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V937 is an oncolytic virus immunotherapy clinical drug candi-
date consisting of a proprietary formulation of Coxsackievirus
A21 (CVA21). V937 specifically binds to and lyses cells with
over-expressed ICAM-1 receptors in a range of tumor cell types
and is currently in phase I and II clinical trials. Infectious V937
particles consist of a �30 nm icosahedral capsid assembled
from four structural viral proteins that encapsidate a viral
RNA genome. Rapid and robust analytical methods to quantify
and characterize CVA21 virus particles are important to sup-
port the process development, regulatory requirements, and
validation of new manufacturing platforms. Herein, we
describe a size-exclusion chromatography (SEC) method that
was developed to characterize the V937 drug substance and
process intermediates. Using a 4-in-1 combination of multi-de-
tectors (UV, refractive index, dynamic and static light scat-
tering), we demonstrate the use of SEC for the quantification
of the virus particle count, the determination of virus size (mo-
lecular weight and hydrodynamic diameter), and the character-
ization of virus purity by assessing empty-to-full capsid ratios.
Through a SEC analysis of stressed V937 samples, we propose
CVA21 thermal degradation pathways that result in genome
release and particle aggregation.
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INTRODUCTION
In recent years, immunotherapies have been developed as powerful
tools to fight many deadly and difficult to treat diseases. One prom-
ising approach utilizes oncolytic viruses to specifically target and
destroy tumor cells and stimulate innate and adaptive immune re-
sponses.1 V937 is an oncolytic virus immunotherapy clinical drug
candidate that has been studied in a range of tumors that upregulate
the cell-surface receptor ICAM-1 including melanoma, bladder can-
cer, and breast cancer. In early clinical trials, V937 demonstrated viral
targeted tumor cell death with promising clinical outcomes and an
acceptable safety profile.2–5

V937 consists of a proprietary formulation of Coxsackievirus A21
(CVA21), an enterovirus within the Picornaviridae. In mature
picornavirus virions, single-stranded RNA (7.4 kb) is packed in
an icosahedral capsid with 60 copies of VP1, VP2, VP3, and VP4
Molecular
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structural proteins.6 The viral capsids assemble from protomer
and pentamer subunits consisting of VP1, VP3, and the precursor
protein VP0. Twelve pentamers can assemble into empty procap-
sids lacking a genome or encapsidate viral RNA to form provirions.
The encapsidation of viral RNA triggers an autocatalytic cleavage of
precursor VP0 to VP2+VP4 and the formation of mature virions
(Figure 1).7–9

V937-infected cell culture harvests contain a distribution of empty
and full CVA21 particles. Not all mature virions are infectious.
However, genome-containing, mature virions with VP1, VP2,
VP3, and VP4 are the only particles capable of oncolytic activity.
Therefore, empty capsids and other non-infectious particles are
considered a residual product impurity in the V937 drug substance
(DS). The purification process was designed to remove particles
with VP0 (empty procapsids, provirions) and enrich only
genome-containing full capsids with VP2+VP4. The theoretical
molecular weight (Mw) for a full capsid was calculated to be
8,203 kDa, based on known RNA and protein sequences.10,11 The
expected hydrodynamic diameter (Dh) is �30 nm, based on struc-
tural and cryo-electron microscopy (cryo-EM) studies of other type
A Coxsackieviruses.12–16

To characterize the V937 drug substance quality attributes and pro-
cess the consistency, there remains a need for robust analytical tools
that can detect total particles, particle size and aggregation, and
empty/full particle ratios. To accomplish this, we developed a
size-exclusion chromatography (SEC) method with 4-in-1 multi-de-
tectors to characterize the V937 drug substance and to process in-
termediate samples. SEC, in combination with UV-(multi-angle
light scattering-quasi-elastic light scattering)-refractive index (UV-
(MALS-QELS)-RI) detectors, offers robust measurements of the vi-
rus particle concentration, the Mw, the hydrodynamic radius (Rh),
and the empty/full capsid ratio.
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Figure 1. Assembly of picornavirus particles

Five protomers consisting of VP0-VP3-VP1 associate to

form pentamers. Twelve pentamers may further assemble

either into empty procapsids or may encapsidate the RNA

genome to produce provirions. Mature virions are formed

after VP0 cleavage into VP2+VP4.

