAAV-based gene therapy
holds great promise for treating genetic disorders like inherited blindness, muscular
atrophy, or bleeding disorders. There is a high demand for efficient and scalable production
and purification methods for rAAV. This is particularly true for the downstream
purification methods. The current standard methods are based on multiple steps of gradient
ultracentrifugation, which allow for the purification and enrichment of full rAAV particles,
but the scale up of this method is challenging. Here, we explored fast, scalable, and
universal liquid chromatography-based strategies for the purification of rAAV. In contrast

to the hydrophobic interaction chromatography (HIC), where a substantial amount of AAV
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was lost, the cation exchange chromatography (CEX) was performed robustly for multiple
tested serotypes and resulted in a mixture of full and empty rAAV with a good purity
profile. For the used affinity chromatography (AC), a serotype dependence was observed.
Anion exchange chromatography (AEX) worked well for the AAVS serotype and achieved
high levels of purification and a baseline separation of full and empty rAAV. Depending
on the AAV serotype, a combination of CEX and AEX or AC and AEX is recommended
and holds promise for future translational projects that require highly pure and full particle-
enriched rAAV.

Keywords: adeno-associated virus; rAAV vector; column purification; empty capsids; ion
exchange chromatography; affinity chromatography

IV.2 Introduction

Recombinant adeno-associated viral (rAAV) vectors have emerged as very promising gene
delivery tools and have been already used in more than 190 clinical trials across different
indications with very good safety characteristics (287-289, 323). A high number of
immunologically distinct serotypes of AAV are currently in use; however, rAAV based on
serotype 2 (AAV 2) have been most extensively evaluated in preclinical studies, as this was
the first serotype to be fully characterized (324). Accordingly, there is a growing need for
scalable commercial production and purification methods. The manufacturing processes
for rAAV are composed of three phases: (i) upstream, which entails the production of the
rAAV, (ii) downstream, which involves the purification of the AAV, and (iii)
formulation/fill and finish processes, which ensure optimal stability and dosing at the

desired therapeutic dose (325). Here, we focus on the downstream purification process.

In the past two decades, many protocols for the purification of rAAV vectors have been
established (26, 74, 127, 175, 176, 191, 326, 327). Downstream purification processes are
designed to remove process-related impurities such as host cell proteins, host cell DNA,
and process additives, as well as product-related impurities, such as aggregated vectors and
empty capsids that are generated during the upstream process (7). One way to purify rAAV
vectors is cesium chloride (CsCl) or iodixanol gradient ultracentrifugation, and the material
purified by such methods has been used in several clinical trials (328-330). The main
advantage of these gradient ultracentrifugation protocols is the flexibility to be used with
minimal adaptation to efficiently purify different AAV serotypes and the ability to separate
full rAAV from empty particles. Nevertheless, gradient ultracentrifugation methods are

83


https://www.mdpi.com/search?q=adeno-associated%20virus
https://www.mdpi.com/search?q=rAAV%20vector
https://www.mdpi.com/search?q=column%20purification
https://www.mdpi.com/search?q=empty%20capsids
https://www.mdpi.com/search?q=ion%20exchange%20chromatography
https://www.mdpi.com/search?q=ion%20exchange%20chromatography
https://www.mdpi.com/search?q=affinity%20chromatography

typically limited to product volumes of a few hundred microliters, are not readily scalable,
and are difficult to run under GMP. In contrast, the liquid chromatography-based
purification methods offer scalable alternative methods that enable the manufacturing of
rAAV with high purity, potency, and consistency. However, chromatography resins and
conditions are often uniquely developed and tailored for each serotype, and the efficient
removal of vector-related impurities such as empty capsids is challenging (26). The impact
of empty capsids on the potency and immunogenicity is discussed (42), and therefore,
protocols for their efficient removal are desired and currently explored by several groups
and companies. Here, we present data on the liquid chromatography column-based
purification processes for AAV2/8, comparing affinity chromatography (AC) with
hydrophobic interaction chromatography (HIC) and cation exchange chromatography
(CEX), followed, in both cases, by anion exchange chromatography (AEX) to separate full
from empty capsids. In AEX method development, we were able to achieve a baseline

separation between genome-loaded and empty capsids.

The protocol of the AC and CEX could also be applied for the purification of AAV2 and

resulted in a similar level of purification.

IVV.3 Materials and methods

IV.3.1 AAV production

Recombinant AAV vectors with genomes carrying inverted terminal repeats derived from
AAV?2 and packaged with wildtype AAV2 or AAVS or engineered AAV2 capsids
(AAV2.NN and AAV2.GL) were produced and purified as previously described in
adherent HEK293T cells (The Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) (293, 294). The
packaged self-complementary (sc) genome comprised a CMV promoter driving expression
of eGFP (331).

IV.3.2 Tangential flow filtration—TFF

For some rAAV vector batches, the cell culture supernatant was harvested, filtered, and
concentrated by tangential flow filtration (TFF) performed with a KrosFlo® KRi2 universal
using a 100-kDa mPES membrane from Repligen (Waltham, MA, USA) and buffered in
1x PBS (10 mM NazHPOQO4, 1.8 mM KH2POg4, 4.27 mM KCI, and 137 mM NaCl, pH 7.4).
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IVV.3.3 PEG precipitation

For other rAAV vector batches, the cell culture supernatant was harvested three days and,
for AAVS, also six days after transfection and filtered with a 0.45-um filter. Subsequently,
polyethylene glycol (PEG) 8000 (Merck, Darmstadt, Germany) was added to the
supernatant to a final concentration of 8% (v/v). The mixture was centrifuged for 15 min at
1756% g at 4 °C. The supernatant was discarded, and the pellet was resuspended with
7.5 mL of PBS. To degrade free DNA, 2-uL Benzonase (Merck, Darmstadt, Germany; final
concentration 50 U/mL) was added to the sample and incubated at 37 °C for 30 min and
subsequently purified on the affinity column (AC), hydrophobic interaction

chromatography (HIC) column, or directly by the cation exchange column (CEX).

1VV.3.4 Cell pellet

In case the rAAV vectors were to be harvested from the cell pellet, the cells were detached
from the culture dishes with a cell scraper, for AAV2 three and for AAV8 six days after
transfection, collected into a centrifuge beaker, and pelleted by centrifugation at 1756x g
at 4 °C for 15 min. Subsequently, the supernatant was decanted, and the cell pellet was
resuspended in 7.5 mL of 50 mM Tris(hydroxymethyl)aminomethane (Tris)-HCI and
150 mM NaCl, pH 8.5. The resuspended cells were frozen three times with liquid nitrogen
and thawed to 37 °C. After the last cycle of thawing, 2 uL of Benzonase (Merck, Darmstadt,
Germany; final concentration 50 U/mL) were added and incubated for 30 min at 37 °C,
followed by centrifugation at 4 °C, 1756x g for 25 min to separate the pellet and
supernatant. The supernatant was collected and subsequently purified on the affinity
column (AC), hydrophobic interaction chromatography (HIC) column, or to the cation

exchange column (CEX).

IV.3.5 rAAV vector purification

All purifications using liquid chromatography were performed with an AKTA purifier from
Cytiva (Marlborough, MA, USA). For sample loading, a Superloop or sample pump were
used. All runs were performed at room temperature (25 °C), and the detection was done
with a UV detector (UL-9, fixed wavelength) at 280 nm implemented in the AKTA system.
The evaluation was done with Unicorn Software (7.3) (Cytiva, Marlborough, MA, USA).

IV.35.1.1 Hydrophobic interaction chromatography—HIC

The CIMmultus OH monolith column (1 mL, 2-um pores; BIA separations, Ajdovs¢ina,
Slovenia) was used for HIC. The sample was diluted 2-fold with 3 M K2HPO4 (Merck,
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Darmstadt, Germany), 2% glucose (Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
pH 7.0, and then filtrated over a 0.45-um mPES membrane filter. After equilibration with
1.5-M K2HPO4 and 1% glucose, pH 7.0, the sample was loaded onto the column with a
flow rate of 2 mL/min. For elution, the flow rate was set to 3 mL/min, and the gradient was
run in 20 column volumes (CV) from 0% to 100% 50 mM K;HPQO4 and 1% glucose, pH
7.0. The columns were washed in the cleaning in place (CIP) mode with 1 M NaOH (VWR,

Geldenaaksenbaan, Belgium) for reuse (332).

IV.3.5.1.2 Cation exchange chromatography—CEX

The CIMmultus SOs column (1 mL, 2-um pores; BIA separations) was used for CEX
chromatography. The pooled peak fractions from the HIC, the PEG precipitates, or the cell
lysates were diluted 10-fold with 25-mM sodium acetate (C2H3sNaO.) (Grussing, Filsum,
Germany) and 50 mM sodium chloride (NaCl) (Bernd Kraft, Duisburg, Germany) to
achieve a conductivity of 15 to 20 mS/cm. The pH was adjusted to 4.0. After column
equilibration with 50 mM sodium acetate and 100 mM NacCl, pH 4.0, the loading of the
diluted sample was done at a flow rate of 5 mL/min. Elution was run with a 3 mL/min flow
rate and a gradient ranging from 0% to 100% 50 mM C>HsNaO- and 2-M NacCl, pH 4.0,
within 20 CVs. The column was washed in the cleaning in place (CIP) mode with 1 M
NaOH and 2 M NacCl after each run.

IV.3.5.1.3 Anion exchange chromatography—AEX—salt gradient

The final purification step to separate the full and empty rAAV particles was performed
with the CIMmultus QA column (1 mL, 2-um pores; BIA separations). The peak containing
fractions from the CEX or AC elutions were pooled and diluted 30-fold with 20 mM Tris
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and 2 mM MgCl, (Applichem
GmbH, Darmstadt, Germany) and adjusted to pH 9.0. Required starting conductivity for
the AEX was around 3-5 mS/cm. After column equilibration with 20 mM Tris and 2 mM
MgClz, pH 9.0, the loading of the diluted sample was done at a flow rate of 6 mL/min.
Elution was performed at a 3 mL/min flow and a gradient ranging from 5% to 50% 20 mM
Tris, 2 mM MgClz, and 500 mM NacCl, pH 9.0, within 60 CVs. The column was cleaned in
the cleaning in place (CIP) mode with 1 M NaOH and 2 M NaCl after each run (193, 332).
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IV.3.5.1.4 Anion exchange chromatography—AEX—pH gradient
The CIMmultus PrimaS (AAV) column (1 mL, 2-um pores; BIA separations) was

evaluated as an additional option for separating empty from full rAAV. Buffer A contained
10 mM Tris, 10 mM bis-tris-propane (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany), 2 mM MgCl;, and 0.1% poloxamer 188 (Kolliphor P 188, BASF,
Ludwigshafen, Germany) at pH 8.0, and buffer B had the same composition but at pH 10.0.
To achieve a conductivity below 4 mS/cm, the samples from CEX or AC were diluted 30-
fold with dilution buffer (buffer A diluted 2-fold with water), and the pH was adjusted to
8.0. Loading and elution were performed at a flow rate of 4 mL/min and a linear pH gradient
ranging from 0% to 100% B within 100 CVs. In some cases, a step gradient was used.

IV.3.5.1.5 Affinity chromatography—AC

For affinity chromatography (AC), a Poros capture select AAVx column (1 mL; Thermo
Fisher Scientific, Dreieich, Germany) was used. AAV samples in PBS at pH 7.4 were
loaded at a flow rate of 0.3 mL/min on the column and eluted with 100 mM citric acid
(VWR, Geldenaaksenbaan, Belgium), pH 3.0, at a flow rate of 0.7 mL/min. AAV were
neutralized by elution into 1 M Tris, pH 8.7. The used column was purified by cleaning in
place with 100 mM phosphoric acid (Merck, Darmstadt, Germany), pH 2.0, and 6 M
guanidine HCI (Sigma-Aldrich Chemie GmbH, Steinheim, Germany).

IVV.3.6 Vector genome titer determination by gPCR

The vector titer was measured by real-time quantitative polymerase chain reaction (QPCR)
and carried out with the QuantStudio 5 system (Thermo Fisher scientific, Dreieich,
Germany). AAV2-free ITR gPCR was performed as described by D’Costa et al (110).

IVV.3.7 Determination of HEK 293T DNA

Determination of HEK cell DNA was done on a QuantStudio 5 system (Thermo Fisher
Scientific, Dreieich, Germany) with a SYBR Green gPCR assay designed to amplify a 94-
bp Alu sequence using the following primers: 5'-GAGGCGGGCGGATCA-3' (forward)
and 5'-CCCGGCTAATTTTTGTATTTTTAG-3' (reverse) (163).

1V.3.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis—SDS-PAGE
Samples were loaded on a 6-12% Tris-HCI gel after the addition of Laemmli 4x (Bio-Rad,
Hercules, CA, USA) and denaturation at 95 °C for 5 min. After electrophoresis for 40 min
at 200 V in denaturing conditions, the gel was silver-stained and pictures were taken by
ChemiDog (Bio-Rad, Feldkirchen, Germany) (66).
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IVV.3.9 Sedimentation velocity analytical ultracentrifugation—SV-AUC

Sedimentation velocity analytical ultracentrifugation (SV-AUC) was performed on an
Optima AUC instrument (Beckman Coulter, Brea, CA, USA). rAAV samples were loaded
into AUC cells with standard 2-sector centerpieces (Beckman Coulter, Brea, CA, USA)
into both sectors. Sedimentation of particles was monitored at 16,336x% g at the wavelengths
of 230 nm, 260 nm, and 280 nm in an AN Ti-50 rotor (Beckman Coulter, Brea, CA, USA).
Data analysis was then performed in UltraScan I11 (AUC Solutions, Katy, TX, USA) using
the intensity signal of each sample cell. Data were processed to contain the relevant scan
range and optimal solutions for the time-invariant and radial-invariant noises, which were
determined together with the optimal meniscus position. Final fitting was performed with
the PCSA-SL-MC model and the statistical evaluation based on 100 Monte-Carlo
simulations. Peak integration was performed to derive the relative contents of the empty
(~65 S) and filled capsids (~105 S) and of the formulation components, such as small
proteins, DNA fragments, and smaller unidentified species. For determination of the
full/empty ratio, the same factors for 260 nm and 280 nm were used as in the analytical

AEX experiments, and for 230 nm, a correction factor of 1.6 was used.

