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We observed differential infectivity and product yield between two recombinant
chimpanzee adenovirus C68 constructs whose primary difference was genome length.
To determine a possible reason for this outcome, we characterized the proportion and
composition of the empty and packaged capsids. Both analytical ultracentrifugation (AUC)
and differential centrifugation sedimentation (DCS, a rapid and quantitative method for
measuring adenoviral packaging variants) were employed for an initial assessment of
genome packaging and showedmultiple species whose abundance deviated between the
virus builds but not manufacturing campaigns. Identity of the packaging variants was
confirmed by charge detection mass spectrometry (CDMS), the first known application of
this technique to analyze adenovirus. The empty and packaged capsid populations were
separated via preparative ultracentrifugation and then combined into a series of mixtures.
These mixtures showed the oft-utilized denaturing A260 adenoviral particle titer method
will underestimate the actual particle titer by as much as three-fold depending on the
empty/full ratio. In contrast, liquid chromatography with fluorescence detection proves to
be a superior viral particle titer methodology.
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INTRODUCTION

Non-human primate adenoviral vectors are attractive therapeutic
vectors as they share similar beneficial characteristics of human
adenovirus like robust antigen expression, but with reduced levels
of neutralizing antibodies (Capone et al., 2013; Cheng et al., 2015;
Zhang et al., 2017; Zhao et al., 2018). Recent successes using these
constructs include modified chimpanzee adenovirus type 3
ebolavirus vaccine (cAd3-EBO) (Stanley et al., 2014;
Ledgerwood et al., 2017) and replication-deficient simian
adenoviral vectored vaccine ChAdOx1 nCoV-19 against SARS-
CoV-2 (Folegatti et al., 2020; Ewer et al., 2021; Putter, 2021).

Fundamentally, recombinant viral vectors have a genomic
composition different than native virus. For adenoviral
constructs, this often means replacement of the E1 gene,
possibly the E3 or other genes with the genetic payload of
choice (Farina et al., 2001; Tatsis et al., 2006). These alterations
as well as changes in manufacturing, including scale and/or
process, can have an impact on the ordered construction of a
viral particle during adenovirus maturation (Mangel and San
Martín, 2014; Ahi and Mittal, 2016). The final product could
contain capsids without genomes (unpackaged/empty), with
complete genomes (packaged/full) or myriad intermediates in
between (Vellekamp et al., 2001; Sutjipto et al., 2005).

Numerous techniques are available to provide this capsid
content information (i.e., empty, partially packaged or fully
packaged). The most commonly applied intact capsid
approaches are dynamic light scattering (DLS) (Kondylis et al.,
2019), electron microscopy (EM) (Kondylis et al., 2019), AUC
(Berkowitz and Philo, 2007; Berkowitz, 2008; Yang et al., 2008)
and DCS (Bondoc and Fitzpatrick, 1998; Shih et al., 2010). They
canmeasure a range of viral particle populations from low density
immature particles up to high mass aggregates. Capsid protein
analysis via reversed-phase high performance liquid
chromatography (RP-HPLC) can also parse out particle
maturity via analysis of viral protein content and processing
(Lehmberg et al., 1999; Vellekamp et al., 2001; Chelius et al., 2002;
Takahashi et al., 2006). In addition to the more routine
techniques, additional-state-of-the-art techniques, including
charge detection mass spectrometry (CDMS) (Contino and
Jarrold, 2013; Pierson et al., 2016; Draper et al., 2018; Draper
and Jarrold, 2019) are available for direct mass determination of
intact viral particles (Kondylis et al., 2019; Werle et al., 2021).

