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Reverse-Phase Ultra-Performance Chromatography Method
for Oncolytic Coxsackievirus Viral Protein Separation
and Empty to Full Capsid Quantification
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Oncolytic virus immunotherapy is emerging as a novel therapeutic approach for cancer treatment. Immunotherapy clinical
drug candidate V937 is currently in phase I/II clinical trials and consists of a proprietary formulation of Coxsackievirus A21
(CVAZ21), which specifically infects and lyses cells with overexpressed ICAM-1 receptors in a range of tumors. Mature
Coxsackievirus virions, consisting of four structural virion proteins, (VPs) VP1, VP2, VP3, and VP4, and the RNA
genome, are the only viral particles capable of being infectious. In addition to mature virions, empty procapsids with
VPs, VPO, VP1, and VP3, and other virus particles are produced in V937 production cell culture. Viral protein VPO is
cleaved into VP2 and VP4 after RNA genome encapsidation to form mature virions. Clearance of viral particles
containing VPO, and quantification of viral protein distribution are important in V937 downstream processing. Existing
analytical methods for the characterization of viral proteins and particles may lack sensitivity or are low throughput. We
developed a sensitive and robust reverse-phase ultra-performance chromatography method to separate, identify, and
quantify all five CVA21 VPs. Quantification of virus capsid concentration and empty/full capsid ratio was achieved with
good linearity, accuracy, and precision. ClinicalTrials.gov ID: NCT04521621 and NCT04152863.
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INTRODUCTION

ONCOLYTIC VIRUSES THAT target specific cancer cell types
have been developed as novel immunotherapy appro-
aches. Oncolytic viruses that specifically target and
destroy tumor cells and enhance the adaptive immune
response are considered as therapeutic tools with great
potential."* V937 is an oncolytic virotherapy clinical
drug candidate consisting of an oncolytic strain of Cox-
sackievirus A21 (CVA21). It has been studied in a range
of tumors that upregulate cell surface receptor ICAM-1,
including melanoma, bladder cancer, and breast cancer.

In early clinical trials, V937 demonstrated viral targeted
tumor cell death with promising clinical outcomes and
acceptable safety profiles.>~

CVAZ21 belongs to the genus enterovirus within the
family Picornaviridae. Other viruses in the family
Picornaviridae include Poliovirus and Rhinoviruses.
Five capsid structural virion proteins (VPs) are gener-
ated from precursor polyprotein in Coxsackievirus
morphogenesis. These VPs are originated from the P1
domain of the precursor polyprotein. A myristoylated
(Myr) VPO-VP1-VP3 heterotrimeric promoter complex
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is initially formed. These Myr-VP0O-VP1-VP3 protein
complexes can be assembled into an empty procapsid
through pentamer intermediates.

Each empty capsid contains 12 pentamers or 60 copies
of individual VPO, VP1, and VP3. When the virus genome
RNA is encapsidated by the pentameric protein com-
plexes, an intermediate provirion is formed first, but then
converted to a full mature virion upon cleavage of VPO-
VP2 and VP4. Each full capsid will contain 60 copies of
individual VP1, VP2, VP3, and VP4, plus a VPg-modified
single-stranded RNA (7.4kb) genome (Fig. 1).571% Both
empty and full capsids of Coxsackievirus appear in similar
sizes with diameters of ~30nm.”"!

Generally, mature, full virions are the only particles ca-
pable of eliciting oncolytic activity. The empty capsids may
generate undesired immune response that could compro-
mise oncolytic potency of the product. Characterization of
virus VPs and quantitation of virus capsid titers or con-
centrations (capsids/mL or Cp/mL) are of great interest to
the gene therapy and vaccine research and product devel-
opment.'>™* Accurate and precise measurements of capsid
concentrations and capsid empty/full ratio are required to
define clinical dosage and product target profile. Con-
ventionally, the virus capsid concentration and/or capsid
empty/full ratio are measured using low-throughput tech-
niques, such as analytical ultracentrifugation, Cryo-EM.'>~"”
Polymerase chain reaction techniques that measure the ge-
nome titer or immuno-binding assays, such as ELISA, have
also been employed to assess oncolytic particles. These as-
says are highly variable and labor intensive.'®"”