Molecular Therapy: Oncolytics
RESULTS
SEC method development and virus peak identification

The SEC method was developed by screening various columns and an
extensive optimization on pH, salt concentrations, and mobile phase
modifiers (Table S2). Using the final SECmethod described in theMa-
terials and methods (SEC method and conditions) with UV, MALS-
QELS, and RI detectors, the V937 drug substance exhibited a single
Gaussian virus peak at 19.5 min in the SEC chromatography profile
without observable aggregation or impurity peaks (Figure 2). Figure 2
illustrates the UV signal in red trace, MALS in black trace, QELS in
cyan trace, and RI in blue trace. The UV and MALS signals are used
to calculate the Mw through Zimm formalism and are plotted on the
left side of the y axis. The Rh is calculated fromdynamic lightmeasured
from a QELS detector and is plotted on the right side of the y axis. The
V937 Rh of 14.8 nm, calculated from themeasured translational diffu-
sion coefficient through the Stokes-Einstein relationship by the SEC
method, agrees with the reported Picornavirus Rh of 14–15 nm7.
Furthermore, the measured Mw of 8,131 kDa on SEC is similar to
the theoretical Mw of 8,203 kDa calculated from protein and RNA
compositions of a full V937 capsid (Table S1B). These results are
consistent with the sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis of the drug substance samplewithno
detectable VP0 (Figure 3), illustrating a negligible contribution from
empty procapsids or provirions. The purity of our drug substance is
also supported by cryo-EM images and SDS-PAGE for fractions
collected from sucrose density gradient (Figures S5 and S6).

The SEC method can also determine the Rh and Mw for other inter-
mediate process samples in various sample matrices and at different
concentrations. V937 process intermediates exhibited similar SEC
peak profiles and can be characterized without methodmodifications.
The method can be easily employed to assist in future drug substance
process development and to evaluate drug substance quality and
consistency.
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Analytical parameters

The multi-detector SEC assay measures the V937
particle count concentration and size in a drug
substance. Therefore, standard analytical assay
parameters were followed according to ICH2Q
guidelines to evaluate the assay performance
before qualification.

Specificity

The specificity was performed by a comparison
of the chromatograms obtained from an
injection of a sample to that which was ob-
tained from a sample matrix (without V937). There was no peak
observed from the sample matrix in the region of interest for
the virus. The components in the sample matrix eluted after
25 min on the chromatogram, indicating the buffer analytes are
much smaller than the virus and are well-separated from the virus
peak (Figure S1).

Quantitation linearity

To evaluate the impact of V937 capsid particle loading on the SEC
assay, the linearity of the assay was evaluated by injecting a sample
from a 25 mL to 200 mL range. The particle number versus injection
volume demonstrated an excellent linearity (R2 > 0.999), as shown
in Figure 4 (Table S3). This represents a linearity range from 7.1 �
1010 to 5.4 � 1011 particles for quantitation.

Repeatability and precision of quantitation

Repeatability for the particle concentration measurement of the
assay was evaluated by injecting the sample five times on a
single instrument. The calculated relative standard deviation
(%RSD) of particle concentrations (particle/mL) from the experi-
ment was used to assess intra-run precision. Three independent
experiments were performed on different days using two different
instruments/columns. The particle concentration intermediate pre-
cision was assessed from the overall %RSD value. Both intra-run
precision and intermediate precision %RSD of the assay were
<5% (Table S4).

