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Recombinant adeno-associated viral vector (rAAV) mediated
gene therapy is gaining traction in treating genetic disorders.
Current rAAV production systems yield a mixture of capsids
largely devoid of the transgene (empty capsid) compared with
the desired therapeutic product (full capsid). Anion exchange
chromatography (AEX) is an attractive method for separating
empty and full AAV capsids because of its scalability. Resin
types and buffer composition are key considerations for AEX
and must support capsid stability to be suitable for down-
stream processing. We examined the impact of binding dura-
tions (0–8 h) using various binding ionic strengths
(15–75 mM), pH (7.5–9.0), resin chemistry (POROS XQ,
POROS HQ, POROS I, and BIA QA monolith), and proprie-
tary Q resins with different ligand densities for effects on capsid
stability. Empty capsids were altered upon extended binding,
leading to retention time shifts and loss of resolution between
empty and full capsids. Viral capsid protein analysis reveals
that full capsids have more viral capsid protein 3 (VP3) pro-
teins than empty capsids. Analytical hydrophilic liquid chro-
matography showed that empty capsid retention time shift is
accompanied by changes to the empty capsid’s native VP3 pro-
tein. Among the potential stabilizing additives considered,
magnesium chloride was themost effective at reducing negative
impacts caused by extended binding.

INTRODUCTION
Gene therapy involves the administration of exogenous genes to the
patient to alter gene or protein expression.1 Gene therapy is suited
for treating inherited genetic disorders and holds promise in treating
an increasing number of diseases, such as hereditary blindness,2 he-
mophilia,3 neurodevelopmental disorders,4 and neurodegenerative
diseases.5 An estimated 2,000 gene therapies are in development glob-
ally as of 2022.6 Among the available vehicles for therapeutic gene de-
livery, recombinant adeno-associated viral vectors (rAAVs) are
currently the leading platform because of their relative safety and ef-
ficacy in humans.7,8

A major challenge in AAV-mediated gene therapy manufacturing is
the low productivity and high cost. Additionally, rAAV production
processes often yield a heterogeneous array of product-related impu-
rities, such as rAAV capsids fragmented or absent transgene; these
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impurities can ultimately increase the administered capsid burden.
Until recently, the large-scale separation of empty and full capsids
was challenging; clinical investigations were commenced9 with ther-
apeutics comprising a mixture of empty and full capsids.

The safety and efficacy of AAV-mediated gene therapy10,11 can be dis-
rupted through a number of mechanisms.12 Naturally occurring anti-
bodies toward AAVs can be found in humans13 through natural infec-
tions. High-dose intravitreal injection of AAV2 capsids into the eye
has increased anti-AAV antibodies and triggered anti-capsid T cell re-
sponses.14 Excess empty particles may also trigger T cell response,
causing cytotoxicity and partial loss of expression.11 Because of these
concerns, a robust method to separate empty capsids from transgene-
containing capsids is desired to reduce the overall capsid dosage and
increase efficiency. Reduced ratios of empty to full capsids have also
been shown to improve transduction efficiency for intravenous15

and intramuscular16 injection of AAV vectors. In some cases, the abil-
ity to tune empty capsid content may be desired, as adding empty par-
ticles to the AAV2 drug substance reportedly adsorbed the antibodies
and lessened the preexisting humoral immunity to the capsids.10

Although ongoing studies will continue to inform our desired capsid
variant profile in the drug substance, the need for a robust purification
strategy and a thorough process understanding to control the product
variant profile is paramount. Furthermore, wemust ensure that capsid
structural integrity is not compromised in scaling the purification pro-
cess, thus avoiding increased heterogeneity in the final product.

The separation of empty and full capsids can be achieved with ion-ex-
change chromatography (IEX) across scales and serotypes.17–22 An
increasing number of AAV processes rely on chromatographic puri-
fication methods for their scalability and amenability to good
manufacturing practice (GMP). IEX has been used to purify AAVs
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Figure 1. Overlay of fluorescence and absorbance (at

260 and 280 nm) signal-based chromatography

profiles

The UV absorbance signals are plotted on the left axis and

conductivity, and the fluorescence signals are plotted on

the right axis. The purple arrow marks the point in time at

which the bound capsids are held on column for a specified

period. Irreversibly bound substances are stripped off the

column with 1 M NaCl with 20 mM acetic acid at the end of

the experiment. The red dotted line and the blue dashed

lines represent the absorbance traces at 260 and 280 nm,

respectively. The black solid and the gray dash-dotted lines

represent the fluorescence and conductivity traces,

respectively. The first peak to elute over the sodium chloride gradient is the empty capsids, which absorb more at 280 nm than at 260 nm. The second peak to elute contains

primarily transgene-containing capsids, which absorb more at 260 nm than at 280 nm.
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for more than two decades.21–25 Over the past few years, significant
improvements in the IEX method development for separating empty
and full capsids have been documented16,17,21,26 with16 and without26

additives such as magnesium chloride (MgCl2). Although many have
focused on resin selection and buffer optimization to improve separa-
tions, few have assessed21,27–29 on-column21 or on-resin stability of
the capsids. Although the thermal stability of adsorbed foot-and-
mouth virus has been correlated to purification recovery,28 such a
study has not been completed for AAVs.