Batch mode optical density (OD) measurements have
been used to measure the product in bulk. In the OD
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Figure 1. Coxsackievirus VPs and virus capsids formation. VPs, virion proteins.

measurements, the target virus is not separated from un-
wanted impurities and sample matrix. The batch OD
measurements can easily encounter accuracy or/and pre-
cision issues, due to the heterogeneity nature of the virus
products and lack of assay speciﬁcity.zo’21 Recently, ana-
lytical ion exchange chromatography/high performance
liquid chromatography (HPLC) method for adeno-
associated virus (AAV) has also been developed with
success highly dependent on the consistency of the virus
surface charges.”*® For AAVs, size-exclusion chroma-
tography (SEC) methods involving multiple in-line de-
tectors were also reported recently,24’26 as well as
capillary isoelectric focusing and native mass spectrome-
try.27’29 We have recently reported SEC methods coupled
with in-line multiple detectors for the characterization of
our V937 oncolytic Coxsackievirus and other vac-
cines,''° but there is no report that uses reverse-phase
chromatography to quantify virus empty/full capsid ratio.

Because VP2 and VP4 are cleaved from VPO without
losing any amino acid residue,®" the total protein content
is considered to remain constant for empty procapsid,
provirion, and full mature virion. Therefore, the total cap-
sid concentration of a virus sample can be deduced from
measured total protein concentration, when compared with
a virus standard of known capsid concentration. Further-
more, the moles of VPO in an empty capsid is equal to the
moles of VP2 or VP4 in a full capsid. Mature full capsids
contain VP2 and VP4 without VPO, whereas empty pro-
virion capsids contain VPO, but not VP2 and VP4. Based
on the capsid’s structural features, the VP0/(VP2+VP4)
peak area ratio can be used to represent capsid empty/full
ratio. Herein, we have developed a robust and sensitive
reverse-phase ultra-performance chromatography (RP-
UPLC) assay that can separate, identify, and quantify all
five Coxsackievirus VPs (VPO, VP1, VP2, VP3, VP4) in a
single run.

Both VPO and VP4 were observed as myristoylated
proteins. Since the sum of total VPs is consistent for empty
and full capsids, a pure empty or full capsid reference
standard was not required for capsid (Cp) quantification.
Virus samples with known capsid concentration are suitable
for assay reference standards, even if they might be a mix-
ture of empty and full capsids. This can be advantageous for
early process development, when a pure empty or full capsid
standard is not easily available. This assay has demonstrated
good linearity, accuracy, and precision for quantification of
capsid particle concentration and capsid empty/full ratio.

EXPERIMENTAL
Materials

Around 0.1% trifluoroacetic acid (TFA) HPLC water
and 0.1% TFA acetonitrile were purchased from Milli-
poreSigma (St. Louis, MO). Bovine serum albumin (BSA)
standard ampules (2mg/mL) and dithiothreitol (DTT)
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were purchased from Thermo Fisher (Waltham, MA).
BIOshell IgG C4 columns (1,000 A, 2.1 X 100 mm, 2.7 yum)
were purchased from MilliporeSigma.

V937 drug substance production

Briefly, V937 drug substance (DS) was produced from
infected MRC-5 (derived from ECACC 05072101) cell
culture using a virus seed derived from a CVA21 Kuykendall
prototype strain (ATCC VR-850). Lysates were harvested
and clarified through depth filters and purified across an af-
finity chromatography and two polishing ion exchange
chromatography steps to concentrate and clear residual im-
purities and procapsids. Purified V937 was exchanged into a
stabilizing buffer and passed through a 0.2 um filter to gen-
erate the final DS. Empty procapsids and empty/full capsid
mixtures were purified from an intermediate chromatography
step. Three batches of Process 1 and Process 2 sample in-
termediates were generated using different process condi-
tions and analyzed by the RP-UPLC method.

RP-UPLC separation

The RP-UPLC was performed on a Waters ACQUITY
UPLC system (Waters Corporation, Milford, MA), includ-
ing a quaternary (or binary) pump, sample manager, col-
umn component, fluorescence (FLR), and tunable UV or
photodiode array detectors. The FLR was detected using
excitation wavelength at 280 nm and emission wavelength
at 352 nm. UV absorbance at 280 nm (A280) and 220 nm
(A220) were also monitored. A BIOshell IgG C4 column
(1,000 A, 2.1x100mm, 2.7 um) from MilliporeSigma
was used at a column temperature maintained at 80°C.