Accuracy of quantitation

An analysis of SDS-PAGE (Figure 3) suggests that the V937 drug
substance contains only mature virions with no VP0. Because
each full particle is expected to contain only one genome, the drug
substance virus particle concentration should be equal to the
concentration of genome copies. The SEC quantitation accuracy
was evaluated by comparing the capsid particle concentration



Figure 3. Analysis of viral proteins by SDS-PAGE

Viral proteins VP0, VP1, VP2, VP3, and VP4 are indicated in process intermediate

samples. VP0 is not detectable in DS. Lane 1: Mw marker; lane 2: blank; lane 3:

V937 DS; lane 4: blank; lane 5: process intermediate.

Figure 2. SEC chromatograms of V937 DS with size and Mw distribution

The left y axis describes the Mw (Da) detected by MALS, and the right y axis rep-

resents hydrodynamic radius (Rh [nm]) measured by QELS. The red trace is the UV

signal at A280 nm, the black trace is the MALS signal, the cyan trace is QELS, and

the blue trace is the RI signal. DS was detected as a peak at �19 min, and sample

matrix components elute after 24min. The green line across the peak represents the

particle Mw distribution, while the dotted purple line represents the particle Rh

distribution.
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(particles/mL) with the genome copy concentration (copies/mL), as
detected by a quantitative reverse transcription PCR (qRT-PCR)
assay. This orthogonal method was used because a virus standard
for a spike experiment was not available. Four drug substance
batches were analyzed by both assays, and the percentage of accu-
racy was determined by the ratio of particle-to-genome concentra-
tions. The results ranged from 84% to 92% (Table 1), indicating
that the SEC assay has a comparable accuracy to the well-established
qRT-PCR technique.

Virus recovery

Virus recovery from the SEC method was evaluated by comparing
the virus concentrations obtained from SEC chromatography with
those from direct UV A280 measurement on a UV-visible (Vis)
spectrometer. The reported A280 spectrometer measurement rep-
resented an average result from two measurements for each sam-
ple, and similarly duplicate injections were averaged for the SEC
method. The UV method is a bulk-sample measurement that de-
tects all absorbing species in the sample. We expect this bulk mea-
surement to align with the SEC data because the drug substance
sample is highly purified and only one peak is observed during
the SEC experiments. The SEC method achieved an average 99%
recovery for the four batches measured (Table 2). This represents
an acceptable recovery of viral particles off the column to ensure
the calculated virus concentration does not have any biases due
to column interactions.

Batch-to-batch consistency

The optimized SEC method was used to evaluate the V937 process
consistency by analyzing four different drug substance batches (Table
3). The Mw and Rh calculated from the SEC virus peak represent the
expected characteristics of the Coxsackievirus and demonstrated
good batch-to-batch process consistency.

Characterization of empty and full capsid particles inmixed virus

samples

The empty/full ratio is considered to be a key product quality attribute
that has implications on drug substance quality. Characterization of
the empty/full ratio is a focus of increased research in the virus and
gene delivery fields.17,18 An array of analytical methods, such as
analytical ultracentrifugation (AUC), ion-exchange high-perfor-
mance liquid chromatography (IEX HPLC), and cryo-EM, have
been developed or are under development for this purpose.

Two sample sets containing high empty procapsid content were
compared to the V937 drug substance to evaluate the SEC method’s
ability to quantitate both full and empty virus particles and the
empty/full ratio. The first sample was purified empty procapsids iso-
lated from the chromatography step that removed empty capsids
from the V937 drug substance process described in the materials
and methods (V937 drug substance production). The second sample
was a mixture of full and empty V937 capsids that were purified
from a cell culture harvest by omitting the step that cleared empty
capsids in the drug substance process described in the materials
and methods (V937 drug substance production). The measured par-
ticle sizes (Rh �15 nm) were distributed uniformly across the peaks
for drug substance (full), empty viruses, and the empty/full mixture
as their size is not expected to change, as shown in Figure 5A. The
measured Mws were 8,200, 5,828, and 7,195 kDa for full, empty,
and empty/full mix samples, respectively (Figure 5B). The experi-
mentally measured Mw of full and empty particles agrees well
Molecular Therapy: Oncolytics Vol. 24 March 2022 141
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Figure 4. Particle number linearity curve

The particle number in DS versus the injection volume demonstrates a linear rela-

tionship with R2 > 0.9999.