The current study was initiated to evaluate the performance of
all of these techniques to elucidate particle content on two
chimpanzee adenovirus C68 (Farina et al., 2001; Cohen et al.,
2002; Xiang et al., 2002; Tatsis et al., 2006) constructs (heretofore
known as AdC68 #1 and #2). AdC68 #1 and #2 each contain
tumor antigens cloned in place of E1 and E3, but due to differing
inserted genes, the resulting recombinant viruses contain
genomes of disparate lengths. Throughout this study, we
showed that DCS, AUC, and A260/A280 ratio were able to
elucidate particle content while RP-HPLC and CDMS
provided valuable orthogonal information. A byproduct of this
investigation was the important observation that genome
packaging ratios have a pronounced impact on viral particle
titer accuracy via the denaturing A260 method (Maizel et al.,

1968b). We demonstrate that for adenovirus products with some
level of empty capsids, viral particle concentration determined by
AEX-HPLC (Shabram et al., 1997; Blanche et al., 2000;
Klyushnichenko et al., 2001; Kuhn et al., 2007; Whitfield et al.,
2009) using native protein fluorescence detection is superior, as
the technique generates an unbiased, total viral particle titer.

MATERIALS AND METHODS

Formulation
AdC68 was formulated in A195 buffer (Evans et al., 2004): 10 mM
Tris, 75 mM NaCl, 5% w/v sucrose, 0.02% (w/v) polysorbate 80,
1.0mM MgCl2, 0.1 mM EDTA, 0.5% (v/v) ethanol,
10 mM L-histidine, pH 7.4.

Human Adenovirus Type 5 Reference
Material (ARM)
The Human Adenovirus Type 5 Reference Material was
purchased from the ATCC ARM working group (Hutchins
et al., 2000; Hutchins, 2002; Berkowitz, 2008). It is a highly
characterized material, containing nearly 100% packaged
capsids. This allows it to function as a standard to which all
other adenovirus reference materials can be quantitated against.

Analytical Ultracentrifugation per
Sedimentation Velocity
The samples were run in triplicate using a Beckman Coulter
Analytical Ultracentrifuge Proteome XL/I at 5,000 RPM at 20°C.
Data was collected on both the interference and absorbance at
260 nm, then 50 scans were used for analysis. The resulting data
was analyzed using Sedfit (ver.15.01b) to generate c(s) size
distribution plots. Sednterp (ver. 1.09) was used to determine
the solvent viscosity and density.

Differential Centrifugation Sedimentation
via Disc Centrifuge
The differential centrifugation sedimentation technique utilizes a
disc spun up to 24,000 rpm. A sucrose gradient was added to the
disc that ranged from 8 to 24% sucrose. AdC68 samples were then
injected into the disc for separation within the sucrose gradient
into empty, intermediate, and full/mature species based on their
density. The method reports relative percent full, empty, and
intermediate species.

Preparative Ultracentrifugation
AdC68 particles were separated by cesium chloride (CsCl) density
gradient ultracentrifugation. Ultracentrifugation tubes were
loaded with 5 ml of 4 M CsCl underneath 18 ml of 2.2 M
CsCl. Viral particles (15.5 ml) were gently overlayed on top of
the CsCl, and the tubes were spun at 25,000 rpm for 17 h at 4°C in
an SW28 rotor in an Optima XPN-80 Ultracentrifuge (Beckman
Coultre). Two visible bands were pulled with 3 ml syringes and
transferred to dialysis cassettes with 10,000 Da molecular weight
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cutoff. Viral particles in the high-and-low density bands were
separately dialyzed twice in A195 buffer for 4 h at 4°C before
further analysis.

Cell Culturing
Cultures of HEK293 cells (Cell biolabs, Catalog No. AD-100)
were grown in a flask containing Dulbecco’s modified medium
(Gibco, Catalog No. 11995) supplemented with 10% Heat
Inactivated Fetal Bovine Serum (Gibco, Catalog No. 10082)
and 1x Penicillin-Streptomycin (Gibco, Catalog No. 15140) in
a 5% CO2 atmosphere at 37°C.