Furthermore, accelerated stability assessments such as thermal stabil-
ity show challenges in accurately predicting temporal stability.30–33

The direct evaluation of AAV temporal stability in its adsorbed state
during IEX across varying timescales is directly relevant to down-
stream purification processes and, to the best of our knowledge, has
not been reported in the literature. It is advantageous to think about
capsid on-column stability in process development to ensure that
chromatographic purification does not result in increased product
heterogeneity or negatively affect product quality. The binding of
AAV capsids to IEX resin occurs in a low-ionic-strength environment
that is suitable for promoting higher loading capacities may nega-
tively affect capsid stability.34 Furthermore, dilution of affinity eluate
results in the volume expansion of loading material, necessitating
increased loading times and extended binding of rAAV capsids
onto the anion exchange chromatography (AEX) resin. Hence,
designing a purification strategy that examines product stability in
addition to yield and purity is imperative.

A major challenge within the scope of AAV separation with IEX is the
concept of product heterogeneity. Although populations of AAV cap-
sids are termed “empty,” “partial,” or “full” on IEX depending on their
retention times, retention times are not solely a function of transgene
length but can also shift because of changes in the charge distribution
on the capsid proteins.35,36 In this work, we evaluate the stability of
AAV capsids adsorbed onto various anion exchangers, i.e., POROS
HQ, POROS XQ, POROS I, POROS D, and BIA QA monolith.
Furthermore, we evaluated the impact of AEX resin ligand density
on adsorbed protein stability by assessing custom proprietary resins
with varying ligand densities.
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Although it can be difficult to ascertain the capsid modifications re-
sulting from AAV adsorption to AEX resin in a normal purification
process, keeping the AAV adsorbed to the resin for a longer period
can magnify the impact of adsorption, allowing us to study on-col-
umn capsid stability. In this work, we evaluated the impact of binding
AAV capsids to AEX resins for 0–8 h prior to elution. Furthermore,
the on-column stability of empty and full capsids was decoupled,
revealing disparate stability profiles that raise significant concerns
regarding the purity of AEX eluate pools. Several additives were
also assessed for their stabilizing or destabilizing impact on-column.
Such a comprehensive investigation of rAAV on-column stability
across different buffers, additives, resin types, and ligand densities
over time and across two recombinant engineered capsids is crucial
to purification process development.

RESULTS
Figure 1 shows a preparative AEX chromatogram of rAAVa on CIM-
multus QA column recorded with UV, fluorescence, and conducti-
metric detectors. A linear sodium chloride gradient resolves the
capsid variants. In AEX chromatography, the first peak that elutes
over the linear salt gradient is mainly the empty capsids, while the sec-
ond or the subsequent peaks contain the product of interest, as shown
in Figure 1. The ratio of UV absorbances at 280 and 260 nm reveals
peaks enriched with empty and full capsids. Generally, a peak with a
260/280 ratio of less than one indicates a greater percentage of empty
capsids, while a 260/280 ratio greater than one indicates a greater per-
centage of full capsids.37–39 More specifically, in the absence of other
impurities, 260/280 ratios can indicate the proportion of empty and
full capsids in a sample, as reported previously.40 Given that the
extinction coefficient of the rAVVa empty capsid is lower than that
of the full capsid by �9-fold at 260 nm and �4-fold at 280 nm, the
conversion of their peak area to capsid count differs. The native
amino acid fluorescence was also monitored using an excitation of
280 nm and emission of 350 nm. Nucleic acid emission at 350 nm
is negligible under these conditions; therefore, the relative fluores-
cence peak areas correspond directly to empty and full capsid counts.
The combined fluorescence and absorbance spectra also demonstrate
that peaks appearing after the full capsid are more proteinaceous than
the full capsids and are present in significant quantity.
er 2023



Figure 2. Changes in the chromatographic elution

profiles (absorbance at 280 nm) seen after 0–8 h of

extended binding in various loading buffer pH and

ionic strengths

UV absorbance at 280 nm is plotted on the left axis, and the

conductivity trace (dash-dotted line) is plotted on the right

axis. (A and B) Loading buffer ionic strengths of 40 mM

(A) and 15 mM (B) are presented for rAAVa. (C and D)

Loading buffer ionic strength of 45 mM (C) and 75 mM

(D) were evaluated for rAAVb. (E and F) The loading pH

values of 7.5 (E) and 9.0 (F) at 40 mM are plotted for rAAVa.

The black solid, gray dashed, and gray dotted lines repre-

sent the chromatographic elution profiles after 0, 2, and 8 h

of extended binding, respectively.
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The structural integrity of rAAV capsids under AEX chromato-
graphic conditions was assessed by loading affinity chromatography
purified capsids onto the POROS XQ column, washing the column,
and either eluting the capsids immediately or after an additional 2–
8 h of binding. Elution was performed using a linear salt gradient
to resolve capsid variants (empty, full, etc.). Such an investigation
was carried out for both proprietary capsids rAAVa and rAAVb.