Table 1. Accuracy by comparison with a qRT-PCR assay

Samples
[genome copy]
(copies/mL) (GQA)

[virus particle]
(particles/mL) (SEC)

SEC/GQA
(%)

Batch 1 3.12 � 1012 2.79 � 1012 89

Batch 2 1.91 � 1012 1.61 � 1012 84

Batch 3 1.46 � 1012 1.34 � 1012 92

Batch 4 1.76 � 1012 1.60 � 1012 91

Average 87

%RSD 4.1
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with the expected theoretical Mw of 8,203 and 5,821 kDa,
respectively.

To quantify the empty/full ratio of the mixed virus samples, theWyatt
Astra protein conjugate method described in the materials and
methods (SEC method and conditions) was applied to deconvolute
the virus peak. The cleavage of VP0 in an empty procapsid to VP2
and VP4 after genome encapsidation does not change the virus pro-
tein content (VP0 = VP2 + VP4). Therefore, empty procapsids and
mature virions are expected to have equal amounts of protein in
each capsid, and viral RNA is utilized as a modifier for the protein
in the analysis. The full virus particle concentration (particle/mL)
was calculated from the measured RNA concentration as in Equa-
tion 2 using the RNA Mw (2,382 kDa), and the total particle concen-
tration (particle/mL) was calculated from the measured total protein
concentration using Equation 2 with the capsid protein Mw
(5,821 kDa).

The mixed sample has an average Mw of 7,195 kDa, which represents
both full and empty particles (i.e., total particles). Consequently, the
empty particle concentration was calculated by subtracting the full
particles from total particles. The calculations are described in the
materials and methods (SEC method and conditions) and detailed
in the supplemental information. The calculated empty/full ratio
for this empty/full mixture virus sample was 0.81, indicating that
about 45% of the total particles were empty particles (Table S5).
The empty/full ratio is a critical attribute that represents viral purity
and can be used to track empty capsid clearance in process and pro-
cess consistency. This method has been demonstrated to be useful for
measuring the empty/full ratio, but its sensitivity remains under
evaluation.

Study of the stressed V937 samples and the thermal degradation

pathway

To determine if the optimized SEC method can be used to monitor
particle degradation, V937 drug substance samples were studied un-
der elevated temperatures (37�C, 45�C, and 60�C) and held across
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multiple days prior to the SEC analysis for each time point. Control
V937 samples at 4�C and 22�C are not prone to thermal degradation
under experimental conditions. Data summarized in Table 4 and Fig-
ure 6A show that no V937 particle degradation was detected when
stored at 37�C for up to 7 days, with only minor changes in particle
size (Rh) and Mw observed after 7 days at 37�C.

When the stressed temperature was elevated to 45�C for 2 h, a much
broader virus peak with several shoulders appeared. The detected spe-
cies in this peak have higher polydispersity but maintain a UV A260/
280 ratio from 1.6 to 2.0 (Figure S2). This suggests that at short time-
scales at 45�C, viral capsid proteins may begin to partially unfold, but
the RNA remains encapsidated or particle-associated. After 48 h at
45�C, one species with a lower Mw of 5,802 kDa and a reduced
A260/A280 ratio of <1.0 was observed. The Mw matches the calcu-
lated Mw for an empty viral particle, and the A260/A280 ratio is
indicative of a particle without absorbance contributions from
RNA. A smaller species with an A260/A280 value of�2 was observed
at retention time just before column inclusion volume (Figure S3).
These data indicate a time-dependent degradation mechanism at
45�C where full viral capsids initially unfold then release the viral
RNA, resulting in empty virus particles with the same particle size
(unchanged Rh).