Determination of the Adenoviral Infectivity
by a Cell-Based Adenovirus Titer
Immunoassay
This method was developed internally in Pfizer to monitor the
adenovirus sample infectivity. In this assay, HEK293 cells were
seeded into a 24-well flat bottom cell culture plate at 2.2E5 cells/
well and then incubated in a 37°C, 5% CO2 incubator. A dilution
series of adenovirus sample was prepared in cell culture medium.
The dilution series was then added to the wells of the cell assay plate
about 1 h after cell seeding. The assay plate was then incubated for
2 days. Following infection, the adenovirus will express the viral
proteins including Hexon proteins. The cells were then fixed with
cold methanol at -20°C and then stained with a polyclonal antibody
against adenovirus Hexon proteins. Positive stained cells in assay
wells were counted under microscope fitted with a 10x lens. The cell
assay plate wells that contains 7 to 79 stained cells per view field were
recorded and used to calculate the adenovirus sample infectivity,
reported as IFU/ml as well as vp/IFU.

Intact Protein RP-HPLC of Low and
High-Density Fractions
The RP-HPLCmethod provides a capsid proteinmap. The samples
were denatured with ACN and TFA, then separated on a
Phenomenex Jupiter C4, 5µm, 2 × 150mm, 300Å analytical
column. Detection is performed with UV at 214 nm to provide
chromatograms that can be visually compared for peak consistency.

CDMS of Low and High-Density Fractions
In CDMS the m/z and charge of individual ions are
simultaneously measured and then multiplied to give the
mass. The CDMS instrument employed here has been
described in detail elsewhere (Contino and Jarrold, 2013;
Draper et al., 2018; Draper and Jarrold, 2019). Briefly, ions
generated by nanoelectrospray, enter the instrument though a
metal capillary and pass through several differentially-pumped
stages to remove the ions from the ambient gas flow. The resulting
ions are accelerated and focused into a hemispherical deflection
energy analyzer which transmits a narrow band of ion kinetic
energies. The ions are then focused into an electrostatic linear ion
trap (ELIT) which consists of two endcaps that can be switched
between reflection and transmission mode. Trapped ions oscillate
between the endcaps. A detection cylinder placed between the
endcaps picks up the charge induced by the oscillating ions. The

resulting signal is digitized and analyzed by fast Fourier
transforms. The oscillation frequency is related to the ion’s
m/z and the charge is obtained from the FFT magnitude.

The adenovirus samples were stored in a -80°C freezer prior to
analysis. Aliquots were thawed at room temperature and
prepared for analysis in a class II biosafety cabinet (NuAire
LabGard ES type A2). The sample was desalted and buffer
exchanged via size exclusion chromatography (Micro Bio-Spin
P-6 Gel Columns, Bio-Rad) into a 200 mM ammonium acetate
(Honeywell 631-31-8). Measurements were performed for
thousands of ions over a span of 30–45 min and then the
masses were binned (0.5 MDa bins) to give the mass spectrum.

Stability Sample Degradation Description
Approximately 120 ml each of AdC68 #1 material and 120 ml of
AdC68 #2 material were added to respective Nalgene bottles. A
10 ml aliquot of each was pulled and frozen at -70°C to function as
T0material. The remaining material was held in a 25°C incubator.
Consecutive 10 ml aliquots of each construct were pulled at 1, 2, 4,
8, and 12 weeks. Each aliquot was stored at -70°C to be used for
further analytics.

Particle Mixtures
AdC68 #1 development drug substance lot was separated by CsCl
into low and high-density particle fractions. AEX was used to
determine the viral particle concentration for each of the isolated
bands. The concentration of the high-density band was 8.0E11
VP/mL and the concentration of the low-density band was 3.8E11
VP/mL. Both samples were diluted to 2E11 VP/mL to then make
a range of empty and full particle mixtures at the same particle
concentration. The samples were aliquoted at 1.5 ml volumes and
frozen at –70°C to be used for analytical testing.

AEX-HPLC of Stability Samples for A260/
280 & Mixtures FLD + A260
The AEX-HPLC method is used to determine product purity and
virus particle concentration. Relative retention time is also measured
which correlates to changes in surface charge. In this case, a high
affinity, anion exchange column (GE Healthcare, Resource Q, 1ml
15 μm, 6.4 × 30mm, Part No. 17-1177-01) was used to separate the
AdC68 and impurities. AdC68 samples are diluted with formulation
buffer and analyzed against a standard curve that runs from 0.25E11
VP/mL to 3.0E11 VP/mL. Elution of the bound molecules is
achieved using a salt gradient with a flow rate of 1.0 ml/min over
the course of 30 min. Molecules are analyzed using fluorescence
detection with a 280 nm excitation and 320 nm emission, as well as
UV detection at 260 nm. Relative purity is determined by comparing
area counts of the eluting peaks and is reported as a percent of the
total area for all peaks. Particle quantitation is achieved by
correlation of the unknowns to a standard curve. Relative
retention time (acidic shift) is measured by comparing the
average elution time of all standards to that of the sample.