1V.3.10 Analytical anion exchange chromatography

For the analytical separation of full and empty rAAV, a Waters 2695 system (Eschborn,
Germany) and a Protein-Pak Hi Res Q column (5 um, 4.6 x 100 mm; Waters GmbH,
Eschborn, Germany) were used. Therefore, 70 mM bis-tris-propane (Sigma-Aldrich, St.
Louis, MO, USA) and 2 mM MgCl,, pH 9.0, were used as buffer A. Adding 1-M
tetramethylammoniumchlorid (Sigma-Aldrich, St. Louis, MO, USA) to buffer A created
buffer B. At a flow rate of 0.3 mL/min, a gradient from 10% to 30% B in 20 min was
performed to separate the full and empty AAV. rAAV elution was detected at 280 nm and
260 nm with a UV detector (Waters 2487) and with a fluorescence detector (Dionex
RF2000, Sunnyvale, CA, USA) at excitation and emission wavelengths of 280 nm 330 nm,
respectively. The chromatograms were integrated with Chromeleon V6.8 (Thermo Fisher
Scientific, Dreieich, Germany). For the correct determination of a fraction of empty rAAV,
the following equation, according to Reference (96), was used:

Areaempty

% Empty capsids = 100 X red
Full

(Areaempty + TF/E
RFre fluorescence detection: 0.85, UV 260 nm: 7.69, and UV 280 nm:
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IV.4 Results

IV.4.1 Evaluation of two different liquid chromatography-based purification
strategies for rAAV2/8 vectors

We evaluated different purification strategies based on the liquid chromatography columns
(Figure 1V.1). For the initial testing, we decided to work with AAV8-pseudotyped AAV?2
(rAAV2/8) vectors carrying a self-complementary (sc) genome with a CMV_eGFP gene
expression cassette. The harvested rAAV vectors from the same batch were split into two
parts, which were subsequently purified with different purification strategies. Purification
process HIC-CEX-AEX was a three-step process consisting of hydrophobic interaction
chromatography (HIC), followed by cation exchange chromatography (CEX) and, finally,
anion exchange chromatography (AEX). Figure 1V.2 summarizes the results obtained with
HIC-CEX-AEX and AC-AEX for rAAV2/8. In the HIC-CEX-AEX process, the
combination of HIC and CEX successfully removed most of the DNA and protein
impurities (Figure 1V.2A,B), and the final AEX step was able to separate, at least to some
extent, the full and empty rAAV (Figure IV.2C).

TFF N
. CiMmultus CiMmultus CIMmultus TS Y
PEG precipitate OH SO, 0A HIC-CEX-AEX
Cell pellet lysate )
_ PEG precipitate CIMmultus CIMmultus B
(gv] Cell pellet lysate SO, QA D
— )
Q
+—
(1] PEG precipitate CIMmultus ClMmultus el
CEX-AEX (E/F)
E Cell pellet lysate SO, Primas (AAV) - i
< TFF Poros b
<t . CiMmultus L
P PEG precipitate capture QA AC-AEX
Cell pellet lysate select AAVx y
\
PEG precipitate Poros CIMmultus
capture . AC-AEX(E/F)
Cell pellet lysate select AAVX Primas (AAV)
4

Figure IV.1 Overview of the five tested purification strategies to purify and to separate the empty and full
recombinant adeno-associated virus (rAAV). For each experiment, only one harvesting method mentioned in
the first arrow was performed. The abbreviations (in white) on the right side are also used throughout the text
and refer here to the shown purification processes. AC, affinity chromatography; AEX, anion exchange
chromatography; CEX, cation exchange chromatography; HIC, hydrophobic interaction chromatography;
PEG, polyethylene glycol; TFF, tangential flow filtration.
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Figure 1V.2 Comparison of HIC-CEX-AEX and AC-AEX for purification of the rAAV2/8 vectors. Each
chromatogram shows the respective ultra-violet (UV) signal in blue (scale on the left Y-axis) and the
concentration of buffer B depicted as a dashed green line (scale on the right). (A—C) Chromatograms obtained
with HIC-CEX-AEX in three subsequent steps on a HIC (A), a CEX (B), and an AEX (C) column. (D) SV-
AUC analysis of rAAV2/8 of the indicated samples from different purification states. (E,F) Chromatograms
obtained with AC-AEX in two subsequent steps on an AC (E) and an AEX (F) column. (G) Magnification
view of the AEX chromatogram shown in F (focusing on the 120-150-mL range) to better visualize the peaks
of the empty and full rAAV. (H) SV-AUC analysis after AC and AEX. (1) Silver-stained sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the rAAV material after TFF, and the intermediate
steps from the purification downstream processes HIC-CEX-AEX and AC-AEX. AC, affinity
chromatography; AEX, anion exchange chromatography; CEX, cation exchange chromatography; HIC,
hydrophobic interaction chromatography; PEG, polyethylene glycol; rAAV, recombinant adeno-associated
virus; TFF, tangential flow filtration; VP, viral protein.
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In contrast, AC-AEX is a two-step process and starts with affinity chromatography (AC)
on a Poros capture select AAVx column, which can selectively capture AAV capsids (12,
176, 333, 334), while most of the DNA and protein impurities are not retained on the
column (Figure 1V.2E). In the second step, the same AEX as in HIC-CEX-AEX was used
(Figure IV.2F,G).

To better characterize the purification process, we compared the eluates containing rAAV
from each purification step with the starting material using sedimentation velocity
analytical ultracentrifugation (SV-AUC). The SV-AUC results for HIC-CEX-AEX and
AC-AEX are depicted in Figure 1V.2D,H, respectively. In both cases, a relative increase of
the rAAV-containing fractions was observed after each purification step, indicative of an
improvement in the purity. A separation of full rAAV from empty capsids could also be
observed with HIC-CEX-AEX and AC-AEX. The highest purity was achieved for the
empty capsid fraction, which seemed to be devoid of impurities and full capsids. While the
full capsid fraction showed a clear enrichment, this fraction in HIC-CEX-AEX and AC-
AEX still contained some empty capsids and other impurities (Figure 1V.2D,H). Some

degree of aggregation was observed after the AEX in AC-AEX.

The SDS-PAGE results also clearly showed the purity improvement along the HIC-CEX-
AEX and AC-AEX purification processes, starting with a high number of additional bands
indicative of impurities for the sample after TFF. Directly after the first purification step, a
clear improvement was detected, and the three protein bands of VVP1, VP2, and VP3 could
be seen. For AC-AEX, the overall concentration of the rAAV vectors at the end seemed
higher than for HIC-CEX-AEX. Some additional bands in the sample containing the full
rAAV were detected between 130 and 250 kDa, which might be the vector DNA.

IVV.4.2 Different initial steps for the raw material

Next, we explored how HIC-CEX-AEX and AC-AEX performed with differently harvested
rAAV vector materials. First, we used pooled cell culture supernatants and cell pellet
lysates filtered, concentrated, and buffer-exchanged by TFF, which also possibly removed
some impurities (335). Second, we precipitated the rAAV vectors with PEG from the cell
culture supernatant only. Third, we pelleted the producer cells and purified the rAAV

vectors from the cell pellet lysate. As shown in Figure 1.3, we were able to consistently
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purify the rAAV vectors with HIC-CEX-AEX and AC-AEX and from all three starting

materials.
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Figure 1V.3 Effect of different harvesting methods on the rAAV2/8 vector production yield and pureness of

HEK DNA
HEK DNA (total copie number)

the human embryonic kidney (HEK) 293T cell DNA. (A-F) Graphs showing the yield (total vector genomes,
vg) for the rAAV2/8 vectors obtained with the two strategies, with materials harvested from (A,B) the cell
culture supernatant and cell pellet lysate filtered, concentrated, and buffer-exchanged by tangential flow
filtration (TFF) (n = 3). (C,D) Culture supernatant by polyethylene glycol (PEG) precipitation (C), followed
by HIC-CEX (n = 2) and (D) followed by AC-AEX (n =5) or (E,F) cell pellet lysate (E) followed by HIC-
CEX (n = 2) and (F) followed by AC-AEX (n = 5). (G,H) Graphs showing the removal efficiency of the
strategies for HEK cell DNA at all the purification steps. AC, affinity chromatography; AEX, anion exchange
chromatography; CEX, cation exchange chromatography; HIC, hydrophobic interaction chromatography;

PEG, polyethylene glycol; rAAV, recombinant adeno-associated virus.
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According to the vector genome (vg) titers, there was some loss of rAAV vectors during
the different steps of the downstream process AC-AEX, ending up with a maximum
remaining yield of 44% (4*10'? vg) after AEX of the initial vg amount (1*10® vg). The
corresponding values for the different purification steps are summarized in Table 1V.1.

Table 1V.1 Remaining percentage of the original vg amount of rAAV after the distinct process steps.

Purification Purification TFF SD PEG Precipitate  SD Cell Pellet Lysate SD
Strategy Step (%) (%) (%) (%) (%) (%)
HIC 23 6 3 - 0.3
HIC-CEX-AEX CEX 15 7 0.3 - 0.2
AEX 5 2 ND ND ND ND
CEX ND ND ND ND 65 13
CEX-AEX
AEX ND ND ND ND 59 24
AC 89 21 69 24 59 12
AC-AEX
AEX 32 11 44 21 37 23
ND: not done.

For the HIC-CEX-AEX protocol, we observed a significant drop of the vg titer after the
HIC step (Figure 1VV.3B,D,F). After the HIC step, we could recover 23% of the rAAV when
starting with material coming from the TFF. In contrast, the recovery was only 3% from
the PEG precipitates and only 0.3% when starting with cell pellet lysates. For the samples
from the TFF, we performed the subsequent AEX step and could recover 5% of the
originally harvested rAAV in the full fraction. The data are summarized in Table IV.1. Due
to the low yield, we decided not to perform the AEX step with the corresponding samples

from the PEG precipitates or the cell pellet lysates.

The determination of the HEK cell DNA showed a clear reduction in HEK cell DNA for
the HIC-CEX-AEX and AC-AEX processes. For the starting material of the cell pellet
lysate, and for all the samples of the HIC step, it was not possible to determine the amount
of HEK cell DNA in the sample because of the matrix effects in the qPCR. We figured out
that the first very effective step in the purification process for the supernatant material was
PEG precipitation. As expected, the TFF also reduced the amount of DNA and protein
impurities but less than the PEG precipitation. In the case of the TFF treatment, the AC, as
well as the CEX, were able to reduce the amount of HEK cell DNA. The AEX step further
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improved the amount of the residual HEK cell DNA in the full rAAV and even more for

the empty capsid fraction.
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Figure 1V.4 Purification of the rAAV2/8 vectors using the CEX-AEX process. (A-C) Chromatograms
obtained with cell pellet materials in only two steps on the CEX (A) and AEX (B) columns. (A) CEX with a
linear buffer B gradient. (B) AEX with a linear buffer B gradient. Magnification view of the AEX
chromatogram shown in B. Each chromatogram shows the respective UV signal in blue (scale on the left Y-
axis) and the concentration of buffer B depicted as a dashed green line (scale on the right). (C) Graph showing
the yield (total vector genomes, vg) for the rAAV2/8 vectors obtained in CEX-AEX with the material
harvested by lysis of the cell pellet. The residual HEK cell DNA amount is shown in (D). Due to matrix
effects in the qPCR, the starting amount cannot be shown here. AAV, recombinant adeno-associated virus;
AC, affinity chromatography; AEX, anion exchange chromatography; CEX, cation exchange
chromatography.

Given the high loss observed during the HIC step of HIC-CEX-AEX, we decided to test
whether it is possible to skip this step and directly load the sample onto the CEX. As shown
in the corresponding chromatogram in Figure 1V.4A, omission of the HIC step did not
impair proper purification at the CEX column. The same plateau in the UV signal during
the sample loading, as in the HIC, was seen in the CEX when the cell pellet lysate material
was directly loaded onto the CEX. The amount of rAAV eluted from the column was 65%

for the cell pellet lysate (Table 1V.1). Absolute yield in vg titer for the cell pellet is shown
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in Figure 1V.4C. Further purification of the sample on the AEX column resulted in a
recovery of 59% of the rAAV from the cell pellet lysate (Figure 1V.4B). Thus, this
simplified CEX-AEX process performed better than the original downstream process HIC-
CEX-AEX. The residual amount of HEK cell DNA was comparable with the amount in the
samples purified by AC-AEX (Figure 1V.4D).

IVV.4.3 Anion exchange chromatography using a pH gradient

All tested protocols have so far used the same AEX column (QA column, BIA Separations),
which, in principle, allowed for the separation of full rAAV from empty capsids. However,
an optimal (i.e., baseline) separation of the corresponding chromatography peaks could not
be achieved. We therefore explored another preparative AEX column (CIMmultus PrimaS
(AAV), BIA separations) for full/empty separation. With this column, a linear pH gradient
was used for AAV separation, ranging from pH 8.0 to 10.0. The results obtained with this
strategy CEX-AEX(E/F) are depicted in Figure 1V.5. A clear separation of the full and
empty rAAYV peaks could be achieved (Figure 1VV.5B). Still, up to 28% of the empty capsids
were found in the fractions containing the full rAAV (Table IV.2). The residual amount of
empty capsids was determined by analytical AEX (Figure 1VV.S1). We therefore tested a
step gradient instead of a linear buffer B gradient. In particular, each step of the B gradient
was designed to start at the amount of buffer B that corresponded to the peak maxima

previously observed in the linear gradient experiment (Figure 1V.5B).
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Figure 1V.5 Purification of the rAAV2/8 vectors using CEX-AEX(E/F). (A-C) Chromatograms obtained
with a PEG-precipitated material and a CEX-AEX(E/F) process in only two steps on a CEX (A) and a novel
CIMmultus PrimaS (AAV) (B,C) column. (A) CEX with a linear buffer B gradient. (B) CIMmultus PrimaS
(AAV) with a linear buffer B gradient. (C) CIMmultus PrimaS (AAV) with a step gradient of 25%, 40%, and
55% buffer B. Each chromatogram shows the respective UV signal in blue (scale on the left Y-axis) and the
concentration of buffer B depicted as a dashed green line (scale on the right). (D) Graph showing the yield
(total vector genomes, vg) for the rAAV2/8 vectors obtained in the CEX-AEX(E/F) downstream process with
material harvested by PEG precipitation (n = 2) from the cell culture supernatant and cell pellet lysate (n =
3). (E) Residual human embryonic kidney (HEK) cell DNA amount determined by real-time quantitative
polymerase chain reaction (gQPCR). (F) Silver-stained sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) of the material from each step of the purification CEX-AEX(E/F) downstream
process. AEX, anion exchange chromatography; CEX, cation exchange chromatography; PEG, polyethylene

glycol; rAAV, recombinant adeno-associated virus; TFF, tangential flow filtration; VP, viral protein.