When stress-testing was carried out at 60�C, within the first hour,
higher-Mw species with two distinct particle sizes were detected, con-
sisting of the original peak (Rh = 13 nm) or a significantly enlarged
species (Rh = 70 nm). The larger species that eluted at room temper-
ature (RT) after �15 min had a Mw of 390 MDa, while the later
elution peak was polydisperse with a Mw of 16.7 MDa (Figure 6A,
red trace). These results suggest that virus disintegration and aggrega-
tion occurred at 60�C, which agrees with the reported melting point
of �65�C from reported Coxsackievirus.13 A260/A280 ranging from
1.5 to 1.9 for both species suggests that genetic RNA materials may
remain embedded or attached to these aggregated particles. After
24 h at 60�C, the virus aggregate peak became undetectable. Instead,
aggregated protein species and degraded RNA species could be
observed (Figure S4).

V937 thermal aggregation was further evaluated by dynamic light
scattering (DLS). The particle size and light scattering intensity
were monitored across a temperature gradient from 25�C to 65�C.



Table 2. Evaluation of SEC method recovery

Method
UV spectra
measurement (n = 2)

SEC measurement
(n = 2)

Recovery
SEC/UV (%)DS sample batch A280(avg) [virus] (mg/mL) [virus] (mg/mL)

Batch 1 0.197 35.9 37.0 103

Batch 2 0.119 21.7 21.3 98

Batch 3 0.122 22.3 18.7 84

Batch 4 0.108 19.6 21.5 110

Average 99

Table 3. Batch-to-batch comparison of V937

V937 DS batch Mw (kDa) DPI (Mw/Mn) Rh (nm)

Batch 1 8546 1.02 16.2

Batch 2 8122 1.00 14.8

Batch 3 8184 1.01 14.5

Batch 4 8073 1.01 14.6

Average 8231 1.01 15.0

%RSD 3.2 0.4 1.4
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The data shown in Figure 6B demonstrate that the particle size and
light scattering intensity remained constant until a significant aggre-
gation was detected in a transition region between 52�C and 60�C,
which agrees with SEC results. Furthermore, the measured particle
size (Rh �16 nm) by DLS agreed well with SEC, and interestingly,
the observed Rh �70 nm at 60�C within the first hour in SEC was
also observed in DLS at �54�C.

Based on these observations, we propose twoV937 thermal degradation
pathways: virus aggregation and RNA escape (Figure 7).19,20 Both path-
ways could lead to aggregated virion proteins and degraded RNAs over
time. These two degradation pathways could coexist in parallel or
happen sequentially, depending on the sample environment (tempera-
ture, pH, osmolality). Using this method to understand the virus
property and stability at various stages would assist in future process in-
vestigations and troubleshooting and in assessing the impact of process
change. Forced degradation studies can be performed at these elevated
temperature conditions to satisfy regulatory requirements.

DISCUSSION
Although Coxsackieviruses have been characterized by structural
tools, such as X-ray and cryo-EM, there are no previous reports for
a chromatography method. Here, we have developed a SEC-UV-
(MALS-QELS)-RI method to analyze our oncolytic Coxsackievirus
clinical candidate, V937. We demonstrated that SEC could separate
and characterize multiple attributes for an assembled single virion
in a single run. The virus particle size and Mw can be determined
from light scattering signals with good accuracy and consistency. Vi-
rus particle concentrations can be quantified from a UV detector with
good accuracy, precision, and linearity. We expanded the application
of the Wyatt Astra protein conjugation method to analyze viruses
containing protein and nucleic acid components. Mixed viruses
containing both empty and full capsids can be characterized and
quantified by employing this protein conjugate method. The virus
concentrations (particle/mL) for both empty and full viral particles
and the empty/full ratio can be deduced from this analysis. We
have also demonstrated that this assay can be used to monitor virus
thermal stability and the proposed potential degradation mechanism.
The V937 drug substance exhibited a consistent Mw and particle size
distribution from batch to batch. The method presented in this paper
can have broader applications toward other types of non-enveloped
and small-enveloped vaccines and viral vectors.
MATERIALS AND METHODS
Reagents and materials