Figure 2A shows that when the rAAVa capsid binds to the POROS
XQ at 40 mM ionic strength (IS) for 2 h, the resolution between
the empty and full peak is diminished. This effect is exacerbated after
8 h. The empty capsid peak area was reduced (from�0.6% to�38%)
over 2–8 h of binding. More pronounced changes (�20% at 2 h and
�50% at 8 h) were observed when the rAAVa capsids were bound to
the resin at 15 mM IS, as shown in Figure 2B, suggesting that stronger
binding to the resin at a lower IS of 15 mM may lead to greater
changes in the product quality. The impact of extended binding on
the AEX eluate is more clearly seen for rAAVb, for which the drop
in peak area at the retention time of the empty capsid is offset by
the rise in the third peak (+26% at 45 mM IS and +62% at 75 mM
IS). This third peak comprises capsid degradants resulting from on-
column instability. Like rAAVa, the extended binding of rAAVb to
the POROS XQ resin in a 40-45 mM IS buffer resulted in the least
changes to the first peak (�11% after 8 h; Figure 2C). In contrast,
at a higher IS of 75 mM IS, changes in the first peak were much
more pronounced (�26% after 8 h), as seen in Figure 2D. However,
upon binding at 45 mM IS, a larger portion of the rAAVb capsids
Molecular Therapy: Methods &
bound irreversibly and required 1 M NaCl at
pH 3.0 to desorb (resin regeneration peak). No
resin regeneration peaks were seen for rAAVa
capsid experiments shown in Figures 2A and 2E.

The binding buffer pH’s impact on adsorbed cap-
sids’ stability was also assessed for rAAVa. The
most remarkable changes to the earliest eluting
peak area were observed at pH 9 (�59%), fol-
lowed by pH 8.5 (�50%) and pH 7.5 (�20%) af-
ter 8 h. Capsids bindmost tightly to the AEX resin
at pH 9, significantly destabilizing the adsorbed
capsid. Relatively weaker binding at pH 7.5 results in minimal
changes to the peak shape and the retention time, as shown in
Figures 2A, 2E, and 2F. It is worth noting that although a higher
pH leads to greater on-column instability (pH 9; Figure 2F), it also
provides a better resolution than at pH 7.5 (Figure 2E).

To further explore the impact of adsorption on the eluate retention
time, strong and weak anion exchangers with various ligand chemis-
try, provided in Table S1, were evaluated. Figure 3 shows the impact
of binding rAAVa capsid on POROS I, BIA QA monolith, POROS
HQ, and POROS XQ over an additional 0–8 h. Although the resolu-
tion between the product variants over the linear NaCl gradient dif-
fers for the four anion exchangers, some similarities can be observed.
Extended binding onto adsorbents with strong AEX functionality re-
sults in the retention time shifting to the right, while extended binding
onto POROS PI, a weak anion exchanger, shows a slight shift in the
retention time to the left. However, extended binding increases the
sample portion lost during elution with a subsequent increase in
regeneration peak.

The adsorbent (resin and ligands), the adsorbate (capsids), and the
environment (solution) all play a role in the stability of the adsorbed
capsids. Following our assessment of two engineered recombinant
capsid serotypes and buffers of various pH and ISs, we systematically
sought to assess the role of resin ligand density. Apart from the stan-
dard POROS XQ resin, custom proprietary Q resins with different
ligand densities were provided by Thermo Fisher Scientific. Capsid
Clinical Development Vol. 31 December 2023 3
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Figure 3. Changes in the chromatographic elution

profiles (absorbance at 280 nm) were seen after 0–8 h

of extended binding across four anion exchangers

UV absorbance at 280 nm is plotted on the left axis, and the

conductivity trace (dash-dotted line) is plotted on the right

axis. (A–D) Separation of empty and full capsid was ach-

ieved on POROS PI (A), BIA CIMmultus (B), POROS HQ (C),

and POROS XQ (D) across a linear sodium chloride

gradient. The black solid, gray dashed, and gray dotted

lines represent the chromatographic elution profiles after

0, 2, and 8 h of extended binding. The amount of capsid

loaded for POROS PI, BIA CIMmultus, and POROS HQ

was 50% that of POROS XQ.
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on-column stability on these resins was assessed and presented in the
left panel in Figure 4. The resin with the highest ligand density, shown
in Figure 4A, provided the best resolution between the empty and full
capsid at 0 h. The resolution diminishes as the ligand density de-
creases, as shown in Figures 4C and 4E, making it difficult to discern
the impact of extended binding. However, in general, a reduced first
peak (or the front side of the elution peak) and an increased third peak
(the back side of the elution peak) are still evident.