Denaturing A260 & A280 Measurements
Adenovirus samples were disrupted via a 1% SDS solution for
approximately 15 min. After denaturation, the samples are
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transferred to a cuvette and analyzed at 260 and 280 nm. The
appropriate Beer’s Law equation is used to calculate
concentration using the 260 nm measurement. A purity ratio
is also calculated using both the 260 and 280 nm absorbances.

RESULTS

After construction, AdC68 #1 and #2 contained genomes of 34.8
and 36.4kb, respectively. Even though the manufacturing
processes for these constructs were comparable, unique
features appeared between them. Firstly, the AdC68 #1 per
particle infectivity was about twice that of AdC68 #2 (data not
shown). Secondly, manufacturing yields for AdC68 #2 campaigns
were about twice that of AdC68 #1 (data not shown). Lastly, the
constructs yielded different absorbances at 260 nm with similar
particle numbers (data not shown) suggesting that genome
packaging varied between them. Further investigation was
initiated to ascertain viral particle attributes including integrity
and content.

Particle Content Investigation
Dynamic light scattering (DLS) and electron microscopy (EM)
were employed to confirm particle integrity and both showed that
the constructs contained uniform, monomeric viral particles of
the expected diameter (data not shown).

AUC, as the gold standard, and then DCS, as an orthogonal
approach, were performed to examine the particle content. As
shown in Figure 1, the AUC demonstrates that these materials
contain capsids of various sedimentation coefficients consistent
with a heterogeneous genomic content, and the constructs varied
from each other in the fractional amount of each form (Table 1).
In addition to leveraging the interference signal for quantitation,
absorbance data at 260 nm were collected to give additional
insight into capsid composition (i.e., capsids containing DNA
would exhibit a stronger signal at 260 nm). As highlighted in
Figure 1, the population with the smallest sedimentation
coefficient exhibited a wide disparity between its absorbance
and interference signals while the other three populations were
in harmony. The fact that this population displayed lower
absorbance relative to interference signal suggested these
capsids likely did not contain a genome. These data, in
addition to previous studies (Berkowitz and Philo, 2007;
Berkowitz, 2008), supported the initial labeling of the capsid
populations as empty, intermediate, full, and aggregates
(Table 1).

As with the AUC interference channel, the light scattering
employed by DCS (Bondoc and Fitzpatrick, 1998; Shih et al.,
2010) is unbiased by the presence or absence of a genome.
Therefore, when assessing particles of uniform size by DCS,
the amount of light scattering is a direct correlation to particle
number (Hohl et al., 2017). A qualitative comparison indicated a

FIGURE 1 | Representative Analytical Ultracentrifugation analyses of AdC68 construct #1 (Panel A) and #2 (Panel B) showing detection at both the absorbance
(260 nm) and interference channels.

TABLE 1 | Analytical Ultracentrifugation and Differential Centrifugation Sedimentation quantification of AdC68 viral particle isoforms using interference and light scattering
detection, respectively.

AdC68 AUC DCS

Empty
(%)

Intermediate
(%)

Full
(%)

Aggregates
(%)

Empty
(%)

Intermediate
(%)

Full
(%)

Aggregates
(%)

#1 32 10 56 3 30 14 56 nd
#2 21 9 68 1 21 8 71 nd

“nd” denotes not detected.
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FIGURE 2 | Analysis of preparative ultracentrifugation bands for AdC68 #1 and #2. Panel A is a representative picture of the CsCl preparative fractionation. Panels
B and C are DCS overlays of the unfractionated and low/high density fractions for AdC68 #1 and #2, respectively. Panel D is a Reversed Phased High Performance Liquid
Chromatography stacked-plot of the proteome content for AdC68 #1 unfractionated and low density/high density fractions. Panel E and Panel F are Charge Detection
Mass Spectrometry spectra of the AdC68 #1 low/high density fractions showing the experimentally determined molecular masses, respectively.
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good alignment between DCS data and AUC interference data
(Table 1). Furthermore, the DCS data also confirmed that AdC68
#1 contained a higher percentage of empty capsids than AdC68
#2 (Table 1).