Bis-Tris-HCl 1M solution was purchased from Rigaku Reagents
(Seattle, WA, USA). Sodium chloride 5M solution was bought from
Promega (Madison, WI, USA). BSA Standard Ampules (2 mg/mL),
Novex WedgeWell 16%, Tris-Glycine, 1.0 mm, Mini Protein Gel,
Mark12 Unstained Mw marker, and SYPRO Ruby Protein Gel Stain
Solution were all purchased from ThermoFisher (Waltham, MA,
USA). The PCR primers and TaqMan probe were purchased from
Applied Biosystems (Foster City, CA, USA). The synthetic RNA
oligonucleotide was purchased from Integrated DNA Technologies
(Coralville, IA, USA).
V937 drug substance production

Briefly, the V937 drug substance was produced from infected MRC-5
cells (derived from ECACC 05072101) cultured in a microcarrier
bioreactor using a virus seed derived from a CVA21 Kuykendall pro-
totype strain (ATCC VR-850). Lysates were harvested and clarified
through depth filters to remove cell debris. The clarified harvest
was purified across an affinity chromatography and two polishing
IEX chromatography steps to concentrate and clear residual impu-
rities and procapsids. Purified V937 was exchanged into a stabilizing
buffer and passed through a 0.2 mm filter to generate the final drug
substance.
SDS-PAGE analysis of V937 viral proteins

To characterize the viral protein content in V937 process intermedi-
ates and drug substance, samples were analyzed by SDS-PAGE under
reducing conditions. Briefly, 75 mL of each sample was mixed with a
25 mL 4X reducing sample buffer containing the reducing agents DTT
and SDS and denatured on a heat plate at 70�C for 10 min. SDS-
PAGE gel was performed using NovexWedgeWell 16%, Tris-Glycine,
1.0 mm, and Mini Protein Gel with a runtime of 90 min at 150 V at
ambient temperature. The sample volume loaded into the gel was
40 mL. The protein bands were visualized by SYPRO Ruby Protein
Gel Stain at ambient temperature. The image was acquired using
the Gel Doc EZ Imager from Bio-Rad (Hercules, CA, USA).21
Measurement of V937 drug substance UV absorbance

The V937 drug substance was measured by UV using a Cary
3500 UV-Vis spectrophotometer from Agilent (Wilmington, DE,
Molecular Therapy: Oncolytics Vol. 24 March 2022 143
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Figure 5. Comparison of Rh and Mw for empty, full,

and empty/full mixture viral capsids

LS signals are normalized by concentration factors. All

samples eluted out at the same retention time on the

chromatogram. The blue trace represents full virus, the

black trace represents empty/full mixture, and the red

trace is empty virus. (A) All three virus samples (empty, full,

and empty/full mix) have indistinguishable Rh values (�15

nm), represented by the dotted lines across the peak. (B)

ThemeasuredMw from these three samples are different,

with 8,200 kDa for full virus (blue line across the peak),

7,195 kDa for empty/full mixture (black line across the

peak), and 5,828 kDa for empty virus (red line across the

peak).
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USA). Samples were pipetted into a 1 cm Quartz UV cuvette (Hellma
Analytics, High Precision Cell), and the absorbance at 280 nm (A280)
was measured. The signal was buffer-subtracted using the V937 sta-
bilizing buffer in the reference channel, and the concentration was
calculated using a V937 extinction coefficient of 5.48 mL/(mg�cm)
(see Table S1B). Each sample was measured in duplicate, and the
average of the two measurements is reported.

qRT-PCR assay for genome quantitation

Viral genomes were measured by 1-step qRT-PCR. The V937 drug
substance was lysed using proteinase K and SDS at 37�C for
30 min, followed by a nucleic acid extraction.22 Briefly, the sample
lysate was mixed with phenol:chloroform:isoamyl alcohol, followed
by phase separation. Nucleic acids were precipitated from the
aqueous phase using sodium acetate and isopropanol, pelleted, then
washed with ethanol. Nucleic acid pellets were dried in an oven at
37�C then resuspended in nuclease-free water overnight.