96



Table 1V.2 Amount of empty capsids in the fractions containing full rAAV determined by analytical AEX.

Residual Amount of Empty Capsids in Full rAAV

Purification Number of Fractions (%)
Strategy Preparations
Entire Peak Peak Maximum

CEX-AEX(E/F) 1 27 21
linear 2 31 23

1 17 8
CEX-AEX(E/F)

17 12

steps

3 20 9
AC-AEX(E/F) 1 23 15
linear 2 40 28
AC-AEX(E/F) steps 1 20 13

As shown in Figure IV.5C, this step gradient protocol resulted in baseline separated peaks
for the empty capsids and full rAAV, respectively. While the separation was improved, as
calculated from the analytical AEX, around 19% of the empty capsids were still present in
the fractions corresponding to the peak of the full rAAV. The overall yield of around 70%
of the rAAV from the starting vg amount after CIMmultus PrimaS (AAV) for the CEX-
AEX(E/F) process was quite promising (Table 1V.3) and resulted in high genomic titers
(Figure 1V.5D).
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Table 1V.3 Remaining percentage of the original vg amount of rAAV after each different purification step.

Purification Strategy =~ Number of Preparations Purification Step  Yield (%0)

CEX 64
1: Cell pellet
AEX 70
CEX-AEX(E/F) linear
CEX 80
2: PEG pellet
AEX 31
CEX 86
1: Cell pellet
AEX 70
CEX 55
CEX-AEX(E/F) steps  2: Cell pellet
AEX 78
CEX 92
3: PEG pellet
AEX 63

Next, we assessed the purity profile and found quite a low amount of HEK cell DNA
(Figure IV.5E) and rather low levels of non-VVP bands in the SDS-PAGE (Figure IV.5F).
The PEG precipitate as the starting material showed some additional bands around the
actual VP1-3 bands, which disappeared after the subsequent purification steps and resulted
in marked VP1, VP2, and VP3 bands.
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1V.4.4 Comparison of yields of full rAAV harvested from cell pellet and supernatant
Comparison of the AEX chromatograms from the experiments with different starting
materials revealed a difference in the ratio of empty and full rAAV vectors obtained from
the PEG precipitate (Figure IV.5C) and cell pellet lysate (Figure 1V.4B). We therefore
investigated this further. As shown in Figure IV.6A, the fraction of full over empty rAAV
iIs higher using cell pellet lysate as the starting material. To analyze this in more detail, we
investigated five individual batches and consistently found the ratio of full/empty capsids
to be constant in the different conditions and always lower when starting from the PEG

precipitate material. Thus, the cell pellet lysate material consistently yielded a higher
amount of full rAAV.

2] A B empty B B ety
[ full 10% 4 [ full
80

60 4 1013 4

full/lempty ratio (%)
amount (cp)

20

1012 -

PEG Cell
precipitate pellet

PEG pellet Cell pellet

Figure 1V.6 Assessment of the full/empty ratios from the PEG precipitate or cell lysate using analytical AEX
chromatography. (A) Graph showing the full rAAV (light green) and empty capsid (purple) titer ratio
determined using analytical AEX combined with a fluorescence detector. (B) Graph depicting the total
amount of empty or full capsid values of 5 individual batches obtained from the PEG precipitate or from the
cell pellet lysate. PEG, polyethylene glycol.
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1V.4.5 Evaluation of AC and CEX purification protocols for four different serotypes
So far, the purification methods were evaluated with rAAV2/8 only. We next decided to
test the purification of rAAV2/2 and engineered variants thereof only by AC and CEX. The
results for “wildtype” rAAV2/2 and engineered rAAV2/2.NN and rAAV2/2.GL are
illustrated in Figure IV.7.

A B
[ cip [ Elution [l Flow through ] cip X Elution [l Flow through

100 100 -
80 - 80

60 60

X

40 - 40 4

20 4 20 4

0 - 0 -

AAV 2/8wt AAV 2wt AAV 2.NN AAV 2.GL AAV 2/8wt AAV 2wt AAV 2.NN AAV 2.GL
Affinity chromatography Cation exchange chromatography

Figure 1V.7 Comparison of AC and CEX for rAAV2/8, rAAV2/2, rAAV2/2.GL, and rAAV2/2.NN.
Chromatography with AC (A) and CEX (B). Purple depicts the flow through and, thus, loss of rAAV during
the loading process onto the column (flowthrough), light green shows the yield of rAAV in the elution, and
pink illustrates the loss of rAAV during the cleaning in place (CIP) process. Minimum, n = 3 (except for AC
rAAV2/2, n = 2)). rAAV, recombinant adeno-associated virus.

For all serotypes, a minimum of three runs with each column were done. The only exception
was for the AC purification of rAAV2/2, for which we performed only two runs. The AC
performed very well for rAAV2/8 and rAAV2/2, which could be quantitatively captured
on the column. This was not the case for the two engineered rAAV2 variants, which were

also bound to the AC column but with a much lower affinity (Figure IV.7A).

In contrast to the AC, the CEX showed very good results for all four tested types of rAAYV,
with yields of the remaining rAAV from the initial vg amount ranging from 93% to 99%
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in the elution (Figure 1V.7B). rAAV2/8 seemed to bind strongly to the CEX resin, and
consequently, up to 20% of the total vector amount was lost, since it could only be eluted

from the column during the cleaning in place mode.

IVV.5 Discussion

Here, we explored different liquid chromatography-based methods for the purification of
rAAV material harvested from the cell culture supernatant or from cell pellet lysate. For
the initial evaluation, we opted to work with rAAV pseudotyped with the broadly used and

easy-to-produce AAV8 serotype.

The HIC-CEX-AEX process included three subsequent chromatographic steps on the HIC,
CEX, and AEX columns and consistently produced rAAV2/8 materials at high yields with
good purity from the cell culture supernatant, which was initially buffer-exchanged via the
TFF. However, there was substantial loss of the rAAV vector when using a cell culture
supernatant PEG precipitate or cell pellet lysate (Table 1V.1). A closer inspection of the
yield after the different chromatography steps showed that the loss of material mainly
happened during the HIC step. The exact reasons for this observation remain unclear. It is
tempting to speculate that the initial TFF step helped remove the impurities that negatively
impacted the HIC step. Thus, if not combined with an initial TFF step, the HIC-CEX-AEX
process resulted in a low yield at the end of the purification process and had to be changed.
Indeed, the removal of this initial HIC step in the CEX-AEX process resulted in increased
yields from both starting materials, which performed less efficiently in the HIC-CEX-AEX
process. Importantly, the CEX column tested in this study showed promising results for all
the tested (naturally occurring and engineered) rAAV. Only for rAAV2/8, a substantial
amount of rAAV remained on the column and, eventually, were lost, since they could only

be eluted in the cleaning step.

Further improvements in the procedure, e.g., by adjusting the buffer pH from 4.0 to pH 4.5
or pH 5.0 to reduce binding to the column, might help to increase the fraction of rAAV2/8
that can be recovered in the elution part of the chromatography. It should be noted that
longer times at a low pH could damage the capsid, as shown in a recent study (336). Thus,
increasing the pH to optimize binding to the CEX column could also be beneficial for rAAV

stability but was beyond the scope of the current work.

In the AC-AEX process, we explored the POROS AAVX affinity column as an alternative
to the CEX. In a recent study (333), it was demonstrated that the AAVx column has a high
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static-binding recovery (>95%) for a broad range of natural and synthetic serotypes. For
rAAV pseudotyped with the naturally occurring AAV serotypes AAV8 or AAV2, we could
confirm this observation and achieved a similar recovery for both of them. However, for
purification of the two recently described engineered AAV?2 variants (331), an affinity to
and, thus, recovery from the AC column was substantially reduced, and a high amount of
rAAV was lost in the flowthrough fraction. These AAV2 variants termed AAV2.GL and
AAV2.NN carry peptide insertions in the surface-exposed hypervariable loop 1V of the
AAV capsid, which seems to impact the ability of this capsid to efficiently bind to the
affinity matrix. While the exact composition of the affinity matrix was not disclosed by the
manufacturer of the AC column, it seems like structural, or sequence epitopes made up by

the hypervariable loop IV do substantially contribute to the binding affinity.

In addition to the desired vector genome-loaded “full” rAAV, all rAAV production
methods yield varying amounts of genome-free “capsid-only” empty particles as
byproducts. Therefore, the HIC-CEX-AEX and AC-AEX processes included a final AEX
step, in order to separate the full rAAV from the empty capsids. The packaging of DNA is
thought to induce small changes in the capsid structure and changes in the overall charge
of the particles. Indeed, the IEP for empty capsids was reported to be around 6.3 and, for
full rAAV, around 5.9 (25, 186, 188, 191). In combination with the running buffers with a
pH higher than the IEP, this can be exploited for the separation of these two species by
AEX chromatography.

Initially, we used the CIMmultus QA column for AEX chromatography in the HIC-CEX-
AEX and AC-AEX downstream processes. This column did not achieve a baseline
separation of the full and empty peaks but still resulted in an enrichment of the full rAAV.
Subsequently, we tested the CIMmultus PrimaS (AAV) column and found a better
separation of the full and empty chromatography peaks. In particular, when we applied a
step protocol for buffer B, we achieved an almost baseline separation of the full rAAV and
the empty capsid peaks. Other studies have also achieved full/empty separation for different
AAYV serotypes by AEX (9, 26, 188, 193, 207, 305, 337). For determination of the degree
of separation of full rAAV from empty capsids, we used analytical AEX. To confirm the
analytical AEX results, we used SV-AUC as the orthogonal method. Although the SV-
AUC analysis at 230 nm provided more sensitivity compared to 260 and 280 nm, only the
intermediate and highly concentrated rAAV preparations with absorbance in excess of 0.15

OD units were compared. The AUC consistently worked with the empty capsid fractions
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and confirmed a very high purity of 99% (compared to 100%, as determined by analytical
AEX). The value of the empty capsids that coeluted in the full rAAV fraction was
quantified as 17% by SV-AUC, whereas AEX determined the value slightly lower at 12%
being empty capsids. The SV-AUC measurements on the full and mixed rAAV fractions
also revealed levels of partially filled and aggregated rAAV, which was not observable by
AEX.

Apart from the empty capsids, other impurities are also of relevance. In this regard, we
found that rAAV material from the cell pellet lysate ended up having slightly higher
amounts of HEK cell DNA compared to rAAV harvested from the cell culture supernatant,
either by PEG precipitation or by TFF. The initial step of the buffer exchange via TFF
directly removes some process-related impurities, but PEG precipitation was even more
effective in removing process-related impurities. However, as seen in the silver-stained
SDS-PAGE, both steps did not fully remove the impurities and still resulted in additional
bands. Better purification was achieved after HIC, CEX, or AC. An additional AEX step
not only helped removing the empty AAV capsids but also further lowered the amount of
HEK cell DNA. Interestingly, the AEX step removed the HEK cell DNA from the empty
capsid fractions even more efficiently than from the full rAAV fractions. The exact reason
for this remains unclear, but it might be related to the fact that full rAAV elutes later in the
gradient of the AEX column. Since DNA binds strongly to the AEX column, DNA
contaminations elute late in the gradient (325), which coincides more with the elution of
the full rAAV.

Another point to consider when working with the different starting material are potential
differences in the post-translational modification (PTM) pattern of the AAV capsid
harvested, e.g., from the supernatant or the cell pellet. Such differences might impact on
the production process or the properties of the product. Indeed, various PTMs of the AAV
capsid have been identified (338, 339), and the potential effects on the rAAV vectors
function discussed (10). Whether and how the PTM pattern impacts the chromatographic

purification of rAAV needs to be clarified in future studies.

So far, the gold standard for the purification of rAAV are gradient ultracentrifugation-based
protocols using cesium chloride (75) or iodixanol gradients (340). In addition to the
removal of impurities, such protocols, in particular when performed with two (or more)

subsequent ultracentrifugation steps, are able to efficiently separate full rAAYV vectors from
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empty AAV capsids. The drawbacks of the ultracentrifugation-based protocols are poor
scalability and its dependence on the operator, which can lead to high batch-to-batch
variability. Therefore, the use of ultracentrifugation-based processes for the large-scale
commercial production of rAAV is challenging. Nevertheless, these methods are frequently
used in basic research applications and preclinical in vivo studies (341) and can be
considered with some optimizations for the GMP processes for indications of the local
application of a vector that do not require a large scale for the manufacturing of high
amounts of rAAV vectors.