Together, these data demonstrated that both constructs
formed particles of appropriate size and shape, but AdC68 #1
contained significantly more low-density (empty) capsids than
AdC68 #2. This trait was consistent among several batches of
both constructs (data not shown) suggesting this was a feature of
these embodiments.

Empty/Full Capsid Isolation and Analysis
Since column chromatography was used as the primary
purification technique for these materials, as opposed to
density centrifugation, the presence of genome packaging
variants in the final material was unsurprising. To further
study these variants and confirm the initial peak
identifications, materials were fractionated by CsCl density
ultracentrifugation (Prage et al., 1972; Burlingham et al., 1974;
Daniell, 1976; Tibbetts and Giam, 1979; Tóth et al., 1982;
Vellekamp et al., 2001; Sutjipto et al., 2005). The net result
was two viral particle populations aptly labeled as the low-
density band and the high-density band (Figure 2A).
Presumably these represented primarily “genome-free or
empty” capsids and the “genome-containing or full/mature”
capsids, respectively.

The fractions were extracted from the CsCl gradient and
evaluated. A negative staining EM investigation showed the
typical patterns (Sutjipto et al., 2005) seen for empty and full/
mature capsids, respectively (data not shown). Tests for
infectivity (Table 2) showed that the particles from the low-
density fraction exhibited extremely low infectivity as expected
(Burlingham et al., 1974; Daniell, 1976) while the particles from
the high-density fraction displayed infectivity ratios in line with
expectations for the product and recombinant chimpanzee
adenovirus (Roy et al., 2004). DCS analysis (Figure 2B, C)
revealed that the particles from the low-density fraction
aligned with the previously labeled empty capsid region and
that the particles from the high-density fraction contained
both the previously labeled intermediate and full capsid region.

Reversed phase high performance liquid chromatography
(RP-HPLC) (Vellekamp et al., 2001; Lehmberg et al., 1999;
Chelius et al., 2002; Takahashi et al., 2006) of AdC68 #1
(Figure 2D) revealed that the low-density material contained
the 52 k protein which is known to be associated only with empty
capsids (Sutjipto et al., 2005; Condezo et al., 2015; Ahi and Mittal,

2016) while the high-density material contained proteins V, VII
and X, all of which are hallmarks for mature/full capsids (Ahi and
Mittal, 2016). Protein identifications were consistent with
internal LC-MS characterization and profiles observed in
literature (Lehmberg et al., 1999; Chelius et al., 2002;
Takahashi et al., 2006). AdC68 #2 had similar results (data not
shown).

Finally, CDMS was employed to determine the masses of the
low and high-density fractions and confirm the presence of empty
and fully packaged capsids. Figure 2E, F show the CDMS spectra
for the low-density and high-density bands of Ad68 #1,
respectively. The primary mass of the high-density band is
150.7 MDa, which is in range with the generally accepted mass
for adenovirus mature/full particles of 150MDa (van Oostrum and
Burnett, 1985; Rux and Burnett, 2004). The theoretical mass of an
adenoviral particle without a genome is ∼127MDa which is in
close alignment to the primary mass of the low-density band:
126.2 MDa. As with DCS, the CDMS data suggests that the high-
density fraction contains a majority of the intermediate capsid
species. Furthermore, these data support the assignments of empty,
intermediate, and full capsids in Figure 2C and Figure 2D.

Together these data definitively establish that the high-density
and low-density bands primarily contain capsids with and
without genomes, respectively. However, neither population
was 100% homogeneous. The preparation of these highly
enriched materials offered the opportunity to investigate the
capabilities of different analytical tools to quantify viral
particles with varied numbers of empty and full capsids.