The linear gradient elution (Table 1) was formed by
Mobile phase A, consisting of 0.1% TFA in HPLC or
liquid chromatography—mass spectrometry (LC/MS)
grade water, and Mobile phase B, consisting of 0.1% TFA
in acetonitrile with the flow rate of 0.4 mL/min. The sam-
ple manager temperature was maintained at 8°C during
analysis. V937 samples were injected directly without modi-
fications, unless noted in the context. Chromatograms
were processed with Waters Empower 3 software for peak
integration. Signals from the FLR channel (Ex 280 nm,
Em 352 nm) were used for all quantification.

LC/MS analysis of intact VPs
LC/MS experiments were performed on a Waters
ACQUITY UPLC coupled with a Waters Xevo G2-XS

Table 1. Reverse-phase ultra-performance chromatography
elution gradient

Time (min) Flow Rate (mL/min) %A %B
0 04 75 25
05 0.4 75 25
45 04 58 42
10.5 0.4 52 48
115 0.4 20 80

Q-TOF (Quadrupole Time-of-Flight) mass spectrometer
(Waters Corporation). The MilliporeSigma BIOshell IgG C4
column (1,000 A, 2.1 x 100 mm, 2.7 um) was also used for
LC/MS peak separation. LC/MS was run in a similar fash-
ion as RP-UPLC (Table 1) with modified mobile phases
to be more compatible with mass spectrometry detector. In
LC/MS, mobile phase A consists of 0.1% formic acid and
0.025% TFA in LC/MS grade water, whereas mobile phase B
consists of 0.1% formic acid and 0.025% TFA in acetonitrile.

Mass spectra were obtained in positive mode by spraying
the eluent into the mass spectrometer using an electrospray
ionization source. The capillary, source cone, and extrac-
tion cone voltages were set at 3kV, 50V, and 80V, re-
spectively. Nitrogen was used as a desolvation gas at a flow
rate of 600 L/h. The source and desolvation temperatures
were set at 120°C and 400°C, respectively. The instrument
was operated in Sensitivity mode and spectra were acquired
in an m/z range of 400-3,000. Data acquisition and analysis
(deconvolution) were performed with Waters (MassLynx
4.1 software). Protein spectra were deconvoluted to obtain
the observed intact protein masses. A uniform Gaussian
model was used with width at half height of either 1 or 0.8.

RESULTS AND DISCUSSION
RP-UPLC separation and identification
of VPs0, VPs1, VPs2, VPs3, VPs4, on LC/MS

The V937 DS virus capsids have a diameter of
~30nm."" At the beginning of the method development,
we sought to identify a column of large-pore beads that can
accommodate the capsids and allow on-column capsid
dissociation to individual VPs from the capsid and sepa-
ration within the pores of stationary beads. After extensive
column screenings, the MilliporeSigma BlIOshell IgG
C4 column (1,000 10%, 2.1 x 100 mm, 2.7 um) was selected
from a collection of columns, such as Agilent Advanced-
Bio RP-mAb C4, Waters Protein BEH C4, YMC-Pack
PROTEIN-RP, and Tosoh TSKGel Protein C4-300. This
column offers better peak shape, resolution, and recovery
than other columns that were screened, presumably due to the
large pore size (1,000 A) of the column stationary phase that
allows the virus capsid enter into the beads, and get dis-
assembled inside the pore into each VPs for separation.

After initial success of separating VP1, VP2, VP3, and
VP4 for V937 DS on an Agilent 1260 HPLC system, the
method was optimized on a Waters UPLC system to
improve separation efficiency (Supplementary Figs. S1
and S2, supplemental information). The UPLC method
showed much improved peak resolutions (Supplementary
Table Sla and b, supplemental information). DTT-treated
V937 DS showed unchanged peak pattern when compared
with the untreated sample injected directly on the RP-
UPLC (Supplementary Fig. S3, supplemental informa-
tion). This suggests that there are no disulfide bonds
between VPs.
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Figure 2. Comparison RP-UPLC chromatograms of VP profile from purified full capsids with that from mixture empty/full capsids. VPO is not visible in the
purified full capsids. RP-UPLC, reverse-phase ultra-performance chromatography.