The simultaneous drop in the first peak and rise in the third peak
across different resins and binding strengths, seen in Figures 2A–
2F, 3A–3D, 4A, 4C, and 4E, suggests that empty capsids are particu-
larly susceptible to on-column degradation. Empty capsids may be
altered over time as they remain bound on the column, resulting in
tighter binding and the subsequent shift in the retention time. To
test this hypothesis, we purified empty capsids (>90% purity) from
full capsids (>90% purity) and evaluated their on-column stability
separately. The right panel of Figures 4B, 4D, and 4F shows the
changes observed upon binding the empty capsid onto proprietary
Q resins of various ligand densities. Comparing the left and right
panels of Figure 4 reveals that empty capsids are the major contrib-
utor to the rightmost peak that emerges upon extended binding.
However, the decrease in the full capsid’s peak height over time
also signals the destabilization of full capsids. As empty capsids are
altered more significantly than full capsids, a period of 6 h was suffi-
cient to show the impact of on-column stability, whereas the mixture
of empty and full capsids was bound for 8 h. Furthermore, capsids
were kept in solution for 8 h before loading to confirm that capsids
were destabilized after adsorption and not before loading onto the
column. The retention time and peak shape of the sample held in so-
lution for 8 h are equivalent to that of the sample held in solution for
0 h (Figure S1). Furthermore, the conductivity associated with the
retention time of the pure empty and full capsids is the same whether
these capsids are loaded separately or as a mixture. The differing
retention volumes in the figures are due to different sample loading
volumes.
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Figure 5A shows the impact of extended binding
onto the BIA CIMmultus column for purified
empty and full rAAVa capsids separately. Over
the linear sodium chloride gradient, three empty
capsid variants were resolved, while the full capsid eluted as one
prominent peak. Extended binding of the empty capsid led to the
rise of the empty capsid variants 2 and 3, marked as E2 and E3,
and the subsequent loss of empty capsid variant 1, marked as E1.
Extended binding of full capsids led to the slight shortening and
broadening of the peak. Figure 5B shows the impact of extended bind-
ing onto the same monolith column for a capsid preparation
comprising both empty and full capsids. Similar to what is observed
in Figure 5A, extended binding leads to a rise in the third peak and
a subsequent decline in the area of the first peak or the empty peak.
The empty and full capsid variants were compared through the sep-
aration and analysis of their viral capsid proteins (VPs) using an
amide-bonded hydrophilic interaction liquid chromatography
(HILIC) column, following an established41 method. The viral protein
variants detected using the HILIC are shown in Figures 5C and 5D.
The stoichiometry of VPs 1, 2, and 3 was determined (Figure 5E)
by integrating their respective peak areas. Two solid lines that denote
the commonly accepted VP1/VP2/VP3 ratio of 1:1:10 are provided
for reference. Figure 5F shows that VP3 protein variants are present
in different amounts among the empty and full capsid variants. The
variant VP3.2, which elutes after the main VP3 variant, is seen in
empty capsids but not in full capsids. Figure 5G shows that VP1
and VP2 protein variants are present in variable amounts among
the empty and full capsid variants. Figures 5H and 5I show the overlay
of the hydrophilic liquid interaction chromatograms of the early and
later eluting empty (Figure 5H) and combination capsids (Figure 5I)
from AEX. Figure 5H shows that the later eluting empty peaks E2 and
E3 consist of greater percentages of VP3.2 and VP3.3, compared with
the earlier eluting peak E1.

Given that both adsorbed rAAVa and rAAVb capsids destabilized
over time on the AEX resin, albeit to different extents, mitigatory
measures were sought. Additives such as glycerol, Kolliphor P188,
(NH4)2SO4, and MgCl2 were added to the rAAVa sample, prior to
loading onto the column, and included in the equilibration and
wash buffers but not in elution buffers. Figure 6A shows the control



Figure 4. Changes in the chromatographic elution

profile (absorbance at 280 nm) were seen after 0–8 h

of extended binding onto proprietary Q resin of

various ligand densities

UV absorbance at 280 nm is plotted on the left axis, and the

conductivity trace (dash-dotted line) is plotted on the right

axis. (A–F) Chromatographic elution traces are shown on

proprietary Q high (A and B), medium (C and D), and low

ligand density (E and F) resins. The left panel shows the

chromatographic profile for empty and full capsid mixture,

while the right panel shows that for empty capsids alone.

The black solid, gray dashed, and dotted lines for the left

panel represent the chromatographic elution profiles after 0,

2, and 8 h of extended binding, respectively. For the right

panel, the black solid and the gray dashed lines represent

the chromatographic elution profiles after 0 and 6 h of

extended binding, respectively.
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chromatograms on POROS XQ without any additive, while
Figures 6B, 6C, and 6D show the impact of 5% glycerol, 0.003% Kol-
liphor P188, and 15 mM (NH4)2SO4, respectively. Glycerol and Kol-
liphor P188 did not prevent the changes that occur over time on the
column for rAAVa. In the presence of (NH4)2SO4, the full capsid peak
shape changed minimally after 8 h of extended binding, demon-
strating its utility. However, empty capsid stability could not be eval-
uated because empty capsids did not bind upon adding 15 mM
(NH4)2SO4.

Finally, the impact of MgCl2 on the stability of rAAVa capsid in its
adsorbed state was assessed. Without MgCl2 (Figure 7A), the empty
and full peaks are altered, albeit with a different amount, after an
8 h on-column hold, aligned with observations presented in Figures 2,
3, and 4. However, no changes to the rAAVa full capsid’s eluate peak
area, shape, and retention time were observed upon adding 5 mM
MgCl2 (Figure 7B). MgCl2 also stabilized the empty capsids signifi-
cantly, leading to minimal changes even after 8 h of extended binding
(Figure 7C). For a more sensitive assessment, the intrinsic fluores-
cence from the empty capsids, presented in Figure S2, shows that
while a right shoulder does develop in the presence of MgCl2 (Fig-
ure S2B), it is minute compared with that seen in the absence of
MgCl2 in Figure 6A. Although 5 mM MgCl2 is ideal for preserving
the adsorbed capsid stability for numerous hours, on-column degra-
dation is mitigated even in the presence of 2.5 mM MgCl2, as shown
in Figure 7D. A concentration greater than 5 mM of MgCl2 was not
assessed, as it would increase the overall sample IS and would not
be favorable for the binding of the empty capsids at 40 mM NaCl.
Molecular Therapy: Methods &
DISCUSSION
A typical purification process for rAAVs begins
with an affinity chromatography step, which
uses selective affinity ligands to capture rAAV
particles from the harvest lysate, followed by an
AEX step to enrich for full capsids. Elution
from the affinity column is achieved using a low
pH buffer, which is promptly neutralized with
suitable buffers to a desired pH and IS to ensure capsid stability. Bind-
ing to the AEX resin occurs at a lower IS and the affinity eluate often
needs to be substantially diluted to meet a lower IS criterion for bind-
ing onto the AEX resin. The use of higher buffer IS (>150mM) to pro-
mote AAV stability29,34 is well known, raising concerns about ad-
sorbed vector stability during the AEX chromatographic
purification. Furthermore, larger loading volumes, a consequence of
the post-affinity dilution step, require longer loading times and result
in the extended duration of AAV capsids on the AEX resin. We
sought to understand the impact of extended binding times at low
IS on the eluate product quality and changes to heterogeneity.