Empty/Full CapsidMixture and Viral Particle
Quantification Study
To estimate the impact of empty particles on particle content
methods, a series of mixtures of the low and high-density materials
were produced and evaluated by several analytical methods. AEX-
HPLC was used to measure the viral particle titers for AdC68 #1
100% low-density and 100% high-density parent fractions. Based
on those concentrations, theoretical mixtures were created as listed
in Table 3. Those mixtures were then analyzed on DCS to
determine relative percentages of empty, intermediate, and
mature/full species. As shown in Table 3, the output from the
DCS confirmed the targetedmixtures. Since DCS signal intensity is
a direct readout of total particle number, the viral particle
concentrations of the parent low and high-density fractions
measured by AEX-HPLC using intrinsic protein fluorescence
must have been accurately determined.

To finalize the data set, denaturing A260/280 nm
measurements were performed as described (Materials and
Methods). As shown in Table 3, A260/280 ratio increases
from 0.746 up to 1.307. These values were consistent with
adenoviral preparations containing primarily empty/immature
to mature/full viral capsids (Prage et al., 1972; Burlingham et al.,
1974; Daniell, 1976; Tóth et al., 1982; Vellekamp et al., 2001;
Sweeney and Hennessey, 2002; Sutjipto et al., 2005; Berkowitz,
2008). Interestingly, the raw denaturing A260 value increases
almost 3-fold over the range of samples which are known to have
the same viral particle number (Table 3).

TABLE 2 | Infectivity of both the low/high density viral particle fractions for AdC68
#1 and #2.

AdC68 IFU/mL Vp/IFU

#1 Low Density Particles 251,966a

High Density Particles 55
#2 Low Density Particles 19,234a

High Density Particles 123

aExtrapolated beyond calibrated method range.
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This bias can also be observed in overlays of the A260 and
fluorescence channels of AEX-HPLC intact particle analyses
(Figure 3). As expected for the human ARM which is known
to contain a high percentage of packaged capsids (Hutchins et al.,
2000; Hutchins, 2002; Berkowitz, 2008), both the A260
(Figure 3A) and fluorescence AEX-HPLC (Figure 3B)
channels show commensurate, concentration-dependent
increase in signal. However, when the empty/full capsid
mixtures (known to contain similar viral particle titers) were
studied, the response factors for these two detection modes did
not align (Figure 3C, D). For all mixtures, signal from the
fluorescence channel was concordant while that from the
A260 channel increased in proportion to the percentage of
high-density particles. The overall ∼2.5 fold increase in
response was comparable to that of the denaturing A260
measurement with the difference between them probably
related to light scattering effects from analyses of the intact
particles.

Based on this data, application of the denaturing 260 nm based
concentration calculation is not sufficient for determining the
particle titer of the adenovirus constructs used in this study,
primarily due to the large abundance of empty capsids.

Viral Particle Stability Study
In addition to assessing particle content, an additional aim was to
determine how genome content and size impacted capsid
stability. The relative stability for these two materials was
explored through an accelerated stability hold followed by
DCS and AEX-HPLC time-point measurements. Figure 4A, B
clearly show that the empty capsid population decreased
dramatically such that by the end of the second week of the
study, only a fractional amount of that species remained. Limited
stability of empty capsids compared to full capsids is consistent
with previous observations (Prage et al., 1972; Burlingham et al.,
1974; Tibbetts and Giam, 1979; Tóth et al., 1982).

The stability profile of the fully packaged capsid populations
deviate significantly. AdC68 #1 exhibited a steady decrease in
intact particle number and infectivity (data not shown) such that
only ∼25% of the initial capsid number remained after 12 weeks
(Figure 4A). In contrast, AdC68 #2 was more resistant to

degradation, taking up to 4 weeks before any discernable
particle loss was detected. By 12 weeks, > 50% of the particles
remain intact (Figure 4B) and infectious (data not shown).