The peaks on the chromatogram were initially assigned,
based on the calculated physicochemical properties listed
on Supplementary Table S2 (supplemental information)
from known V937 capsid structure and VP sequence in-
formation.'""**3? These were confirmed later by mass de-
tected for each peak on LC/MS and supported the earlier
hypothesis that the capsids are disassembled on column to
each individual VPs. The highly negative charged and polar
genome RNA is expected to elute out quickly close to the
void volume of the RP-UPLC column.

To separate and identify all five Coxsackievirus VPs (VPO,
VPI1, VP2, VP3, and VP4) on the chromatogram, an inter-
mediate process sample containing a mixture of empty and
full capsids was generated. A distinct extra peak was detected
between VP2 and VP3 in comparison to peaks from purified
full capsid (Fig. 2 and Supplementary Fig. S8 in supplemental
information). After the samples were analyzed on LC/MS
(Table 2 and Supplementary Fig. S4 in supplemental infor-
mation), the peaks were assigned by mass to the corre-
sponding VPO, VP1, VP2, VP3, and VP4 as in Fig. 2.

The RP-UPLC separation method was developed through
an iterative optimization process. Comparison of the
virion peak intensity/sensitivity on the three detection
channels (UV A220, A280, and FLR) (Fig. 3) led to the
decision to use FLR channel for peak quantitation due to

its much higher detection sensitivity. VP4 not only has
much shorter amino acid sequence and lower molecular
weight (Mw) than the rest of VPs, but also has much lower
calculated aliphatic index and hydropathicity (Supple-
mentary Table S2, supplemental information). It is expec-
ted to elute out much earlier than the rest of VPs on
RP-UPLC. Based on these and earlier experience on
HPLC method development, a two-stage elution gradient
was employed (Table 1). The first stage was 25-42%B for
4 min with VP4 eluting at the end of the first-stage gra-
dient. The second stage, a slower gradient from 42% to
48%B for 6 min, was used for separating the remaining
four VPs.

The second stage was the focus of UPLC method opti-
mization. The second-stage gradient was arrived by grad-
ually attenuating the gradient slope to achieve better peak
resolution (Rs). The peak resolution between VP2 and
VPO was the main focus for method development, because
of similar peak retention times due to their highly over-
lapped amino acid sequence and the FLR VP0/VP2 ratio
was later selected to monitor capsid empty/full ratio in
process development. The gradient optimization is shown
in Fig. 4 and in Table 3. The VP2/VP0O Rs value of 5.8
well exceeded the Rs value between the peak of inter-
est required by regulatory agency for method validation

Table 2. Identification of Coxsackievirus virion proteins by liquid chromatography-mass spectrometry

VPs VPO VP1 VP2 VP3 VP4
Calculated Mw from amino acid sequence (Da) 37,183 33,231 29,897 26,546 7,304
Mass observed on LC/MS (Da) 37,418 33,230 29,922 26,591 7,516
Observed—calculated Mw (Da) 235 -1 25 45 212
Peak assignment (VPO+Myr) +Na* VP1 VP2+Na* VP3+2Na* VP4-+Myr

LC/MS, liquid chromatography—mass spectrometry; Mw, molecular weight; VPs, virion proteins.
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Figure 4. Optimization of elution gradient to improve Rs. Rs, peak resolution.
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Table 3. Gradient optimization to improve virion protein2/VP0
peak resolution

VPs. The viral capsids were disassembled into each indi-
vidual VPs under the chromatography elution condi-

Rs tion, and there is no covalent crosslink between VPs or
, subunits. The on-column capsid disassembly eliminated
Second stage gradient VP1/VP2 VPZ/VPO VPO/VP3 . . .
the need for tedious sample preparations before analysis.
30—60‘?3 18.6 30 5.2 These sample preparations could alter properties of the
40-55% 256 4.6 9.4 . .
17-48%B 231 58 180 VPs and result in recovery issues.

Numbers in bold show the peak resolution between VP2 and VPO0.
Rs, peak resolution.

(Rs >2).% Peak resolutions between other VPs pairs were
at least two- to four-fold better than the VP2/VP0 peak
resolution.