Although changes to product heterogeneity are not yet well under-
stood for AAVs, similar lessons can be learned from other therapeu-
tics, such as monoclonal antibodies (mAbs), in which product hetero-
geneity can arise from post-translation modification and degradation
events. These aberrations can affect product stability and biological
function42 and product variants will have altered chromatographic
separation on AEX, as evidenced by retention time shifts.42,43 Some
studies have reported the presence of capsid variant peaks in AEX
that are in addition to empty and full capsid peaks, the size of which
depended upon the composition of the sample loading buffer.21,37

This additional capsid variant peak displayed greater polydispersity
than the main full capsid variant,37 indicating that certain facets of
AAV capsid heterogeneity can be resolved using AEX.

The impact of extended binding is manifested in a loss of the first peak
area and the subsequent broadening of the second peak, resulting in the
Clinical Development Vol. 31 December 2023 5
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Figure 5. Comparing the rAAVa empty and full capsid

variants and the viral protein compositions

(A) Pure empty and full rAAVa capsids 0–8 h on-column

hold were resolved across a linear sodium chloride gradient

on the BIA monolith column. (B) Changes in the chro-

matographic elution profile were seen after 0–8 h of

extended binding of amixture of empty and full capsids. The

UV absorbance signals are plotted on the left axis, and

conductivity and the fluorescence signal are plotted on the

right axis. Solid and dotted lines represent the chromato-

graphic elution profiles after 0 and 8 h of extended binding,

respectively. (C and D) Separation of rAAVa empty (E1)

capsid and full (M1) capsids viral proteins using an amide-

bonded, hydrophilic interaction analytical column. (E) Vari-

ation in viral capsid protein ratios among empty and full

capsid variants. (F and G) Variation in the percentage of VP3

(F) and VP1 and VP2 (G) capsid protein variants. (H and I)

Overlay of hydrophilic interaction chromatograms for empty

(H) and full capsid variants (I), depicting the differences in

VP3 composition. The data plotted in figures E, F, and G are

the mean percentages taken from two data sets, and the

error bars depict the standard deviations.
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merging of empty and full capsids into one broad peak. Loss of resolu-
tion between the empty and full capsids because of extended binding
makes the task of separating empty from full capsid challenging.
Lowering the binding IS from40 to 15mM(Figures 2A and 2B) resulted
in an additional 12% reduction in rAAVa empty peak area after 8 h,
signifying that stronger binding leads to greater retention time shifts
and greater heterogeneity in the capsids. A more degradation-prone
capsid, rAAVb,was also evaluated (Figures 2Cand 2D).Althoughbind-
ing rAAVb capsids onto the POROSXQ resin at 45mM IS resulted in a
lower recovery (70%) compared with that at 75 mM IS (85%), fewer
changes in the eluate were observed over time. Although a larger frac-
tionof the rAAVbcapsids bound irreversibly at 45mMIS, the reversibly
bound fractiondid not undergo significant changes over 0–8 h. Irrevers-
6 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
iblybound capsid canbeonly elutedout in the resin
regeneration step. This finding demonstrates that
weaker binding is preferred to preserve capsid
integrity on the column and that instability can still
ensue at a higher IS for capsid variants that are sus-
ceptible to irreversible binding. The assessment of
binding buffer pH (Figures 2A, 2E, and 2F) rein-
forces the observation that weaker binding of the
capsid leads to better stability in the adsorbed state,
as binding at pH 7.5 resulted in minimal changes
over time, followed by pH 8.5 and 9. However,
binding at pH 7.5 is not practical for rAAVa as
the resolution between the empty and full capsid
is diminished.

Apart from the binding buffer’s IS and pH, the
adsorbent also affects the binding event. To this
end, the impact of extended binding on anion ex-
changers with various resin chemistries and
ligand densities described in Table S1 was evaluated. It is worth
noting that although all the POROS resins evaluated in this study
are of 50 mmparticle size, the differing base bead chemistry and ligand
densities dictate the average pore size. For example, while the stan-
dard bead pore size is reportedly between 100 and 360 nm, the
pore will be further hindered or unhindered with increasing or
decreasing ligand densities. Better accessibility to the pore space
broadens the eluate peaks as capsids can sample more pore space.
Therefore, the eluate peak shape and area can only be directly
compared between the 0 and 8 h hold samples for each resin. Despite
this caveat, apart from POROS PI, all the anion exchangers evaluated
in this study either showed a shift in the retention time to the right or
a concomitant loss of area in the first peak and rise in the last peak



Figure 6. Changes in the chromatographic elution

profiles (absorbance at 280 nm) of rAAVa seen after 0–

8 h of extended binding onto POROS XQ resin in the

presence or absence of additives

UV absorbance at 280 nm is plotted. (A–D) Elution chro-

matogram generated in the absence of additives is shown in

(A), while those in the presence of 5% glycerol, 0.003%

Kolliphor P188, and 15mM (NH4)2SO4 are shown in (B), (C),

and (D), respectively. The black solid, gray dashed, and gray

dotted lines represent the elution chromatographic profiles

after 0, 2, and 8 h of extended binding, respectively. The

dash-dotted line in (D) represents the elution chromatogram

obtained when a sample held at room temperature (RT) for

8 h is loaded onto the column, washed, and eluted from the

column immediately.
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area (Figures 3 and 4). The proprietary Q resin with high ligand den-
sity clearly shows the loss of the empty peak area and a subsequent
rise of the third peak area. Regardless of the resolution, the impact
of extended binding is seen across resin of all ligand densities, suggest-
ing that de-crowding of the adsorbed capsid on the resin surface does
not promote on-column stability.