The AEX-HPLC measurements showed a biphasic result for
viral particle titer consistent with rapid depletion of empty
capsids followed by a gradual disappearance of the full capsids
(data not shown). These data also indicated that breakdown of
AdC68 #2 particles was at a reduced rate compared to AdC68 #1
(data not shown).

Both data sets were consistent and indicated these AdC68
builds show differential stability profiles. Interestingly, these data
convey another deficiency in the denaturing A260 concentration
method compared to AEX-HPLC. Because the viral particles are
disrupted prior to quantification, the A260 method is blind to
degradation and not a useful measurement of stability.

DISCUSSION

Construction of a recombinant, replication deficient adenovirus
is a delicate operation. A balance must be struck between removal
of the replication machinery and insertion of the therapeutic
material while maintaining a genome size optimal for packaging
and stability (Saha et al., 2014). These two constructs exhibited
differences in infectivity ratios, stability profiles, production
yields and genome packaging: an outcome which is almost
certainly due, at least in part, to divergent genome lengths.
However, in many ways, the variability in quality attributes
between constructs is inconsequential insomuch as target
profiles for the individual builds can be maintained. To
maintain said profile, an analytical package must be developed
that can measure the associated quality attributes. This study
focused on two attributes specifically, capsid content and viral
particle concentration.

Viral Particle Content Analysis (Ie. Genome
Packaging Profile)
The majority of the viral particle content tools presented in
this manuscript harken back to the past 50 or so years of

TABLE 3 | Differential Centrifugation Sedimentation analyses and 260/280 absorbance measurements of AdC68 #1 low/high density viral particle fractions as well as
mixtures of said fractions.

Mixture DCS band percentage Absorbance units

Empty Intermediate Full 260 nm 280 nm Ratio

100% High Density nd 10.8 89.2 0.234 0.179 1.307
90% High & 10% Low Density 8.9 10.9 80.2 0.209 0.161 1.299
80% High & 20% Low Density 19.4 9.7 71.0 0.199 0.158 1.265
70% High & 30% Low Density 31.6 7.6 60.8 0.175 0.145 1.204
60% High & 40% Low Density 40.0 7.6 52.4 0.162 0.141 1.154
50% High & 50% Low Density 51.0 5.4 43.6 0.152 0.137 1.112
40% High & 60% Low Density 60.3 5.0 34.7 0.140 0.133 1.047
30% High & 70% Low Density 69.2 3.0 25.9 0.123 0.124 0.990
20% High & 80% Low Density 79.5 3.6 16.9 0.106 0.117 0.908
10% High & 90% Low Density 88.4 3.3 8.3 0.092 0.111 0.830
100% Low Density 100 nd nd 0.080 0.108 0.746

“nd” denotes not detected.
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adenovirus characterization. From the early days of density
gradient ultracentrifugation to separate differentially packaged
capsids followed by SDS-PAGE to examine the protein content
(Prage et al., 1972; Burlingham et al., 1974; Daniell, 1976;
Tibbetts and Giam, 1979; Tóth et al., 1982), to substitution of
SDS-PAGE with RP-HPLC and mass spectrometry (Lehmberg
et al., 1999; Vellekamp et al., 2001; Chelius et al., 2002;
Takahashi et al., 2006; Benevento et al., 2014; Perez-Berna
et al., 2014; van Tricht et al., 2018) and rounding out with
direct content analysis via AUC and DCS (Bondoc and
Fitzpatrick, 1998; Berkowitz and Philo, 2007; Berkowitz,

2008; Yang et al., 2008; Shih et al., 2010). The outlier is the
introduction of direct measurement of adenoviral mass via
CDMS, something that would have been thought almost
impossible just a few years ago.

When it comes to direct viral particle content analysis, AUC is
the current gold standard, however, it has drawbacks including
low sample throughput, high volume sample burn, and complex
mathematical data analyses. In this study, DCS gave comparable
results while being a more user-friendly technique for daily capsid
content analysis. DCS gives results in ∼15 min using ∼100 µl of
material.