Based on knowledge of the capsid starting to disas-
semble at ~60°C,"" column temperatures from 70°C to
85°C were selected for optimization. In all temperatures
tested, good peak resolutions were observed (Supple-
mentary Fig. S5 and Supplementary Table S3, supplemen-
tal information). Flow rates from 0.35 to 0.425 mL/min
were also explored. The two higher flow rates, 0.425 mL/
min and 0.40 mL/min, showed a little better peak resolu-
tion (Supplementary Fig. S6 and Supplementary Table S4,
supplemental information). In both cases, the assay showed
good robustness against fluctuations in column tempera-
ture and flow rate. The column temperature of 80°C and
flow rate of 0.40 mL/min were selected for balanced chro-
matogram profiles and room for assay robustness.

With these, the UPLC method in combination with LC/
MS offer separation and identification of all five CVA21

Mws for four of the five VPs are ranged within a
window of only ~10kDa wide (27-37 kDa). For the
proteins with size ranging in such a narrow window,
achieving good resolution using a size-based separation
method can be challenging. Exploiting differences in
protein hydrophobicity, the RP-UPLC method demon-
strated good separation efficiency. Process impurities
such as serum or host cell proteins would have different
amino acid sequences from VPs. This would result in
some hydrophobicity differences that can be explored
for RP-UPLC separation. This was demonstrated by
BSA protein separation from all VPs on the chromato-
gram in a capsid sample spiked with BSA (Supplemen-
tary Fig. S7, supplemental information).

Both VP4 and VPO appeared as myristic acid ad-
ducted proteins on LC/MS, with Mw of a naked protein
plus a myristoyl (Myr) side chain (Table 2). Previously,
myristoylation was only observed in X-ray structural
study of intact enteroviruses or by incorporating of
radiolabeled Myr into viruses.®>*3> The myristoyl side
chain plays an important role in virus maturation and
host cell interactions.>®® Inhibition of myristoylation
by siRNA knockdown and use of myristic acid analogs
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Figure 5. (A-F) Linearity curves from a virus standard.
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Figure 6. Virus sample dilutional linearity curve.

prevented cleavage between VP4 and VP2 as well as
reduction in viral RNA synthesis.39’4o Direct separation
and identification of Myr-adducted VPO and VP4 offer
opportunities for more structural and physiochemical
characterization for these species. Combined informa-
tion from chromatography and mass spectroscopy would
help future product and process understanding and in-
vestigations.

Capsid concentration and empty/full ratio
quantification

Coxsackievirus maturation involves a critical protease
cleavage step that converts VPO—VP2 and VP4. All matured
full capsids have (VP2+VP4), but not VPO. VP2 and VP4
are absent from empty capsids, where VPO is presented. The
amino acid residues remain the same when VPO is cleaved
into (VP2+VP4). Since the VP UV and FLR peaks represent
the amino acid sequence of the protein under the denatured
conditions on the RP-UPLC, we can reasonably propose to
use VPO/(VP2+VP4) peak ratio to measure capsid empty/
full ratio. In the FLR detection channel, since VP4 is a much
smaller protein without a tryptophan residue (Supplemen-
tary Table S2, supplemental information), its contribution
to the (VP2+VP4) FLR peak area is negligible (VP4/
VP2 < 1% in FLR peak area). So VPO/VP2 FLR peak ratio
can be used directly as a simplified term to quick assess
empty/full ratio in process development.

From the same structure information, the total amino
acids remain the same between a full capsid and an empty
capsid. Therefore, the sum of VP peak areas from a sample
can be used to quantify sample total capsid concentration
(capsids/mL) when compared with a reference standard
of known capsid concentration.

Linearity and range. Linearity was first established
using a V937 virus standard sample with known capsid
concentration of 1.39E12 capsids/mL. A linear standard
curve was generated using peak areas from the UPLC FLR
channel versus the injected particle number. Good line-
arity (R*>0.999) has been observed for each VP and sum
of all VPs (Fig. 5 and Supplementary Table S5 in sup-
plemental information). The particle number in the stan-
dard curve ranged from 2.78E9 to 1.04E11 capsids per
injection. The intercept and slope from the standard curve
of total VP peak area are used to calculate the capsid
numbers from a virus sample injection in Eq. (1).