Other than gradient ultracentrifugation-based protocols, all the chromatography-based
steps we tested are readily scalable. AC is highly selective and recovers for rAAV2/8 60%—
80% of the initial vg amount, but AC does not discriminate between full and empty, and
the vg yield depends on the serotype—especially, the vectors produced with engineered
AAV capsids are problematic with this type of column. In contrast to AC, the CEX worked
with all the tested rAAV and has comparable yields of around 70-80%. On the other hand,
CEX cannot discriminate assembled capsids from protein impurities that show a similar pl
and, thus, usually require a subsequent step using an alternative matrix with distinct pH and
salt conditions. However, both AC and CEX do not remove the inherent byproduct of empty
capsids and, which requires an additional AEX step, which, under optimal conditions, can
achieve baseline separation of full and empty rAAV. Of note, by combining the CEX with

an AEX column, the aforementioned issue could be solved and protein impurities removed.
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Table 1V.4 Comparison of the ultracentrifugation based und liquid chromatography-based purification of the
rAAV.

L . Working .
Purification  Yield for ) N GMP Full/Empty Remaining
Time  Scalability ] ) o
Strategy AAV2/8 Readiness  Separation Impurities
(hours)
Ultracentrifuga- after 2 runs iodixanol/cesium
) good 8-10 poor moderate )
tion good chloride
good to
AC 2-3 good good poor DNA
very good
good to )
CEX 0.5-1 good good poor proteins, DNA
very good
small amounts of
AEX good 2-3 good good good

DNA

IV.6 Conclusion

In conclusion, we presented a comparison of the different chromatographic purification
methods, which allow for the efficient removal of the process-related impurities and
separation of the full rAAV from the empty capsids at promising yields. The different
protocols showed varying performances for the different serotypes. Our results, thus, can
provide guidance for future refinement and the adjustment of chromatographic protocols to
a specific type of capsid. Depending on the AAV serotype, a combination of CEX and AEX
or AC and AEX is recommend. Full and empty rAAV separation worked particularly well
and achieved a high level of purification for the commonly used AAV8 serotype. Our
findings hold promise for future translational projects that require highly purified and full

particle-enriched rAAV preparations.
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Figure 1V.S1 Calibration data of the Protein-Pak Hi Res Q, 5 um, 4.6 x 100 mm. (A) Depiction of the raw
data of the chromatograms showing the amount of empty capsids in percent. (B) Experimentally determined
percentage values of empty capsids plotted against the theoretical percentage. (C,D) Calibrations of empty
capsid (C) and full rAAV (D) titers.

106



Chapter V Further studies on different purity levels and
purification strategies of AAV2, AAV2.NN and
AAVS8

V.1 Introduction

In Chapter IV some methods were presented that are able to control the purity of an AAV
sample. Yet, to describe the quality and purity of the sample more effectively and
accurately, further experiments are necessary. To do so, this chapter focusses on additional
sources of impurities and examines the influence of purification strategies on transduction
efficiency of AAV. One example are host cell proteins that should also be considered as
possible contaminants. Their presence can be verified by iDSF: With additional proteins

besides the AAV capsids within a sample, several T can be expected (213).

Of course, the ratio of full to empty capsids is a CQA in assessing the purity of an AAV
sample. In Chapter IV, this has already been controlled by means of AEX. In addition, this
chapter controls the presence of empty capsids by mass photometry (MP) (206). The
backscattered light is correlated with the molar mass of the particle, so that a distinction
between full and empty capsids is easily possible. However, not only AAV scatter light
back but also other proteins or DNA fragments that are still in the solution. A distinction

of DNA and protein impurities based on their molar mass only is not possible.

Another common impurity in AAV samples is DNA of the pTransgene plasmid. This DNA
is contained as a backbone in the plasmid and contains the bacterial origin of replication
(ori) and a kanamycin or ampicillin resistance gene. Since the backbone is also located
between ITR, it is possible that reverse packaging may occur, resulting in the pTransgene
plasmid backbone being packaged instead of the gene of interest. Since these incorrectly
packaged AAV are also capable of transfecting cells, this can lead to genotoxicity, so it is
important to test for incorrectly packaged AAV. For this purpose, gPCR was performed on
the ori sequence to evaluate the presence and possible gateways for incorrectly packaged
AAV.

During purification, there may be damaged capsids that are no longer able to transfect cells
and can even be immunogenic. Therefore, to investigate the proportion of damaged capsids,
a dot plot was performed using mouse monoclonal antibody B1, which recognizes a binding
site inside the capsid and only generates a signal when the capsid is damaged (54). That

way, it is possible to identify the purification strategy that attacks the AAV capsids least,
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potentially contributing to better transduction efficiency and reducing the risk of

immunogenicity.

The ultimate determining factor for successful gene therapy is the ability of AAV to
transduce target cells. An activity assay is the corresponding method to assess transduction
efficiency. Both empty and damaged capsids do not contribute to transduction efficiency
in the activity assay. However, some chemical changes on the capsid surface, such as
deamidation or oxidation, may occur due to instabilities caused by different pH and/ or salt
conditions during the purification process (10). Therefore, the activity was evaluated after
different purification strategies, as well as in different steps of the AAV purification

process.

V.2 Material and methods

V.2.1 Purification of AAV material

Downstream processing of AAV2wt and AAV2.NN using an iodixanol gradient followed
by an AEX chromatography was performed as described in the dissertation of Susanne
Koch (2013) (342).

V.2.2 Intrinsic differential scanning fluorimetry (iDSF)
The applied methods and parameters were already described in detail in Chapter II.

V.2.3 Mass photometry (MP)

The MP experiments were performed at room temperature (RT) using the OneMP
instrument (Refeyn, UK). The 24x50 mm microscope coverslips (Fisher Scientific,
Waltham, MA, USA) were prepared by cleaning with water and isopropanol, as well as
drying under a stream of clean nitrogen, as explained previously (206). A piece of clean,
precut 2x2-well CultureWell™ gasket (Sigma Aldrich, St. Louis, MO, USA) was attached
to the coverslip. Before analysis the system was calibrated with NativeMark™ Unstained
Protein Standard (Thermo Fisher, Dreieich, Germany) to correlate the scattered light to the
corresponding molar mass.The AAV samples were diluted in 10 mM phosphate buffer to
a concentration of about 10! — 102 cp/mL. 18 pL of the filtered phosphate buffer were
loaded into a well of the CultureWell™ gasket, and, after MP focusing, 2 pL of rAAV
solution were added into the same well. Immediately after the solution was mixed by

pipetting, a 2-minute video was recorded using the AcquireMP (Refeyn, UK) software.
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V.2.4 Vector plasmid backbone quantification

For the detection of vector plasmid backbone, the ori sequence (110 bp) was amplified
using a SYBR Green qPCR assay, also used for the ITR gPCR (Chapter 1V), and the
following primers: 5’ -CTGGCGTTTTTCCATAGGCTC-3> (forward) and 5°-
GGGGGAAACGCCTGGTATCT-3’ (reverse). The qPCR was performed with a StepOne

plus (Thermo Fisher, Dreieich, Germany).

V.2.5 Dot blot with B1 antibody

The Dot blot assay was done using blotting membranes Amersham Hybond 0.2 PVDF
(VWR, LT: NP0151, Radnor, PA, USA) that need to be equilibrated in three different
solutions before the sample spotting. First, in Methanol (MeOH) 100% for 1 minute,
followed by water for 3 minutes and at the end in TBST buffer consisting of 50 mM Tris
(VWR International, Radnor, PA, USA), 0.5 M NaCl (Bernd Kraft, Duisburg, Germany)
and 0.05% Tween-20 (Carl Roth, Karlsruhe, Germany) at pH 7.4 for 5 minutes. On the
equilibrated membrane, 1 puL sample was spotted. After the spotting, the membrane was
incubated at RT for 1 hour to dry. Then, a blocking step with 5% of dry milk (Sigma-
Aldrich, St. Louis, MO, USA) in TBST was performed for 1 hour on a rotator. After
discarding the block solution, the membrane was incubated with primary antibody B1
(Progen, Heidelberg, Germany) (1:250). After 1 hour reaction time at RT on a rotator, the
membrane was washed three times with TBST, each time for 5 minutes. The secondary
antibody anti mouse HRP (Progen, Heidelberg, Germany), diluted 1:2000 with TBST, was
applied and followed again by three steps of washing. In the end, the membrane was washed
in water. The binding detection was evaluated with ChemiDoc MP (Biorad, Hercules, CA,

USA) taking 20 pictures in 300 s, using Image Lab as software.

V.2.6 Activity assay

The activity assay was performed in HelLa cells. 12/24-well plates (Greiner AG,
Kremsmdinster, Austria) were used and every well contained 50.000 cells at the beginning.
24 hours after splitting, the medium was removed, and 0.5 mL new medium were added to
each well. Subsequently, for AAV2.NN 1000 vg per cell and for AAV8 100.000 vg per cell
were added to the well. During the transduction, the cells were stored at 37 °C and 5% CO»
for 48 hours. After two days, the cells were trypsinized and the number of green-fluorescent

cells were measured by Countess (Thermo Fisher, Dreieich, Germany).
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V.3 Results and discussion

V.3.1 Unfolding of AAV in different purification steps

The aim of this experiment was to find out whether the stability and purity of the capsids
is affected by after different purification steps and whether this can be determined by
intrinsic fluorescence. Therefore, samples of the AAV8 vector-producing cell culture
supernatant were collected after TFF concentration and buffer exchange, HIC, CEX, AC,
and AEX and then analyzed using iDSF (NT Prometheus NT.48).
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Figure V.1 iDSF measurements of intrinsic fluorescence signal of AAVS. 10 pL of AAV8 vector at different
purification step,s heated at a rate of 1 °C per minute from 30 °C to 100 °C. (A) Shows the first derivative of
the ratio 350 nm / 330 nm of samples from the supernatant (2*10'* vg/mL), after concentration and buffer
exchange by TFF (3*10% vg/mL), after HIC (3*10* vg/mL), after CEX (6*10%* cp/mL) and finally for the
separated empty (1*10'2 cp/mL) and full (4*10* cp/mL) AAV capsids. (B) shows the equivalent curves for
the purification strategy using AC (6*10'? cp/mL, empty 2*10*2 cp/mL, full 9%10*! cp/mL)) instead of CEX.
(C and D) show the magnification of the curves of TFF (C) and HIC (D).

For the supernatant no melting of the AAV capsids could be detected by intrinsic
fluorescence because the AAV8 concentration is too low to be detected by this method. For
the sample after concentration and buffer exchange the melting point of AAV8 was
detected in the expected range plus some additional fluorescent signal at 60°C

(Figure V.1C) (3, 55, 56). After the HIC purification step, an intrinsic fluorescence signal
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for AAV capsid melting was detected, but shifted to higher temperatures, compared to the
previous step (Figure V.1D). The reason for this phenomenon could be the comparably
high ionic strength of the buffer, which can lead to higher Tr, values, as shown in previous
experiments (Chapter I1). A clear AAV8 capsid unfolding was detected for further purified
samples of the production process after purification with AC, CEX, as well as the empty
and full samples after AEX (Figure V.1A and B). The detected peak maximum of the
intrinsic fluorescence measurements shifted from purification step to purification step,
which can be related to (1) the number of capsids in each sample, where higher capsid
amounts result in a higher melting temperature, or (2) buffers with higher osmolarity that
can also cause higher Tm value (Chapter I1). (1) is the case for samples after AEX, as both
AAYV samples are in the same buffer and therefore only the number of capsids differs. The
sample with empty capsids has 1-2*10% cp/mL showing a higher T value, whereas the
sample containing full capsid only has 4-9*10* cp/mL and therefore a lower Tm. (2)
becomes obvious by looking at the sample from HIC. This sample only contain
3*10! vg/mL but nevertheless the capsid unfolding takes place at a temperature around
80°C. The characteristic of this sample is the high osmolarity of ~ 1 M K;HPO4 because
all other samples have an osmolarity ranging from 20 mM up to 150 mM. So high
osmolarity causes higher T values.

For the rather impure samples after TFF and HIC some additional intrinsic fluorescence
signal was observed. This led us to the conclusion that a rather high number of other
proteins must be present in these samples. This conclusion was confirmed by the AUC
analysis. While the AUC analysis showed some impurities below 50 S for the samples after
CEX and AC as well, the amounts of these protein impurities seem to be too low to be
detected by intrinsic fluorescence measurements (for AUC data see Chapter 1V).

Intrinsic fluorescence measurement can be used to determine the protein impurities of an
AAYV sample. However, iDSF is not as sensitive as an AUC measurement, as it can only
detect substantial quantities of protein impurities, without the ability to quantify these
impurities. Thus, it cannot be considered the optimal method for detection of impurities in
AAYV samples. For comparable Tr, values of different serotypes, the AAV sample must be

dissolved in the same buffer at the same concentration.
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V.3.2 Analysis of different purified AAV samples by mass photometry
Some methods, including AUC, TEM, and AEX, offer the opportunity to determine the
ratio of full and empty capsids. Yet, the determination is not straight forward and each of

these methods has its own advantages and disadvantages.

MP measures the mass on the single particle level, by detecting the light scattered by the
individual particles as they are touched on a glass surface. The interferometric contrast of
scattered and reflected light can be related to the mass of the particles through a calibration
procedure applied both to proteins (204) and nucleic acids (205). Therefore, quantification
of full and empty capsids is easily possible with MP (202, 203).

This simple method establishment only requires titration of the adequate concentration of
capsids, which are then loaded on the coverslip to avoid overloading. If overloading occurs

during the measurement, the binding of single particles cannot be detected anymore.
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Figure V.2 The histograms of the mass photometry measurements. (A-D) show the sample after different
purification steps / fractions. (A) AC (B) CEX (C) empty AAV and (D) full AAV separated by AEX.

After AC (Figure V.2A) and CEX (Figure V.2B) a mixture of full (5.1 MDa) and empty
(3.8 MDa) capsids was detected by mass photometry. In addition, some impurities with a
mass below 1000 kDa were observed for those two AAV samples. Especially for the sample
purified by AC the number of empty capsids is higher in respect to the filled ones. The
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fraction of the empty capsids generated by AEX separation seems to be well purified
(Figure V.2C). Only a single clear peak at 3800 kDa and some counts between 1000 and
2000 kDa could be detected by mass photometry. For the sample from the peak of full AAV
(Figure V.2D) a mixture of full and empty capsids is detected but the empty capsids as well
as smaller impurities below 2000 kDa are lower compared to the previous step of AC

processing.