Extended binding of the rAAVa capsid on the POROS resin leads to
on-column degradation of the capsids, a reduction in standard peaks
and the emergence of an impurity peak. Empty capsids are the most
susceptible to on-column degradation; the parallel assessment of on-
column and in-solution empty capsid age (8 h) revealed that the
extended binding to the resin destabilizes the empty capsids. Further-
more, purified full capsids retained homogeneity, even after extended
binding, signifying their superior on-column stability compared with
empty capsids (Figures 5A and 7A).

The green absorbance trace at 280 nm in Figure 5A clearly shows that a
large portion of empty capsids binds more strongly to the resin after
8 h of extended binding. The changes observed for the full capsids
(black trace) are minor compared with that of the empty capsid, sug-
gesting that full rAAVa capsids are more stable in their adsorbed state
than their empty counterpart. A fluorescence detector was paired with
the AKTA to increase sensitivity and further discern changes not seen
by the UV detector. Figure S2 shows the intrinsic fluorescence from
the full capsids. The analytical AEX characterization of each peak frac-
tion is also presented in Figure S3. Empty capsid peaks E2, E3, and
mixture peak M3 show an increase in peak area after 8 h of extended
binding, consistent with the finding on the preparative AEX column.
Although we have not tested the functionality of the tighter binding
species that grow with on-column hold time, the demonstrated tighter
binding to the AEX indicates a gain of a negative charge or a reduction
in the isoelectric point of the VP(s). Prior work36 has shown that more
negatively charged VPs with a greater percentage of deamidation bind
more tightly on AEX and have a lower potency.44
Molecular T
To further probe the differences between the empty (E1, E2, and E3)
and full (M2) capsid variants, these capsid variant fractions were
analyzed for their VP composition on the HILIC analytical column.
A comparison of Figures 5C and 5D shows that empty and full cap-
sids differ in their VP1/VP2/VP3 ratios. Empty capsids contain a
greater percentage of VP1 and a lower percentage of VP3 than
full capsids, as shown in Figure 5E. The first peak of the mixture
M1 (empty), also follows the same trend for VP ratio and its vari-
ants when compared with pure empty capsid peak E1, indicating
that differences observed for VP ratio and its variants do not arise
from sample preparations. A recent mass spectrometry study
showed that capsid assembly is highly variable and stochastic in na-
ture.45 Here, we report a systematic discrepancy in VP ratios among
empty and full capsids. Our findings also show that empty viral cap-
sids display lower stability in the adsorbed state and are structurally
different from full ones. The HILIC resolves several variants of the
VP3 protein (Figures 5C and 5D), the most abundant VP. Analysis
of the VPs on HILIC across various serotypes showed VP3 variants,
which elute before and after the main VP3 protein. These VP3 var-
iants are likely either VP3 with oxidation or phosphorylation.41

Although the oxidation and phosphorylation of VP3 have not
been confirmed in this work, a prior study41 confirmed that VP3
protein with oxidation and phosphorylation elutes after the main
VP3 peak on the same HILIC column, following a similar method
for several capsid serotypes. Cysteine residues are most susceptible
to oxidation because of highly reactive sulfur groups.46 The oxida-
tion of SH to SOH, SO2H, and SO3H can lead to increased hydro-
philicity of the viral protein, resulting in its later elution compared
with the main VP3 capsid variant. Figure 5F shows that the more
hydrophilic VP3 variant (VP 3.2) is more prominently seen in the
full capsid fraction from AEX than in the empty capsid fractions.
Figure 5G shows that this phenomenon is also seen for VP2, as
the later eluting VP2 variant (VP2.1) is present in greater quantity
among the full capsids and the E2 and E3 empty capsids fractions
from AEX.
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Figure 7. Changes in the chromatographic elution

profiles (absorbance at 280 nm) seen after 0–8 h of

extended binding in the presence of MgCl2

UV absorbance at 280 nm is plotted on the left axis, and the

conductivity trace (dash-dotted line) is plotted on the right

axis. Purified empty and full capsids were bound separately

onto the POROS XQ resin. (A and B) The elution

chromatogram for empty and full capsids in the absence

of MgCl2 is shown in (A) and for full capsids in the

presence of 5 mM MgCl2 is shown in (B). The elution

chromatogram of the empty capsid in the presence of

5 mM MgCl2 is shown in (C). The elution chromatogram

of a mixture of empty and full capsids in the presence of

2.5 mM MgCl2 is shown in (D). The black solid, gray

dashed, and gray dotted lines represent the

chromatographic elution profiles after 0, 2, and 8 h of

extended binding, respectively.
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Furthermore, the VP1 variant (VP 1.1) that elutes earlier than the
main VP1 protein, likely the N-terminal fragment,41 is more preva-
lent in the empty capsids than the full capsids, as shown in Figure 5G.
Last, the HILIC analysis presented across Figures 5E, 5F, and 5G
shows that no significant differences are seen between capsids that
were held on the column for 8 h vs. the control, revealing that for cap-
sids with a given retention on AEX, no striking variation are seen
across the VPs on HILIC. However, the capsids that retain differently
on the AEX resin do show variation in the VP profiles, as shown in
Figures 5H and 5I. Extended binding leads to an increasing percent-
age of the capsids retaining more strongly on the column. These
strongly retaining capsids display a greater percentage of VP variants
than capsids that bind weakly. For example, the strongly retaining
capsid variants requiring more NaCl to eluate constitute a greater per-
centage of VP 3.2 and V P3.3 proteins.