FIGURE 3 | Anion Exchange High Performance Liquid Chromatography overlays of the fluorescence (FLD) and 260 nm absorbance (A260) channels for both
Human Ad5 Reference Material (Panels A & B) andmixtures of AdC68 low/high density viral particle fractions (Panels C & D). The Human Ad5 ReferenceMaterial data is a
serial dilution and shows a similar response factor for both channels. The AdC68 mixtures give an increasing response factor on the 260 nm channel for samples of the
similar particle # but differing particle density while that for the fluorescence channel is consistent among all samples.
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CDMS, though currently conducted on prototype
instrumentation, is gaining in popularity as a
biotherapeutic characterization tool (Pansieri et al., 2020;
Wörner et al., 2020; Miller et al., 2021). As with DCS,
CDMS is able to obtain information using relatively low
volumes of material, an advantage for viral applications.
While CDMS was not used to quantitate particle content
for the mixtures in this study, the data included represent a
proof of concept that the technology could be used for such
purposes. A similar study was performed on AAV capsids,
which demonstrated that CDMS was highly complementary to
AUC (Werle et al., 2021).

Viral Particle Concentration Determination
Even though the exact number of critical quality attributes
associated with any pharmaceutical product may vary, all must
include a measure of quantity (Center for Drug Evaluatio, 1999),
often called strength or concentration, that can be determined
accurately throughout product lifetime. The historical approach
for adenovirus utilizes UV absorbance at 260 nm of denatured
particles via the extinction coefficient determined by Maizel et al.
(1968b). Though the exact value of the extinction coefficient has
been revisited (Sweeney and Hennessey, 2002), the ease of this
determination has made it a staple in adenoviral laboratories.

All told, while the denaturing 260 nm based concentration
calculation is sufficient for initial viral particle titering for
materials like human ARM (Berkowitz, 2008) and other
constructs with a low percentage of empty capsids, the
accuracy of this approach wanes as the percentage of empty
capsids increases. Thus, in the pharmaceutical space, adequate
understanding of the properties of the adenovirus material should
be understood before attempting to use the A260 measurement.
Specifically, adenovirus applications that have empty and
intermediate capsids should avoid use of the A260
measurement or at minimum complement that analyses with
AEX-HPLC quantification.

To avoid the empty capsid interference, dose and titering can
be determined by counting viral genomes using PCR tools
(Thomas et al., 2007; Crettaz et al., 2008; Gallaher and Berk,
2013). Though these methods are more specific in terms of
determining DNA amount, they can be biased due to off-
targeting of truncated genomes (intermediate particles) that
may contain the chosen PCR amplicon. In addition, as with
denaturing A260, information about particle integrity is lost so
these measurements have little value monitoring particle
stability.

In general, a technique that is not biased from the particle
content should be implemented for viral particle titer
measurements. This allows for consistent particle quantification,
regardless of the construct design or implementation of density or
charge based purification. The AEX-HPLC method described in
this manuscript is a robust tool for accurately counting capsids
because the fluorescence detection is blind to viral particle
maturity. The one drawback to this method is that it is
necessary to have reference standard to quantify against. To this
end, the work of the Adenovirus Reference Material Working
Group (Hutchins et al., 2000; Hutchins, 2002) created a singular
standard to which all other materials can be bridged.

CONCLUSION

From the early days of its study, adenovirus was shown to
generate heterogenous packaging populations (Smith, 1965a;
Smith, 1965b; Maizel et al., 1968a). This observation generated
numerous studies of adenoviral particle maturation leading to a
well defined model for capsid assembly (Ahi and Mittal, 2016).
However, unlike adeno-associated virus-based gene therapies,
where capsid genome packaging ratio is of particular interest
because of its clinical significance (Wright, 2008; Wright, 2014a;
Wright, 2014b), its impact on adenovirus has had less scrutiny.
Here we show that at minimum, this ratio can have considerable

FIGURE 4 | Overlay of Differential Centrifugation Sedimentation data for an AdC68 #1 (Panel A) and AdC68 #2 (Panel B) accelerated stability time course.
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influence on viral particle titering depending on the method
chosen. It will also impact the stability and infectivity profiles. In
total, a comprehensive adenoviral analytical control strategy is
not complete without a robust accounting of the capsid packaging
profile.
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