The qRT-PCR assay uses a TaqMan dual-labeled probe, designed
against GenBank: AF465515.1, and targets a 101-nucleotide sequence
in the CVA21 VP1 gene. The genome copy number was determined
by interpolation against a standard curve of a synthetic RNA (Inte-
grated DNA Technologies, Coralville, IA, USA) containing the VP1
gene target region, ranging from 1 � 1011 to 1 � 107 genome
copies/mL. Nucleic acids extracted from samples were diluted in
nuclease-free water prior to qRT-PCR to avoid extrapolation, as
Table 4. Stability of stressed virus

Peaks Main virus peak (RT �19 min)

Temp (oC) Incubation time Mw (kDa) PDI (Mw/Mn) Rh (nm) A260/A280

37

2 h 8271 1.01 13.1 1.7

24 h 8545 1.00 13.4 1.7

7 days 7819 1.01 15.8 1.7

45
2 h 9602 1.24 10.1 1.8

2 days 5802 1.01 13.0 0.9

60
1 h 16,672 1.55 13.9 1.9

24 h 27,233 1.08 12.6 0.5
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needed. All qRT-PCRs were performed on ABI 7900HT, ViiA 7, or
QuantStudio 5 instruments (Applied Biosystems, Foster City, CA,
USA). Each sample was measured in triplicate wells, and the average
of the triplicate measurements is reported.

DLS temperature trend measurement

DLS was performed using a Zetasizer ZSP instrument (Malvern
Analytical, Malvern, UK) with a 10 mW laser at 633 nm and a 173�

scattering angle. A purified V937 sample was dispensed into a low-
volume cuvette (ZEN0040, Malvern), and the scattering intensity
was measured in triplicate at 1�C intervals across a temperature
ramp from 25�C to 65�C with a 30 s equilibration time between mea-
surements. The data were analyzed by the Protein Analysis algorithm
provided by the Malvern Zetasizer software using a sample RI of 1.45,
an absorption of 0.001, and a dispersant RI of 1.33.

SEC method and conditions

The liquid chromatography separation was performed on an Agilent
1260 Infinity II Bioinert system (Agilent, Wilmington, DE, USA)
equipped with an integrated degassing unit, a quaternary pump, an
autosampler, and a UV�Vis diode array detector. A TSKgel-
G5000PW column (7.8 mm � 30 cm, 13 mm particle size, Tosoh
Bioscience, Tokyo, Japan) was used for the separation condition
with a 10 mM Bis-Tris, 600 mM NaCl, and pH 6.9 mobile phase.
An optimized flow rate of 0.4 mL/min was employed to avoid high
system pressure. Column temperature was set at 30�C, and the
HPLC runtime was 35 min for each injection.

Several in-line detectors including a MALS detector (DAWN or Mini-
DAWN) and an Optilab T-rEX RI detector (Wyatt Technology, Santa
Barbara, CA, USA) were connected in series to the UV-Vis diode array
detector. A DLS detector (WyattQELS QELS module) is embedded in
the MALS detector and positioned at a 135� scattering angle. The
WyattQELS module and MALS detector collect DLS and multi-angle
static light scattering signals from the sample, respectively and simulta-
neously. The detectors were connected in the following order: SEC-UV-
(MALS-QELS)-RI. The light scattering detector (MALS) was calibrated
using toluene, and the detectors were normalized using a BSA standard
according to the manufacturer’s instructions. The original retention
times of the signal from different detectors are different due to the



Figure 6. Analysis of V937 DS thermal stability by

SEC-UV-(MALS-QELS)-RI and DLS

(A) Comparison of samples Stressed at 37�C, 45�C and

60�C on SEC-UV-MALS(QELS)-RI. Red trace is for

sample stressed at 60�C, blue is for 45�C stressed

sample and green trace is for sample at 37�C. Mw for

each species is shown by the lines across the peaks. (B)

DLS Temperature Study. Rh (black) and scattering in-

tensity (red) were measured across a temperature

gradient from 25 to 65�C in triplicate. A size and scattering

increase was observed between 50�C and 60�C.
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sequential connections. Peak alignment and band broadeningwere per-
formed with a monodisperse BSA standard, and the aligned chromato-
graphic data are reported. All datawere collected and analyzedwithAS-
TRA 7 software. A first-order fit Zimm formalism is used for all Mw
calculations.TheRh is calculated fromthemeasured translational diffu-
sion coefficient through the Stokes-Einstein relationship.23,24