Apart from VP analysis on HILIC, the rAAVa capsids bound to the
AEX resin for an extended period were also analyzed by size exclusion
chromatography. Figure S4 shows that some aggregates (<0.5%byfluo-
rescence detection) were seen in the full capsid fraction, and no aggre-
gates were found in the empty capsid fractions. Extended binding of up
to 8 hdid not lead to an increase in the total percentage aggregate.How-
ever, for the post-full peak, extended binding led to a rise in the first
high-molecular-weight (HMW) peak (2.1%–3.1%) and an accompa-
nying drop (4.2%–2.7%) in the secondHMWpeak. Although no addi-
tional aggregates were generated for full rAAVa capsids, the existing
aggregate formed a higher-order aggregate in the process of extended
binding. Empty capsids of rAVVa did not form aggregates upon
extended binding but are composed of capsid proteinswith greater het-
erogeneity.We observe that extended binding of rAAVa onto the AEX
column can increase the presence of VP variants (Figure 5) but not
necessarily form aggregates detectable by SEC (Figure S4).

A shift in the empty capsid retention time and subsequent loss of res-
olution between the empty and full capsids is a major concern for
AAV production. Compromised resolution between the empty and
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
full capsids will result in lower-quality drug substances and greater
product heterogeneity, which can raise product immunogenicity con-
cerns. Therefore, a mitigation strategy to prevent such degradation
was sought for rAAVa on POROS XQ resin. Glycerol did not signif-
icantly affect the on-column stability of the capsid. This finding is
consistent with an earlier report of glycerol’s inability to prevent ag-
gregation upon dilution.21 Upon careful inspection, a slightly broader
right shoulder develops after an 8 h hold on the column in the pres-
ence of glycerol. An even broader shoulder is seen in the presence of
0.003% Kolliphor P188 after an 8 h hold, suggesting that Kolliphor
P188 did not prevent the alteration of empty capsids in their adsorbed
state, leading to a greater shift in their retention time. Although the
adverse impact of Kolliphor P188 on empty capsids’ on-column sta-
bility seen here has not been previously reported, Kolliphor P188
showed no effect on solution stability at low IS buffers.29 On the other
hand, a kosmotropic salt, (NH4)2SO4, promotes the stability of ad-
sorbed full capsids. Last, MgCl2 was assessed, as it is widely used in
AAV separation21,25,29,47–49 to improve the resolution between the
empty and full AAV capsids and promote capsid stability. The addi-
tion of 5 mMMgCl2 effectively mitigated the on-column degradation
of rAAVa capsids, as was similarly observed by Lavoie et al.,37 but for
up to 8 h in this study, potentially through stabilizing the hydrophobic
interaction between the capsid proteins.

In a typical AAV purification process, a significant portion of capsids
may remain bound to the AEX resin for a long time, mainly when the
affinity eluate requires significant dilution, increasing the sample
loading time onto the AEX column. The binding durations of 2–
8 h explored in this work consist of time frames relevant to prepara-
tive AEX chromatography and extended conditions to fully assess the
impact of on-column instability. Although the loading time for a
monolith column could be shorter than 2 h, as it tolerates higher
flow rates, a lengthy loading timemay be unavoidable for the standard
packed-bed columns, particularly in scenarios where loading volumes
are large and delays time may be experienced because of unforesee-
able process errors and deviations.
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Our ability to purify empty and full capsids to greater than 90% purity
allowed the separate assessment of their on-column stability. Ad-
sorbed capsids, particularly empty ones, can be unstable across rele-
vant pH, binding IS, and resin ligand density. Our findings show
that capsids adsorbed to the AEX resin can change over time, result-
ing in shifts in retention time and a loss of resolution between empty
and full capsids. Our data show that, in general, binding at lower IS is
not favorable for capsid stability, regardless of whether the capsids are
bound on a packed bed or monolith column. The adsorbed state
instability of rAAVs is investigated and seen across various AEX me-
dia and ligand densities, demonstrating its prevalence. Going a step
further, we revealed differences between empty and full capsid vari-
ants at the VP level. MgCl2 is presented as an effective strategy tomiti-
gate the impact of extended binding to ensure the maximum possible
consistency in product quality is maintained throughout the polishing
chromatography for empty and full capsids together and separately.
Considering that AEX chromatography is the most scalable method
for separating empty and full capsid, such a significant potential for
a change in product quality must be considered, evaluated, and ad-
dressed during process development to help ensure product quality.

MATERIALS AND METHODS
rAAV capsids

Two (proprietary) recombinant AAV capsids of Spark Therapeutics
were used in this work. The rAAV vectors were produced via the tri-
ple transfection method in HEK293 cells. The rAAVs were harvested
72 h post-transfection. The rAAVa and rAAVb capsids used for all
experiments originated from one bioreactor each and were processed
as a single stream through lysis, clarification, affinity capture, and
AEX polishing. Mixtures of empty and full capsids are the affinity
eluate process intermediate, in which the empty and full capsids
were separated using our platform AEX method with >90% purity
(not disclosed). The purity was confirmed using analytical AEX chro-
matography. Between 1� 1012 and 1� 1013 capsids were loaded onto
the AEX chromatograph.