In conclusion, full and empty AAV can be easily detected and distinguished from each
other with MP. Also smaller impurities, like proteins or DNA can be detected and the
proportion compared to the AAV is representativ. This is also true for the ratio of full and
empty caspids. However, the absolute concentration of AAV cannot be reliably measured
in the form of a cp titer. Because the number of counted capsids should be about the same
in the AC and CEX sample because the samples were diluted to the same capsid titer before
performing the measurement. But this is not the case for the data shown in Figure V.2A
and B. A higher number of capsids was obtained for the sample after AC purification
(Figure V.2A). Lastly, AAV aggregates lie outside the detection range from 30 kDa up to

6 MDa and can therefore not be investigated with this method.
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V.3.3 Impurities —AAV capsid containing pTransgene plasmid

Previous studies reported that encapsulated plasmid DNA impurities are primarily derived
from the backbone of the pTransgene plasmid (156, 158). Therefore, it is desired to monitor
the level of encapsulated pTransgene plasmid by controlling the impurities in AAV
samples. The most common method to determine residual plasmid DNA levels is g°PCR
using primers and probes specific for a sequence located in the plasmid backbone, e.g., the
bacterial ori sequence.

1E10 + /

1E9 o

—@— CEX - linear gradient
CEX - step gradient

1E8 =|—®— AC - linear gradient

AC - step gradient

pTransgene backbone (total copie numbe

T T T T T
start PEG CEX AEX AEX
precipitate AC empty full

Figure V.3 Reduction of plasmid backbone DNA content by chromatography-based purification measured
by gPCR amplifying ori sequence.

The number of capsids containing the pTransgene plasmid backbone can be reduced during
purification. This is especially true for the first purification step (Figure V.3, PEG
precipitate) and the peak of empty capsids after AEX (Figure V.3, AEX empty). The
number of capsids containing the backbone of the pTransgene plasmid increases in the peak
of full capsids (Figure V.3, AEX full), because their IEP is in the same range as the IEP of
correctly packaged AAV. Thus, it is not possible to separate the capsids loaded with the
backbone of the pTransgene plasmid from the correctly packed capsids by AEX.
However, the number of capsids containing the pTransgene plasmid backbone can be
reduced by optimizing the pTransgene plasmid design. The most effective way is to
artificially generate a heavier plasmid backbone that must be larger than 5 kb-the maximum
AAYV genome size that can be packed into an AAV capsid (15, 16, 157).

Overall, a reduction in the pTransgene plasmid backbone is possible during purification.

However, the free pTransgene plasmid backbone is mainly removed during PEG
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precipitation. The pTransgene plasmid backbone packaged in the AAV capsid can be
poorly separated from the full AAV because both species have a very similar IEP.
Therefore, a lower amount of AAV-containing pTransgene plasmid backbone in the
fraction of full AAV can only be achieved by artificial enlargement of the pTransgene.

V.3.4 Detection of capsid damage during different purification strategies
To obtain information about capsid damage that occurred during the purification process a

dot blot assay using the B1 monoclonal antibody was performed.
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AC ‘

o
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Figure V.4 Dot blot treated with B1 monoclonal antibody for detection of capsid damage of AAV2wt by
different purification strategies. Samples were diluted to a titer of 1*10° vg/uL and 1 pL each dot was used.
From 1*10° vg/uL the following dilutions were done (1:2, 1:5, 1:10 and 1:20).

The B1 antibody is specific to target the inside of an AAV capsid and can therefore be used
to detect capsid damage (54). A clear B1 antibody signal indicates many damaged capsids
in the sample. It can be easily seen from Figure V.4 that purification using the iodixanol
gradient results in the highest capsid damage. Also, some capsid damage could be observed
for the purification strategy using the AC. In this purification strategy the viruses stay at
pH 3 for approximately 90 minutes, compared to only 30 minutes at pH 4 in the CEX,
which consequently results in a higher yield of undamaged capsids.

These data suggest that CEX put the AAV capsids under less stress compared to iodixanol
gradient and is therefore the gentler purification option for AAV2wt. This shows another
advantage of purifying AAV by HPLC, which is discussed in more detail in Chapter IV.
Compared to conventional purification by ultracentrifugation using iodixanol, both HPLC-
based purification strategies show less damaged AAV capsids. Furthermore, this result
holds further insights about the stability or instability of the AAV capsids at low pH values,
which in turn plays a crucial role not only in purification but also in formulation

development.
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V.3.5 Activity in HeLa cells of AAV from different purification methods

To compare the potency of AAV vectors produced with the different purification methods,
an activity assay is necessary. The activity of the AAV was tested by transduction of HeLa
cells with vectors carrying a CMV-eGFP expression cassette and measurement of the

fraction of green-fluorescent cells after 48 hours.
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Figure V.5 Transduction efficiency of eGFP-expressing AAV vectors purified with different strategies. (A)
shows the transduction efficiency of AAV2.NN after purification via iodixanol gradient, CEX and samples
from CEX also purified by AEX (MOI 1000). In (B) the difference between the transduction efficiency of
AAVS after full-empty separation via AEX, coming from the PEG precipitation or from the cell pellet lysate
is depicted (PEG n=2, cell pellet n=3).

No difference in transduction efficiency was observed for AAV2.NN vectors purified by
using different purification strategies (Figure V.5A). The minor differences between the
sample purified by CEX (88%), the AEX (96%), and iodixanol gradient (93%) should not
be overinterpreted. These small differences can very well arise from the sample buffers:
PBS for iodixanol gradient, acetate buffer for CEX, and Tris buffer for AEX. It is
documented, that the buffer composition can affect the transduction efficiency of AAV

vectors and Tris buffer indeed facilitated transduction (3).

In Figure V.5B the transduction levels for AAV8 after AEX are depicted, separated in AAV
vectors coming from the PEG precipitation or cell pellet and using AC or CEX as previous
purification step. No significant difference in transduction efficiency could be obtained
between the two purification strategies. In contrast, a trend for higher transduction
efficiency was observed for AAV from the cell pellet (AC-AEX 49%; CEX-AEX 43%)
compared with the ones from PEG precipitation (AC-AEX 30%; CEX-AEX 37%). One
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reason might be differences in the post-translational modification (PTM) pattern of the
AAYV capsid harvested, e.g., from the supernatant or the cell pellet. Such differences might
impact the properties of the product. Indeed, various PTM of the AAV capsid have been
identified for AAV batches form different host cells, as well as AAV batches from the
supernatant or cell pellet lysate (338, 339). The potential effects on the AAV vector

function are discussed by Giles et al. (10).

V.4 Conclusion

This Chapter demonstrated that different purification strategies resulted in different purity
and stability of the AAV sample, whereas the transduction efficiency is only slightly
affected. iDSF measurements can give additional information about the presents of protein
impurities in an AAV sample by performing the serotype control using iDSF. However,
iDSF is not as sensitive as an AUC measurement: While AUC detects protein and DNA
impurities, even for the samples after purifications using AC and CEX, neither DNA
impurities, nor impurities after AC/ CEX purification are detectable using iDSF. Thus,
iDSF should not be considered the optimal method to detect impurities in AAV samples.
The capsid damage can be detected by a dot blot using the B1 antibody. This experiment
showed that the purification via CEX seems to be the gentlest purification method for
AAV2wt, as it substantially reduces capsid damage. Interestingly, the transduction
efficiency of the same AAV vector produced with identical upstream process, but different
downstream purification methods (AEX, CEX, or iodixanol gradient) was comparable.
Only a slight difference in the transduction efficiency was observed for AAV vectors
purified from the supernatant or the cell pellet, with the latter showing slightly higher
activity, implying the downstream process has only a low impact on the transduction
efficiency, even though it impacts the yield. MP proved to be an easy and straight forward
method to distinguish between full and empty capsids and to calculate a ratio of the two
species. However, for the moment it is not possible to determine the absolute number of
full and empty capsids.

With the liquid chromatography-based purification methods, impurities in AAV samples
can be reduced, but it is still not possible to discriminate between AAV species with the
correct AAV genome and AAV vectors containing the reverse packaged pTransgene
plasmid backbone. Thus, to avoid reverse packaging, the pTransgene backbone size must
be increased to size which exceeds the maximum size of 5 kb that can be packaged by an
AAYV capsid.
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Chapter VI Systemic studies on stabilization of AAV
formulations by lyophilization
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V1.1 Abstract

Adeno-associated virus (AAV) vectors have evolved as one of the most promising delivery
systems for gene therapy. The current standard for AAV vector storage is deep-freezing
below -60°C. While this allows for long-term vector storage without loss of activity, it is
inconvenient and involves high costs and logistical challenges. Therefore, there is a need
for AAV formulations, such as freeze-dried formulations, that allow for long-term storage
at 2-8°C. A major challenge in developing a lyophilization process for complex biological
structures like an AAV vector is to minimize the stress on the capsid during the
lyophilization cycle. Here, we evaluated different conditions for freeze-drying of AAV8
vectors and found that undesirable instability can be significantly reduced if secondary
drying is performed at lower temperatures, kept as short as possible, and the residual
moisture is kept between 1.5 and 2%. In a next step, we explored formulations with
different salt concentration or excipient compositions and found that a combination of
10 mM phosphate buffer, 5.67% (150 mM) trehalose, 5% hydroxyectoine and 0.1%

poloxamer with a residual moisture of approx. 1.5% provided stable long-term storage at
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2-8 °C and for at least 4 weeks at 25°C. These results pave the way for future optimizations

of freeze-drying processes for AAV vector-based gene therapy products.

Keywords: Adeno associated virus(es) (AAV), gene therapy, gene vector, freeze-drying,

lyophilization, formulation development, stability, excipients

Abbreviations: AAV - Adeno associated virus(es); Cp - capsid particle; DNA -
Deoxyribonucleic acid; DP - drug product; FT - freeze-thaw; ITR - inverted terminal
repeats; SEC - Size exclusion chromatography; SD - standard deviation; Tg- glass transition
temperature; Tg¢” - glass transition temperature of the freeze concentrate: T¢ - collapse
temperature; Vg - vector genome

V1.2 Introduction

Adeno-associated virus(es) (AAV) vectors have evolved as one of the most promising
delivery systems for gene therapy due to their good safety profile, high efficacy, and long-
term gene expression in non-dividing cells. AAV are non-enveloped, non-pathogenic DNA
viruses that belong to the Dependoparvoviruses of the Parvoviridae and have a size of 25-
28 nm. AAV consist of a mixture of three capsid-forming viral proteins (VP1, VP2 and
VP3) and an approx. 4.7 kb single-stranded DNA genome containing two genes, Rep and
Cap, between two inverted terminal repeats (ITR) (17, 19, 290). For the use as a gene
therapy vector commonly AAV2-derived ITR are used and the Rep and Cap sequence is
replaced by a therapeutic gene expression cassette. A large variety of naturally occurring
or engineered AAV variants with distinct capsid composition and tropism exist referred to

as serotypes and used to produce pseudotyped recombinant AAV vectors (17, 343, 344).

Final AAV vector drug product (DP) is usually stored as frozen solution at temperature
below -60 C, as it is done for the two FDA-approved AAV gene therapy DP Luxturna®
(345) and Zolgensma®(346), AAV vector-based gene therapies for RPE65-linked retinal
dystrophy and SMN1-linked spinal muscular atrophy, respectively. Storage at such low
temperature allows for long term stability of the AAV DP without loss of activity, but it is
inconvenient, expensive. In addition, it has been reported that the stability of AAV vectors
is sensitive to freeze-thaw (FT) cycles due to induction of unfolding, aggregation as well
as DNA leakage, leading to reduced activity (6, 254, 301, 347, 348) further increasing the
logistical challenges along the supply chain. In addition, pH related structural changes and

reduced activity of AAV vectors have been reported (63, 186), which is critical because
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some buffers used in AAV formulations, such as phosphate buffered saline (PBS), exhibit

a pH shift upon freezing due to selective crystallization of disodium phosphate (349, 350).

Certain critical quality attributes described in the literature can give us a reasonable
understanding of the stability of an AAV vector formulation (38). For example, the particle
size of AAV2 measured by DLS increased 2-fold after 5 days of storage at 4°C, 6-fold after
10 freeze-thaw cycles at -20°C, and 10-fold after 10 freeze-thaw cycles at -80°C due to
aggregation (6). For AAV1, AAV2, AAV5 and AAVS reduction of activity was observed
in liquid formulations with increasing storage time, higher storage temperature and lower
pH of the formulation. Differences between the serotypes could be observed for pH
sensitivity and freeze-thaw (63, 348). There are two recent publications by Bee et al. (254)
and Xu et al. (348) both showing that classical cryoprotectants such as sugars like sucrose
and trehalose are able to stabilize AAV vectors during freeze-thawing. However, very few
systematic efforts to optimize the stability of liquid viral vector formulations and stability
have been published (217, 263).

Lyophilization is a well-established process for stabilization of sensitive
biopharmaceuticals, as such it may provide sufficient stability for AAV DP, potentially
without the need for cold chains during transport and handling. Another benefit of
lyophilization is minimized chemical degradation, as the water is largely removed and the
solid cake decreases molecule mobility through the glass vitrification effect (351).
However, previous studies identified issues that make lyophilization of AAV challenging.
(i) Even though AAV vectors have a low mass fraction of the total mass of a typical freeze-
drying formulation (<1%) even at extremely high concentrations (of up to 10'* vector
genomes (vg)/mL) (7, 208), they have been reported to lower the glass transition
temperature of the freezing concentrate (T4”) of sugar solutions (210). In the primary drying
step, the water is removed due to sublimation by increasing the shelf temperature and
reducing the chamber pressure. To avoid cake collapse, the primary drying temperature has
to stay below the collapse temperature (Tc). Tc strongly correlates with Tg’, requiring a
lower primary drying temperature and thus resulting in a longer primary drying time. (ii)
Wright et al. 2005 showed that a minimum ionic strength is needed to prevent AAV2
aggregation, typically between 150 and 200 mM (6). However, as the salt concentration
increases, Ty’ and Tc decrease, thereby further increasing the difficulty and requiring very

slow drying cycles.
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With these challenges in mind, we investigated the impact of the lyophilization cycle itself
on stability of AAV vectors with a special focus on secondary drying. Furthermore, we
evaluated various excipients for their ability to prevent aggregation and to stabilize the
AAV vector lyophilizate for storage at 25°C.