The UV A280 extinction coefficients for both empty and full virus
particles were calculated from known CVA21 virion protein (VP)
and RNA sequences using tools and equations in the refer-
ences.10,11,25–27 The calculated UV A280 extinction coefficient for a
full CVA21 virus is 5.48 mL/(mgdcm) and for an empty virus is
1.33 mL/(mgdcm) (Tables S1A and S1B).

Because no detectable VP0 in the V937 drug substance was observed
by SDS-PAGE (Figure 3), the drug substance samples were assumed
to consist of only full virus particles. The mass of these samples was
calculated from a virus A280 nm peak on the SEC using Wyatt Astra
7 software (UV A280 as the concentration source). The virus concen-
tration was calculated from virus mass in Equation 1.

Virus Concentration ðmg =mLÞ =
�

Virus mass ðmgÞ
Injection Volume ðmLÞ

�

(Equation 1)

The virus particle concentration was obtained by Equation 2 using an
Avogadro constant and the theoretical Mw of a full virus particle. The
contribution from empty procapsids was assumed to be negligible
because of the high full particle purity of the drug substance deter-
mined by SDS-PAGE.

Particle Concentration

�
particle
mL

�

=

�
Virus Concentration ðg=mLÞ

Mw ðDaÞ
�
� N

(Equation 2)

Note that N: Avogadro constant (6.02 � 1023 mol�1).

Empty and full Coxsackievirus viral particles are indistinguishable
by size.13 A single virus peak was observed in the SEC chromato-
gram when injecting a mixture of empty and full capsids. An anal-
ysis of the virus mixture was performed using the Wyatt protein
conjugate method on the peak.28,29 The basis of this analysis is
derived from the unique combinations of signals from three detec-
tion channels: UV (A280), differential RI, and static light scattering
(LS). Protein and RNA contents in virus particles were considered
as two separate, measurable attributes (protein and modifier) and
deconvoluted in the protein conjugate analysis based on their
unique UV extinction coefficients and RI increment (dn/dc) values.
The protein conjugate analysis method calculates the molar mass of
each component in the conjugate as well as the mass fraction of the
two components. Beer Lambert Law was applied to measure the
concentration from the UV channel, and the measured concentra-
tion can be converted to molar mass. The RI increment (dn/dc)
Figure 7. Proposed V937 thermal degradation

pathways

Mature virions may degrade under thermal stress through

RNA escape or/and virus aggregation pathways. At

extended exposure to elevated temperatures, the empty

capsids and capsid aggregates may further unfold into

disassembled subunits that aggregate and/or degrade.
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was used similarly to calculate the concentration from RI channel
CdRI, as in Equation 3.

CdRI =
Dn

ðdn=dcÞ (Equation 3)

Note that Dn is the change in RI as measured by the RI detector.

The generic protein dn/dc value of 0.185 mL/g and the nucleic acid
dn/dc value of 0.170 mL/g for RNA were applied. Both dn/dc values
were based on reported literature values30–32 and calibrated to the LS
laser wavelength used in the author’s lab and which was provided to
the authors courtesy of Wyatt Technology. In the analysis, the virus
protein content (for both empty and full) was calculated and reported
as protein mass, while the RNA content was reported as the modifier
mass. The RNA mass was converted to the particle number for full
virions (RNA number) following Equations 1 and 2 using Mw of
the virus RNA only. The total particle number (empty + full viruses)
was calculated in the same fashion using protein mass and the Mw of
an empty virus (protein only). The calculation parameters are listed
below (from Tables S1A and S1B).
Virus content Mw (kDa) Dn/dc (mL/g) A280 Coeff (mL*mg�1 cm�1)

Virus proteins 5821 0.185 1.33

Virus RNA 2382 0.170 15.6
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