Preparative chromatography experiments

The preparative chromatography experiments were performed on an
ÄKTA Avant 25 (Cytiva, Marlborough, MA) with UV and conducti-
metric detectors and a fraction collector. A fluorescence detector (RF-
20A) from Shimadzu (Kyoto, Japan) was also paired with an ÄKTA
Avant 25 workstation. The intrinsic fluorescence from rAAV capsids
at excitation 280 nm and emission 350 nm was recorded along with
the absorbance at 280 and 260 nm.

POROS resins of 50 mm particle size (POROS I, POROS XQ, and
POROS HQ) were purchased from Thermo Fisher Scientific (Wal-
tham, MA). Proprietary Q resins with varying ligand densities (low,
medium, and high) were provided by Thermo Fisher Scientific. A
monolith column of 1 mL volume (CIMmultus QA – 1.3 mm) was
purchased from Sartorius BIA Separations (Göttingen, Germany).
Omnifit glass columns (Omnifit, Diba Industries Inc.) of inside diam-
eter (ID) 0.3 cm and length 10 cm (volume 0.7 mL) were slurry (50%)
packed with various POROS resins. The physical properties of the
Molecular T
evaluated resins are provided in Table S1. All the chromatographic
runs were carried out at a linear flow rate of 300 cm/h.

The columns were first equilibrated with buffer A (50 mM Tris [pH
7.5–9.0], 15–75 mM NaCl, at) on an ÄKTA Avant 25 chromato-
graphic workstation. In addition, 0–5 mM MgCl2, 5% glycerol,
0.003% Kolliphor P 188, or 15 mM (NH4)2SO4 was added to the
base buffer A in the respective experiments evaluating additives.
Bind-and-elute measurements were performed by loading between
1 � 1012 and 1 � 1013 rAAV. The capsid stock solution of 150 mM
IS was diluted on the chromatography workstation during sample
application to match buffer A. The concentration range was chosen
to keep the loading of rAAV capsid to approximately 10% of the total
equilibrium binding capacity of the column. After loading, the col-
umns were washed with buffer A, and the bound capsids were held
for 0–8 h by pausing the pump flow to evaluate the impact of extended
binding. Once the hold time was complete, the columns were washed
with 50 mM Tris at pH 8.5 with 45 mMNaCl to ensure all elute pools
were comparable, regardless of the variation in loading buffer A. The
bound capsids were then eluted across a linear gradient of 0%–70%
buffer B (50 mM Tris [pH 8.5], 300 mM NaCl) over 20 column vol-
umes (CVs). Once the linear gradient was formed, 5 CVs of buffer B
were passed through the column. Before reuse, the columns were
stripped with 7 CVs of 100 mM acetate (pH 3.0) and 1 M NaCl
and sanitized with 200 mM NaOH.

Analytical chromatography

CIMac AAV full/empty 0.1 mL analytical column (1.3 mm) was pur-
chased from Sartorius BIA Separations. XBridge Protein BEH SEC
Column, 450 Å, 2.5 mm, 4.6 � 150 mm, was purchased from Waters
(Milford, MA).

Empty and full rAAV capsids were quantified using CIMac AAV full/
empty 0.1 mL analytical column (1.3 mm) (BIA Separations) con-
nected to an ACQUITY UPLC H-Class BIO system from Waters.
The UPLC is equipped with a photodiode array and fluorescence de-
tectors. Empty and full capsid peaks were identified using the 260/
280 nm absorbance ratio, while their relative concentrations were
determined using the fluorescence signal at excitation and emission
of 280 and 350 nm, respectively. The solutions used in the analytical
AEX method were as follows: A: 20 mM Tris (pH 9) + 5 mM MgCl2;
B: 20 mM Tris (pH 9) + 300 mM NaCl + 5 mM MgCl2; C: 20 mM
acetic acid + 1 M NaCl; D: water.

Aggregate quantification was achieved using XBridge Protein BEH
SEC Column, 450 Å, 2.5 mm, 4.6 � 150 mm column (Waters) con-
nected to the UPLC. The mobile phase was 15 mM phosphate (pH
7.0) + 500 mM NaCl.

Capsid viral proteins were also analyzed on the UPLC equipped with
a fluorescence detector using Waters ACQUITY UPLC Glycoprotein
Amide column (300 Å, 1.7 mm, 2.1 � 150 mm) following the HILIC
method outlined by Liu et al.41 The mobile phases used were as fol-
lows: A: 0.1% (v/v) trifluoroacetic acid in water; and B: 0.1% (v/v)
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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trifluoroacetic acid in acetonitrile at a column temperature of 60�C.
AAV samples of 1 mL each were injected into the column without
sample preparation or dilution. The column was equilibrated and
washed at 85% B for 0.5 min, followed by a second wash at 70% B
for another 0.5 min. The sample was then eluted over a gradient of
70%–64% B over 16 min. The VP1, VP2, and VP3 capsid proteins
and their variants were identified on the fluorescence chromatogram
following the order outlined in Liu et al. Once the VP proteins were
identified, the method was further optimized for better separation,
as outlined in the supplemental information.
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