We found that the undesirable instability of the AAV capsid during the lyophilization cycle
can be significantly reduced if secondary drying is performed at lower temperatures and as
short as possible, and the residual moisture is kept between 1.5 and 2%. Among the
excipients tested, the group of extremolytes showed a very good improvement of the AAV

capsid stability.

V1.3 Materials and methods

V1.3.1 Materials
VI.3.1.1 AAV vectors

Recombinant AAV vectors with genomes carrying inverted terminal repeats derived from
AAV2 and packaged with wildtype AAV8 were produced as previously described in
adherent HEK293T cells (The Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) (293, 294). The
packaged self-complementary genome comprised a human cytomegalovirus promoter
driving expression of eGFP (306). The purification using liquid chromatography was
performed with an AKTA purifier from Cytiva (Marlborough, MA, USA). For sample
loading, a Superloop or sample pump were used. All runs were performed at room
temperature (25°C), and the detection was done with a UV detector (UL-9, fixed
wavelength) at 280 nm implemented in the AKTA system. The evaluation was done with
Unicorn Software (7.3) (Cytiva, Marlborough, MA, USA).

For affinity chromatography, a Poros capture select AAVx column (1 mL; Thermo Fisher
Scientific, Dreieich, Germany) was used. AAV vector samples in 10 mM sodium
phosphate, 150 mM sodium chloride at pH 7.4 were loaded at a flow rate of 0.3 mL/min on
the column and eluted with 100 mM citric acid solution (VWR, Geldenaaksenbaan,
Belgium), pH 3.0, at a flow rate of 0.7 mL/min. AAV vectors were neutralized by elution
of 1 mL into 200 uL 1 M Tris, pH 8.7 (95).
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VI.3.1.2 Excipients

Trehalose and di-sodium hydrogen phosphate were provided by VWR chemicals
(Pennsylvania, USA), glycerol, HEPES, arginine-HCI and base, Tris-HCI, Tris-Base,
tricin, hydroxyectoin and ectoin from Sigma Aldrich (Missouri, USA), glucosylglycerol
from bitop AG (Dortmund, Germany), potassium phosphate and sodium di-hydrogen
phosphate from Grussing (Filsum, Germany), histidine-HCI, potassium chloride, sodium
chloride from Merck KGaA (Darmstadt, Germany), HES (Hydroxyethyl starch (200/0,5)
from BOC Sciences (London, UK), poloxamer 188 from BASF (Ludwigshafen, Germany),
PEG 400 from Caelo (Hilden, Germany), dextran 5 (5.000 MW) from Pharmacosmos A/S
(Holbaek, Denmark). Arginine phosphate was generated by titration of arginine base
(Sigma Aldrich, Missouri, USA) with ortho phosphoric acid (Merck KGaA, Darmstadt,
Germany), until pH 7.4 was reached.

V1.3.2 Methods
VI1.3.2.1 Preparation of formulations

All AAV vector material used for lyophilization was buffer exchanged to 10 mM potassium
phosphate buffer (pH 7.4) with a Slide-a-lyzer 10 kDa Mini 0,5 — 2 mL (Thermo Fisher,
Dreieich, Germany). After dialysis, concentration of the AAV vector suspension was
measured with the main peak recovery in size exclusion chromatography (SEC) using the
linear calibration curve of the fluorescence detector (Figure V1.S1). Then, stock solutions
of each excipient and surfactant were prepared in the same buffer and mixed with dialyzed
AAV vector suspension for each formulation. pH was adjusted to the targeted pH using a
MP 220 pH meter (Mettler-Toledo GmbH, GieRen, Germany), and all stocks were filtered
using a 0.22 um Millex-GV, 33 mm, PVFD membrane filter (Merck KGaA, Darmstadt,
Germany).

A tabular overview of the used formulations can be found in Table VI1.1. The lyophilization
process was performed with a Christ 2D6 two chamber freeze-dryer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). 150 pL of the AAV
vector suspension containing 1.0%10% vector genome (vg)/mL and 1.0*10'® capsids
(cp)/mL were filled with a Mulitpipette E3 (Eppendorf AG, Hamburg, Germany) in 2R-
tubing vials (MGlas AG, Munnerstadt, Germany) and were semi-stoppered with
lyophilization stoppers (West Pharmaceuticals Service Inc., Eschweiler, Germany).
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VI.3.2.1.1 Vector genome titer determination by qPCR

The vector titer was measured by real-time PCR, carried out with the Step one Plus device
(Thermo Fisher scientific, Germany). AAV2 free ITR gPCR was realized as described by
D’Costa et al. (114).

VI.3.2.1.2 Size exclusion chromatography (SEC)

A Waters 2695 system (Eschborn, Germany) and Wyatt SEC protein column 50 (WTC-
050S5, 5um, 7.8x300 mm) (Wyatt Technology, Santa Barbara, USA) were used for the
size exclusion chromatography. AAV vector elution was detected at 280 nm and 260 nm
with a UV detector (Waters 2487) and at excitation wavelength 280 nm and emission
wavelength 330 nm with a fluorescence detector (Dionex RF2000, Sunnyvale, CA, USA).
The monomer peak area was calibrated by using an AAV8 sample of which the capsid
amount had previously been determined by ELISA (Figure V1.S1). The running buffer
consisted of 10 mM sodium phosphate and 150 mM sodium chloride at pH 7.4 with a flow
rate of 0.5 mL/min. The chromatograms were integrated with Chromeleon V6.8 (Thermo

Fisher, Dreieich, Germany).

VI.3.2.1.3 SYBR Gold fluorescence assay to determine free DNA release

Free DNA was determined by fluorescence of SYBR® Gold (Invitrogen, Eugene, OR,
USA) that shows enhanced fluorescence intensity after binding to DNA (219). The
fluorescence intensity was read with excitation at 485 nm and emission at 535 nm using a
Tecan spark plate reader (Tecan Trading AG, Ménnedorf, Switzerland). The free DNA
percentage was calculated by dividing the free DNA amount in the samples by the total
DNA released from the AAV capsids in samples disrupted by exposure to 85°C for 20 min

in the presence of 0.1% poloxamer 188. Each formulation was measured in triplicates.

VI.3.2.1.4 Activity assay

The activity assay was performed in HelLa cells. 12-well plates (Greiner AG,
Kremsmiinster, Austria) were used and every well contained 50.000 cells at the beginning.
24 h after splitting, the medium was removed, and 0.5 mL new medium were added to each
well. Subsequently, 10 uL formulation were added to the wells. During the transduction,
the cells were stored at 37°C and 5% CO: for 48 h. After two days, the cells were
trypsinized and the number of green-fluorescent cells were measured by Countess (Thermo
Fisher, Dreieich, Germany). For each formulation and time point biological duplicates were

performed, and two measurements with the Countess were performed for every well.
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VI1.3.2.1.5 Dynamic light scattering (DLS)

Dynamic light scattering measurements were performed on a Wyatt DynaPro 11l using
Corning 3540 384 well plates. Two wells with 20 pL were filled for each sample. The plate
was centrifuged at 2000 rpm for 2 min using a Heraeus Megafuge 40 centrifuge, equipped
with an M-20 well plate rotor (Thermo Fisher Scientific, Wilmington, USA). Each
measurement contained 10 acquisitions within an acquisition time of 5 seconds. The DLS
results were shown as z-average diameter and results from three vials of each formulation
were averaged. The autocorrelation function of each measurement was analyzed using
cumulant analysis with the Dynamics V7.10 software (Wyatt Technology, Santa Barbara,
USA)

VI1.3.2.2 Lyophilization process and analytics

V1.3.2.2.1 Lyophilization cycle

A standard cycle was performed as follows: Shelf temperature was decreased from 20°C to
-50°C with a ramp rate of 1°C/min and then equilibrated for 180 minutes. Then a vacuum
of 0.08 mbar was applied, and shelf temperature was increased to -20°C using a ramp rate
of 1°C/min. This temperature was held for 7 hours and then raised to 20°C using a ramp
rate of 1°C/min. This temperature was held for another 8 hours. This standard cycle was
modified for the experiments with secondary drying temperatures, where the temperature
was set to 4°C, 10°C or 20°C; references to the respective cycle are given in the text.
Correspondingly, the time of secondary drying varied from 12 minutes up to 8 hours,

depending on the secondary drying temperature and the formulation.

An annealing cycle was performed as follows: Shelf temperature is decreased from 20 °C
to -50 °C with a ramp rate of 1°C/min and equilibration for 180 minutes. An annealing step
is included by heating to -20°C with a ramp rate of 1°C/min and equilibration for 180
minutes. The shelf was cooled again to a temperature of -50°C with a ramp rate of 1°C/min
and equilibration for 180 minutes. A vacuum of 0.08 mbar is used, and shelf temperature
was increased to -20°C using a ramp rate of 1°C/min. This temperature is held for 7 hours
to allow for primary drying. For secondary drying, the temperature was increased to 20°C
and held for 8 hours.

For all cycles, venting was performed with nitrogen at 600 mbar with subsequent vial

closing.
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VI.3.2.2.2 Reconstitution of the lyophilizates

To reconstitute the lyophilized cakes, high purified water (HPW) was added. The amount
of HPW was calculated individually for each formulation to match the original liquid
volume for each formulation. For this purpose, the solid content of the formulation was

calculated to obtain the amount of water needed for reconstitution.

VI1.3.2.2.3 Karl fischer titration

Karl Fischer titration was used to determine residual water content after lyophilization and
after storage time. The 2R vials with the samples were placed into the 100°C hot oven of
the coulometric Karl Fischer titrator (Aqua 40.00; Elektrochemie Halle, Halle an der Saale,

Germany). The results were calculated as relative water content in percent (w/w).

VI.3.2.2.4 Differential scanning calorimetry

Differential scanning calorimetric analysis was performed on a DSC 214 Polyma (Netzsch-
Geratebau GmbH, Selb, Germany) or DSC 821e (Mettler Toledo, Giel’en, Germany) under
nitrogen atmosphere. For determination of Ty’, 20 pL of the liquid formulation were
pipetted into aluminum crucibles and sealed hermetically. The samples were cooled from
20°C to -60°C (-43°C only for Netzsch) and finally heated up to 180°C with a ramp rate of
5°C/min. For determination of Tg, 5 to 10 mg of each sample were weighted into aluminum
crucibles in a compressed air-purged glove box. A temperature ramp rate of 10°C/min was
applied from 0 to 150°C. The Proteus® Analysis 7.10 and Mettler STARe softwares were
used for data analysis. The measurements were performed in triplicates.

VI.3.2.2.5 X-Ray-diffraction — XRD

Crystallinity of KCI was measured using a XRD 3000 TT diffractometer (GE Sensing &
Inspection Technologies GmbH, Ahrensburg, Germany). A copper anode at 40 kV and 30
mA was used to generate CuKa radiation (A= 0.15417 nm). The lyophilized cakes of three
to four vials were pulverized and the powder was placed on a copper sample holder. Powder
diffraction was measured ranging from 5° to 45° 2-6 in 0.05° measurement intervals at a

hold time of 2 seconds for each measurement angle.
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V1.4 Results

It is commonly known that freezing of solutions can result in a pH shift (352-354). pH
sensitivity is a well-documented problem for proteins (213) and AAV vectors alike (63,
210). Taking this into account, all formulations used were buffered in 10 mM potassium
phosphate pH 7.4 because potassium phosphate buffer causes a smaller pH shift than

sodium phosphate.

A major challenge for lyophilization of AAV vector formulations is the concentration of
150 mM - 200 mM of salt usually needed in liquid formulations to prevent AAV vectors
self-association and aggregation (6). This high salt content poses a challenge to produce a
stable lyophilized formulation, as high amounts of salt lower T4* (259) and can crystallize

during storage, resulting in an unstable matrix.

One option to create a stable formulation over storage with this high amount of salt is
forcing the crystallization of the salt, as is already done for other crystalline bulking agents
like mannitol (355). To achieve full crystallization, the ratio of salt to sugar must exceed a

certain threshold (355), as sugar can inhibit the crystallization of salts (356).

Thus, we aimed to find an optimal ratio between KCI and trehalose that allows the salt to
crystallize with enough trehalose left to stabilize the AAV vectors. First, we tested the
following ratios of KCI to trehalose (150 mM KCI to 150 mM (100, 75, 50 and 37.5)
trehalose) in placebos. The mixture of 150 mM KCl and 2.84% (75 mM) trehalose resulted
in good looking cakes with a solid content of 4.45% and Tg4 of 52°C (Figure VI.S2A). To
avoid AAV vector loss due to adsorption to the packing material, 0.1% poloxamer 188 was
added, yielding our starting formulation for lyophilization (FO2) (348). To increase Tg, 5%
of dextran 5 (357) was added to FO2 resulting in FO3. Formulation FO1 containing 10 mM
sodium phosphate buffer, 150 mM NaCl and 0.1% poloxamer 188, was used as a control

formulation for liquid storage.
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Table V1.1 Excipient combination for each formulation FO1 -F11 and the corresponding Tg' and the activity after 4 weeks at 25°C of the lyophilizates.

Formulation AAV Buffer KCI | NaCl | Trehalose | Dextran | HES | Hydroxyectione | Poloxamer | Tg’ [°C] Activity [%] of
number concentration [mM] | [mM] [%0] 5[%] | [%] [%] 188 [%] lyophilizates after 4
[cp/mL] weeks at 25°C
10 mM
FO1 sodium 150 NA NA
phosphate
F02 150 2.84 NA 49
FO3 150 2.84 5 -28.6 24
FO4 150 10 -15.3 25
F05 1*10%® 150 5.67 10 0.1 -31.6 45
10 mM
F06 150 10 5 -41.3 58
potassium
FO7 150 5.67 5 -47.8 72
phosphate
FO8 150 5.67 10 5 -38.0 76
F09 5.67 10 -23.0 27
F10 5.67 5 -39.5 77
F11 5.67 10 5 -32.3 29
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V1.4.1 The effect of storage temperature on AAV vector stability

In a six months stability study, FO1 was tested in liquid form only, while FO2 and FO3 were
tested in liquid and lyophilized forms, all stored in glass vials at 2-8°C and 25°C,
respectively. FO2 was lyophilized with the annealing lyophilization cycle and FO3 with the
standard cycle because dextran 5 is able to hold KCI in an amorphous matrix, as shown
with X-Ray-Diffraction (XRD) (Figure VI.S2B).

For FO2 initially after lyophilization full monomer recovery and activity was detected
compared to the liquid formulation (Figure VI.1A and F). In contrast, for FO3 lower
monomer recovery was observed, as well as a higher concentration of aggregates (Figure
VI.1A).

For FO2 the residual moisture after lyophilization was around 0.7% and resulted in a T4 of
68°C. Both parameters changed only slightly over storage time. For formulation FO3 the
residual moisture after lyophilization was around 0.4% and T4 was around 117°C, but we
observed moisture again, resulting in decreasing Tg over storage (Figure V1.1B). As shown
in Figure VI.1A, no monomer loss detected over six months for FO1, FO2 and FO3 liquid
nor for FO2 lyophilized samples. In contrast to these formulations, a clear loss was detected
for FO3 lyophilized samples and the concentration of soluble aggregates rose over storage
time. The stable activity level (Figure VI.1E and F) over time correlates with the constantly
low amount of free DNA (Figure VI.1C and D) for liquid storage at 2-8°C.

The lyophilized samples of FO2 also performed well at 2-8°C, but the formulations stored
at 25°C showed an increasing amount of free DNA over the course of storage (Figure
VI1.1D), and when comparing the results with the activity assay (Figure VI.1F), there was
a clear loss of activity in the formulations stored at 25°C. The lyophilized AAV vectors lost
about 40% of the activity after being stored at 25°C for six months. In contrast, the AAV
vectors in the liquid formulation lost nearly all activity and showed an activity of only 10%
after the six months storage at 25°C. For FO3 the lyophilized and liquid samples stored at
25°C, activity was completely lost (Figure VI1.S3).

These results indicate that stabilization of AAV vectors at 2-8°C is possible in liquid as
well as in lyophilized formulations. FO3, containing dextran 5, performed worse than F02,
so high Tg does not seem to be indicative of a stable AAV vector lyophilizate. However,

storage at 25°C proved to be the challenge. To achieve a higher AAV capsid stability and
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to reduce the amount of free DNA, the formulation had to be adapted with new excipients

or combinations of excipients.
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Figure V1.1 Results of the six months stability study of formulation F01, FO2 and FO3 stored liquid and
lyophilized at 2-8°C and 25°C in glass vials. (A) The monomer recovery and percentage of soluble aggregates
in SEC after storage at 25°C. (B) The residual moisture and T4 of FO2 and FO3 stored in solid state at 25°C. (C
and D) The amount of free DNA in the samples during storage normalized to the 100% free DNA sample. (C)
FO1 liquid only. (D) F02 liquid and lyophilized. (E and F) Activity assay data after storage at 2-8°C or 25°C up to
six months. The data were normalized to the activity of the corresponding liquid at the start of the study. (E)
Activity data of liquid storage of FO1. (F) Activity data of FO2 liquid and lyophilized storage.
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V1.4.2 Effect of HES and hydroxyectoine on undesired plasmid DNA release from the
capsid

In a first step, we evaluated hydroxyethyl starch (HES) and hydroxyectoine. HES has been
widely used as excipient to stabilize cells during lyophilization (358, 359). In addition, as
a large polysaccharide, HES has strong water binding properties and increases the viscosity
of a solution, resulting in less movement within the sample and less osmotic stress during
drying (360, 361). Hydroxyectoine is also known for stabilization of proteins as well as
DNA (362). Moreover, Hydroxyectoine is a tetrahydropyrimidine derivative and has a
zwitterionic character that, dependent on the pH, contributes to the ionic strength of a
formulation. The exact composition of the formulations used can be found in Table VI.1.

20
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Figure V1.2 Data of liquid and lyophilized formulations showing the amount of free DNA and the
activity before and after lyophilization. (A and B) show the activity data initially after lyophilization (A)
and after four weeks at 25°C (B). The activity data are normalized to the activity of each formulation before
lyophilization. (C) shows the differences of the free DNA amount before and after lyophilization of FO2 —
F11.

For this study, the formulations were stored as lyophilizates at 25°C for four weeks.
Initially, after lyophilization, FO3, FO4 and F09 showed a clear loss in activity, whereas for
FO05, FO6 and FO7 only small losses of activity were detected. The formulations F02, F08,
F10 and F11 performed best, with approx. 100% activity immediately after lyophilization
(Figure V1.2A) compared to the corresponding liquid formulations before lyophilization.

After four weeks at 25°C, the activity of FO3 and F04 dropped to only 20%. F05, which
differs from FO4 by the addition of 5.67% (150 mM) trehalose, showed improved stability
of AAV vectors but retained only 45% activity after four weeks of storage. This correlates
well with the corresponding SEC data (Figure V1.54). Nonetheless, trehalose, a classical
cryoprotectant and lyoprotectant, appears to be advantageous for stabilizing AAV vectors
in lyophilizates. This is in line with the results of two other freeze-thaw studies which also
showed a stabilizing effect of sucrose and trehalose against multiple freeze-thaw cycles
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(254, 348). Addition of 5% hydroxectoine to FO4 improved stability of the AAV vectors to
58% for F06. FO7, FO8 and F10 showed the best activity after storage with 71 — 77%. These
three formulations also contained 5% hydroxyectoine. Comparing of F10 with FO9 and F11
suggests that the presence of salt is not mandatory to stabilize the AAV vectors in
lyophilizates. F10 did not contain salt and performed well after storage, while FO9 and F11,

both of which also contained no salt, performed poorly in stabilizing AAV vectors.

V1.4.3 Effect of processing steps on undesired DNA release from the capsid
In the previous experiments all formulations showed a higher amount of free DNA after
lyophilization compared to the liquid state before lyophilization (Figure V1.2C).

To understand at which point in the lyophilization cycle the potential genome ejection or
disassembly of the capsid occurred, we interrupted the lyophilization cycle at seven points.
The first stop was set after freezing (at -50°C), the next three stops during the primary
drying phase at -20°C and 0.08 mbar, and the last three stops in the secondary drying phase
at 20°C (Figure VI.3A). This experiment was done with F08, because this formulation was
among the best performing formulations concerning AAV vector stability after storage and
had a high T4 of 91°C.

As expected, the residual moisture fell and Tq rose over process time. After primary drying,
the residual moisture was 3.7% and T4 34°C. After three hours in secondary drying the
residual moisture dropped down to 0.6% and Tg rose to 79°C (Figure VI1.3B).

In Figure VI.3E the amount of free DNA is depicted for all stops directly after
lyophilization. Already after freeze-thaw, a very small increase in free DNA could be
detected. The first large loss of packed DNA was detected during primary drying (plus
1.5%), and this amount remained stable throughout primary drying. During secondary

drying at 20°C, a further increase of the amount of free DNA was observable over time.
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Figure V1.3 Data of liquid and lyophilized formulations showing residual moisture, the amount of free

DNA and the activity at seven stops during the lyophilization cycle. In (A) the stops during the

lyophilization cycle are marked with arrows. The data of residual moisture and T4 are shown in (B). The

activity is depicted in (C) directly after lyophilization and in (D) after 4 weeks at 25°C and normalized to the

activity before lyophilization. Error bars are standard deviation of two different vials and technical duplicates

per well. (E) depicts the amount of free DNA directly after lyophilization, error bars are standard deviation

of results from three different vials.

After lyophilization, all samples showed more or less the same activity (Figure VI1.3C).

After storage at 25°C for four weeks, the in vitro potency of all AAV vectors was reduced

(Figure V1.3D). In particular, the sample that was in primary drying for only 3h lost almost
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all of its activity, while all other lyophilized samples showed comparable activity levels.
The liquid formulation also showed an activity of 53%. Thus, for formulation FO8 the

lyophilized form performed only slightly better than the one kept as liquid.

These data suggest that some genome ejection from the AAV capsid may occur at each step
of the lyophilization cycle and that, particularly for the secondary drying, the amount of
free DNA increases with the secondary drying time. Furthermore, storage stability at 25°C
is only feasible if the residual moisture is below 4.4% and Tg is above 34°C.

V1.4.4 Effect of secondary drying temperature on undesired DNA release from the

capsid

The previous experiment raised the question of whether the increasing amount of free DNA
was caused by the elevated temperature during secondary drying (20°C) or by the reduced
amount of water in the sample. Therefore, we repeated the freeze-drying with a fixed
residual moisture content of 1.5-2% and varied the secondary drying temperature from 4°C
(30 minutes) to 10°C (30 minutes) and 20°C (12 minutes).
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Figure V1.4 Formulation FO08 dried at different secondary drying temperatures during lyophilization.
(A) shows residual moisture and T4 of FO8 at secondary drying temperatures of 4°C, 10°C and 20°C and (B)
depict the free DNA of F08 for the secondary drying temperatures as well as the starting amount of free DNA

in the formulation. (C) show the comparison of residual moisture and free DNA of FO8 dried at 10°C in the
secondary drying for 0,5hand 1 h
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We first confirmed that the values for both parameters, residual moisture and Tg, remained
constant for the different samples of FO8 post-dried at 4°C, 10°C and 20°C (Figure VI1.4A).
Next, we examined the amount of free DNA and found that it increased with rising
secondary drying temperature (Figure VI1.4B), while the drying time remained very short

at all three temperatures.

As a control, FO8 was dried at 10°C secondary drying temperature for 0.5h and 1h resulting
in 1.7% and 1.1% residual moisture, respectively (Figure VI1.4C). The samples with lower
residual moisture had a 1% higher content of free DNA and low activity. In particular, the
sample with 1.7% residual moisture reached 85% activity, while the sample with 1.1%
residual moisture had only 64% activity immediately after lyophilization (data not shown).
Both experiments indicate that “over-drying” is a problem in the lyophilization of AAV
vectors. Although this is not a completely new finding (210, 218), it proves that sufficient
water replacement was not achieved with the AAV vector formulations used for
lyophilization so far. Therefore, it was necessary to search for better excipients to stabilize
the AAV vectors while keeping the residual moisture above 1.5%.
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V1.4.5 Effect of excipients on undesired DNA release from the capsid

Based on the above results, a new excipient screening was performed. A broad selection of
excipients was screened for their stabilizing effect in lyophilization of AAV vector. In
addition to sugars, amino acids, extremolytes, Good’s buffers and plasticizers were

included.

First, the effect of adding of the following amino acids to 150 mM trehalose plus 0.1%
poloxamer 188: histidine-HCI, arginine-HCI and arginine-phosphate at a final
concentration of 75 mM each was tested. The in vitro activity of the different freeze-dried
AAV vectors over a storage period of four weeks at 25°C for the group of amino acids is

depicted in Figure VI.5A. For both arginine containing formulations an initial drop of
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Figure V1.5 Formulation screen with different groups of excipients. For all excipients the activity directly
after lyophilization and after two and four weeks at 25 °C, normalized to the activity before lyophilization, is
shown (A-D), dark red 150 mM trehalose and light red 250 mM trehalose. (A) group of amino acids plus
150 mM trehalose, yellow 75 mM histidine, light blue 75 mM arginine-HCI and medium blue 75 mM
arginine-phosphate. (B) Group of extremolytes plus 150 mM trehalose, yellow 150 mM hydroxyectoine, light
blue 150 mM ectoine and medium blue 150 mM glycerylglucose. (C) Group of Good’s buffers plus 200 —
250 mM trehalose, yellow 50 mM tricin, light blue 50 mM HEPES, medium blue 50 mM Tris-HCI and dark
blue 50 mM Tris-base. (D) 250 mM trehalose plus, yellow 50 mM glycerol and light blue 50 mM PEG 400.
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activity was detected. The activity of the arginine-phosphate formulation fell dramatically
during storage. After four weeks the bioactivity for the formulation with arginine-HCI was
similar to the activity of the formulation containing only 150 mM trehalose. The
formulation with histidine showed the most stable activity during storage, outperforming

this group with 75% activity after 4 weeks.

Next, the effect of addition of 150 mM of the extremolytes hydroxyectoine, ectoine, or
glycerylglucose to the same formulation buffer (150 mM trehalose plus 0.1% poloxamer
188) was tested. Ectoin and glycerylglucose initially resulted in a slight drop in activity to
93% (ectoine) and 87% (glycerylglucose) at, which, however, remained constant over
storage (Figure V1.5B). The formulation containing hydroxyectoine had a very good initial
activity (109%), lost some activity over storage, ending up with 87% activity, comparable
to ectoine and glycerylglucose. All three formulations containing an extremolyte in

addition to trehalose outperformed trehalose alone.

Subsequently, the effect of 50 mM of the following Good’s buffers was evaluated as
additional excipients: tricine, HEPES, Tris-HCI, and Tris-base. To ensure isotonicity the
trehalose concentration in the base formulation had to be adjusted to 250 or 200 mM, but
poloxamer 188 remained at 0.1%. All formulations containing a Good’s buffer showed
constant activity over storage at 25°C (Figure VI1.5C). All ended up in the range of 79-90%
activity after four weeks and improved the stability of AAV vectors in lyophilized state

compared to the formulation containing trehalose only.

The last group, plasticizers, was added because these excipients should have an impact on
the residual moisture. Notably, glycerol and PEG 400 already showed promising results in
stabilization of AAV during freeze-thawing (348). Nevertheless, this stabilizing effect was
not found again during freeze-drying. Both, 50 mM of glycerol or PEG 400 added to 250
mM trehalose plus 0.1% poloxamer 188 showed no improvement over the formulation
without plasticizer (Figure V1.5D). The idea of putting another H-bridge donor into the
formulation to stabilize the AAV vectors failed, this formulation ended up with only 47%
of activity after four weeks at 25°C.
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V1.4.6 Effect of the amount of hydroxyectoine and trehalose on DNA release from the
capsid

We next aimed to test the effect of different concentrations of an extremolyte and chose to
focus on hydroxyectoine. For the hydroxyectoine concentration range study, 0.5 — 6%
hydroxyectoine was added to 5.67% trehalose and 0.1% poloxamer 188. Both chosen
readouts, the amount of free DNA, as well as the activity assay showed that a concentration
of 5% hydroxyectoine is sufficient to provide a stable AAV vector lyophilizate (Figure .6A
and C). For the formulations with less hydroxyectoine, the amount of free DNA increased
over storage and the activity decreased to 60 - 74%. To determine the optimal concentration
of trehalose, formulations with 2.84 - 11.35% trehalose plus 2.5% hydroxyectoine and 0.1%
poloxamer 188 were prepared. The measurement of free DNA clearly showed that less
DNA is released during freeze-drying and storage in the presence of higher concentrations

of trehalose in the formulation (Figure VI.6B and D). However, taking into account the
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Figure V1.6 Free DNA amount and activity in freeze-dried formulations of concentration series of
hydroxyectoine and trehalose. (A-B) show the amount of free DNA over storage time at 25°C (A)
hydroxyectoine concentration series with 5.67% trehalose in each formulation (B) trehalose concentration
series with 2.5% hydroxyectoine in all three formulations. (C-D) show the activity over storage time at 25°C

(C) hydroxyectoine concentration series (D) trehalose concentration series.
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activity data, the concentration optimum of trehalose seems to be reached already at a

concentration of about 5.67% trehalose.

V1.4.7 Test of robustness for the lead formulation

To test the robustness of the formulation containing 5.67% trehalose, 5% hydroxyectoine
and 0.1% poloxamer 188 at pH 7.4, three different lyophilization cycles with different
secondary drying temperatures were performed (4°C for 8 hours, 10°C for 4 hours and
20°C for 2 hours) and compared to the liquid before lyophilization. Again, 1% more free
DNA was detected after lyophilization (Figure VI.7A). However, with this formulation no
differences between secondary drying at 4°C and 10°C was observed. This was confirmed

by DLS, which shows the size distribution of the sample by measuring the dynamic light
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Figure V1.7 Formulation F10 dried at different secondary drying temperatures during lyophilization
(A) depict the free DNA of F10 for secondary drying temperatures as well as the starting amount of free DNA
in the formulation. In (B) the DLS results are shown for all three lyophilization cycles and the storage of four
weeks at 25°C. The residual moisture of 1.5% as well as the resulting glass transition temperature are depicted
in (C). The activity of the formulation over the storage is shown in (D). *Due to the high polydispersity

observed by DLS, a distinct diameter could not be determined for the liquid formulation.
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scattering, and by the activity assay. Neither aggregation nor increased loss of activity could
be observed (Figure VI.7B and D). In contrast, for the liquid formulation the activity fell
down to 14% after four weeks storage at 25°C (Figure V1.7B).

V1.5 Discussion

In this study, we demonstrated that it is possible to lyophilize and stabilize AAV8-based
AAV vectors for storage at 2-8°C and over at least four weeks at 25°C. Notably, we have
also shown that this is possible without the minimum amount of 150 — 200 mM salt
commonly thought to be necessary to prevent aggregation of AAV vectors for liquid

formulations (6).

A first series of experiments demonstrated that it is possible to produce stable lyophilizates
containing 150 mM KCI. However, while the liquid and lyophilized samples of
formulations FO1 and FO2 stored at 2-8°C were stable over six months, all formulations
stored at 25°C showed a dramatical loss of activity directly after the first month of storage.
Although little loss of AAV capsid and vector could be detected by SEC and gPCR, the
amount of free DNA increased dramatically over time, indicating that a high degree of
genome ejection and little degradation of the capsid for FO3 had occurred under these
conditions. In contrast, the liquid storage showed an acceptable stability at 2-8°C, which

eliminates the need for lyophilization when storage at this temperature is acceptable.

However, since we aimed for storage stability at 25°C, we decided to test excipients which
are known to have stabilizing effects on cell membranes, proteins, and DNA (HES and
hydroxyectoine). While we were able to improve the stability especially with
hydroxyectoine (e.g. in formulations FO8 and F10), we realized, that the lyophilization
process itself leads to AAV capsid instability and DNA release and thereby having a
negative impact on biological activity.

We therefore decided to carefully evaluate the lyophilization process and learned that every
step during lyophilization leads to increased DNA release from the AAV particles.
Particularly the secondary drying temperature and the drying time seem to have a major
impact on the amount of ejected genomes. Secondary drying temperatures of 20°C or
higher substantially increase the amount of free DNA the can be detected with the SYBR
Gold dye. This correlates with the observation that drying, below a residual moisture of
1.5%, generates more free DNA. The importance of the amount of residual moisture has

been discussed before by Zhang et al. 2021 (218). Yet, it is also known that at high moisture
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content, chemical degradation such as deamidation can occur, leading to a loss of AAV

vector activity (10, 95). Thus, it was necessary to find the optimal residual moisture content.

For the lyophilization cycle we discovered two critical parameters: the secondary drying
temperature and the secondary drying time, which should be kept as low and as short as
possible, respectively. The final freeze-dried formulation should ideally have a residual
moisture of 1.5-2%.

With this in mind, amino acids, extremolytes, Good’s buffers, glycerol and PEG 400 were
investigated for a stabilizing effect on AAV vectors during lyophilization and storage.
Similar excipients were also studied by Xu et al. (348) in terms of their ability to protect
AAYV from freeze-thaw stress. The authors reported that during freeze-thawing sucrose,
glycerol and PEG are able to stabilize AAVS. In contrast, we found that arginine, glycerol
and PEG 400 are not able to improve the stability of AAV8 in the lyophilized state beyond
trehalose only. Whereas histidine, extremolytes and Good’s buffers all led to an improved

stability of AAV8 during storage.

From the promising group of excipients — the extremolytes - hydroxyectoine was selected
because it is even more H-bond forming, i.e., hydrophilic compared to ectoine. Different
ratios of hydroxyectoine and trehalose were tested and the optimum ratio was determined
to be 5% of hydroxyectoine and 5.67% trehalose. This lead to the optimized formulation
with 10 mM potassium phosphate buffer, 5.67% trehalose, 5% hydroxyectoine and 0.1%
poloxamer 188 with a residual moisture of 1.5% and a T4 of 77°C, resulting in only (1%)
increase of free DNA after lyophilization, and a robust residual activity of 94% (+6%) after
four weeks at 25°C. Finally, we showed that at this setting, the effects of secondary drying
temperature are negligible in a range of 4°C to 20°C, although we recommend staying
below 20°C.
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V1.7 Supplement
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Figure V1.S1 SEC calibration. Monomer recovery plotted against capsid amount determined by capsid
ELISA.
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Chapter VII  Summary of the thesis

Gene therapy using AAV represents a valuable additional tool for the treatment of inherited
monogenetic diseases, especially when the consequences of this genetic disease are
difficult or impossible to treat with conventional drugs. An important factor for successful
gene therapy is the efficient insertion of the correct and intact DNA strand into the cell
nucleus. The transfection of the target cells is one of the main downsides of other carrier
systems. With AAV as transfection carrier, on the other hand, the two drugs on the market,
Luxturna and Zolgensma, have proven to be effective therapeutics for RPE65-linked retinal
dystrophy and SMN1-linked spinal muscular atrophy, respectively. The aim of this thesis
was to improve the analytical characterization of AAV looking at serotype identity and
capsid titer, to develop a serotype-independent purification method, that is easy to scale up
to meet the ever-increasing production capacity, and, ultimately, to improve storage
stability of AAV vector formulations using lyophilization. Accordingly, the chapters of the
thesis build upon each other and reflect not only the research process but can also function
as a guidance for an improved AAV DP development.

Chapter | discusses the analytical opportunities and challenges to control the central critical
quality attributes (CQA) (i.e., identity, potency, purity, safety, and stability) for developing
AAV drug product (DP) and lays out the motivation behind this thesis.

In Chapter Il, an easy and fast serotype identification method is described using intrinsic
fluorescence. It was proven that serotype identification is possible with iDSF in less than
one hour with just 10 uL of an AAV sample containing 3*10*! cp/mL. Even though the
state-of-the-art dot blot with antibody labeling only requires about 1 pL of 1*10° cp/mL,
the assay takes between 6-8 hours, scale up and automation is difficult and, if different
serotypes are to be tested, different antibodies are required. The data from intrinsic
differential scanning fluorimetry (iDSF) were compared with the melting points measured
with the SYPROrange dye, as an established orthogonal method. With intrinsic
fluorescence measurements melting point detection is even possible for formulations
containing surfactants. Finally, the AAV serotype in the DP can be controlled by iDSF even
in the presence of surfactants.

Having established improved identification of the AAV serotype, chapter Il compares
different methods for capsid titer determination. The evaluated detection methods range
from fluorescence and UV detectors over light scattering analysis using MALS, DLS and/or
SLS, UV spectrometry, to the established SDS-PAGE. All methods resulted in the same
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range of capsid titer for the different samples. However, the analytical methods using UV
detection showed a 10-fold higher LOD in respect to fluorescence detection. A special
focus was given to the additional information that can be gathered through the respective
methods like impurity and aggregate detection. In this work, it was shown that capsid titer
can be reliably determined using a wide variety of methods. Thus, in future studies,
researchers can choose their method based on the parameters mentioned here as additional
information, being assured that the measurement of capsid titer is possible either way.

As the experimental data from this evaluation process revealed a substantial AAV loss
during sterile filtration, chapter I11 also addresses the effect of poloxamer 188 and different
membrane material on AAV loss. It was discovered that the presence of poloxamer 188
reduces the AAV adsorb to the syringe itself, as well as to the filtration membrane. Between
the three filter materials a slight advantage of polyvinylidendifluorid (PVDF) over the
regenerated cellulose (RC) and polyethersulfon (PES) was found.

In the following Chapter 1V, different liquid chromatography-based purification strategies
for AAV8 were tested and compared with a special focus on virus yield and residual
impurities. The key finding is that PEG precipitation, combined with affinity
chromatography (AC), results in the highest purity and yield of AAV8 but lacks separation
of full and empty capsids. To validate this promising purification strategy, several variants
of AAV2, AAV2.NN, and AAV2.GL, engineered variants of AAV2, were tested on the
AC and cation exchange (CEX) chromatography. It became clear that binding to the AC
column was disturbed by the changes at the AAV2 capsid present in AAV2.NN and
AAV2.GL. Thus, considering all serotypes tested, the CEX column showed more
promising results regarding yield. In a final purification step, it was demonstrated that full-
empty separation and baseline separation is possible for AAV8 using a step gradient.
Next, Chapter V supplements the purification experiments with further studies on the
purified samples. The analytical scope was extended towards the control for the residual p-
Transgene backbone which was found to be encapsulated in AAV capsid and poses a safety
risk for AAV DP. In addition, mass photometry (MP) was tested as a new approach for
full-empty capsid determination, showing good results for discrimination of the two species
and reliable ratios of full and empty capsids in one sample. The chapter closes with an
evaluation of the impact of different purification strategies on capsid damage and
transfection efficiency. A central outcome of these experiments is that the classical

iodixanol purification strategy results in considerably higher capsid damage compared to
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chromatography-based methods. Among those, the capsid damage was the lowest for CEX
purification, because of the higher pH (4.0) and shorter running time compared to AC.
Ultimately, Chapter VI examines the storage stability of liquid and lyophilized
formulations containing AAV. Based on the preliminary results, some critical obstacles for
AAYV lyophilization were identified. These hurdles are discussed in the chapter, as is the
subsequent process optimization of the lyophilization cycle focusing on secondary drying
temperature. In addition, the impact of different excipients including, buffers, amino acids,
and extremolytes on formulation stability was tested. One lesson learned was that a
minimum water content of 1.5% is necessary for a stable AAV lyophilizate. The chapter
closes with a lyophilized formulation containing 10 mM potassium phosphate buffer,
5.67% trehalose, 5% hydroxyectoine and 0.1% poloxamer 188 that is stable at 25°C for at
least four weeks and clearly outperforms the liquid formulation. It should be noted,
however, that most AAV samples stored at 2-8°C in liquid were surprisingly stable over
six months when sufficient salt amounts were included in the formulation - stabilizing the
AAV son a par with the lyophilized formulations.

In summary, this thesis provides improved analytical methods for the detection of different
CQA of an AAV DP. It also documents purification development for AAV8, that was also
tested for AAV2 and engineered variants. It is important to note that the results of the AEX
are highly specific for the AAV8 tested. Thus, chromatography conditions must be adjusted
separately for each serotype. The results of the lyophilization experiments on AAVS8
confirm a recently published study by Zhang et al. (218) on the stability of AAV
lyophilizates and indicate that a minimum amount of residual water in the lyophilizate
> 1.5% is necessary to generate a stable AAV lyophilizate. Pharmaceutical strategies were
presented which can support scientists to further improve analytical and purification

strategies and the challenging stabilization on AAV during storage.

There is still room for improvement: Especially in the area of AAV purification, and more
precisely in the separation of full and empty capsids. It has already been shown several
times that the separation of the two species using AEX is possible, but it has also been
shown that the method must be adapted for each serotype. To simplify the purification
process, it would be desirable to find a method and/or column for this final purification step
that allows the simple and reliable separation of full and empty capsids for as many

serotypes as possible.
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Lastly, there is still limited knowledge on factors influencing AAV stability. In addition to
the already tested factors such as pH, ionic strength and auxiliary substances, possible
factors of interest might be buffers, surfactants, oxygen and antioxidants, further excipients,

AAV concentration, and finally primary packaging materials.
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