Capsid number per injection
(Total VP peak area — Intercept) (1
Slope

Table 4. Precision of peak retention time

RT (min)
Sample-1 INJ VP4 VP1 VP2 VPO VP3
Exp-1/Sys-1 INJ-1 4.336 5.669 7.076 7.523 8.769

INJ-2 4334 5.669 7.088 7.536 8.782

INJ-3 4.336 567 7.073 1522 8.775

Avg 4335 5.669 7.079 1527 8.775

%RSD 0.03 0.01 0.1 0.1 0.07
Exp-2/Sys-2 INJ-1 4374 5.696 7.163 71.627 8.911

INJ-2 437 5.691 7.158 7.624 8.913
INJ-3 4375 5.697 717 7.641 8.924

Avg 4373 5.695 7.164 7.631 8.916

%RSD 0.06 0.06 0.09 0.12 0.08
Avg 4.354 5.682 7.122 7.579 8.846
%RSD 0.48 0.25 0.66 0.76 0.87

%RSD, relative standard deviation; Exp, experiment; INJ, injection; RT,
retention time; Sys, system.
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Table 5. Precision of peak area

FLR peak area Empty/Full
Sample-1 VP4 vP1 VP2 VPO VP3 Total of all V/Ps VP2+ VP4 VPO/AVP2+VP4)  (Capsid) (/mL)
Exp-1/Sys-1 INJ-1 193564 22,588,588 21,890,324 11,698,177 17,846,286 74,216,939 22,083,888 0.53 3.66E+12
INJ-2 193,956 22,455,981 22,072,816 11,671,564 17,881,673 74,275,990 22,266,772 0.524 3.67E+12
INJ-3 200,811 22,184,617 22,064,813 11,447,195 17,769,682 73,667,118 22,265,624 0.514 3.64E+12
Avg 196,110 22,409,729 22,009,318 11,605,645 17,832,547 74,053,349 22,205,428 0.523 3.66E+12
%RSD 2.08 0.92 0.47 1.19 0.32 0.45 0.47 1.51 0.45
Exp-2/Sys-2  INJ-1 179236 22,026,203 21,541,602 11979694 17,320,598 73,047,333 21,720,838 0.552 3.61E+12
INJ-2 183,989 22,140,644 21,649,730 12,036,562 17,416,280 73,427,205 21,833,719 0.551 3.63E+12
INJ-3 186,503 21,690,748 21,647,757 12,123,676 17,060,923 72,709,607 21,834,260 0.555 3.59E+12
Avg 183,243 21,952,532 21,613,030 12,046,644 17,265,934 73,061,382 21,796,272 0.553 3.61E+12
%RSD 2.01 1.07 0.29 0.6 1.06 0.49 0.3 0.4 0.49
Average 188,757 22,148,473 21,782,867 11,857,645 17,508,768 73,486,511 21,971,625 0.54 3.63E+12
%RSD 42 14 1.1 22 19 09 1.1 32 0.8

FLR, fluorescence.

The particle concentration (/mL) of a virus sample can
be calculated from Eq. (2):

Capsid concentration (Capsids/mL)
Capsid number per injection (2)

(Injection volume(mL)/Dilution factor)

Besides the linearity for the standard, a good sample
dilutional linearity is often required by regulatory agency
to demonstrate the accuracy of measurement for a bioa-
nalytical method, especially for samples that a good spike
standard is hard to be defined or obtained.*! In this case,
we analyzed our virus sample-A at five dilution levels
(neat, 1.5%, 3%, 6, 15X) within the standard curve
range. The capsid number per injection was calculated
from total VP peak area by using the slope and inter-
cept obtained from the standard curve (Supplementary
Table S5 in supplemental information) and Equation-1.
Not only did the measured particle number per injection
showed good linearity (R*=0.9999) against the dilu-
tion factor/corrected injection volume (injection volume/
dilution factor), but also good linearity has been obser-
ved for each individual VP (Fig. 6 and Supplementary
Table S6 in Supporting information).

The sample capsid concentration (capsids/mL) calcu-
lated from Eq. (2) also showed good consistency across the
dilutional levels with relative standard deviation (%RSD)
<5% (Supplementary Table S6, supplemental information).
These demonstrate that the RP-UPLC assay has good lin-
earity and is consistent across different concentrations.

Table 6. Assay accuracy

Precision and repeatability. A research sample
(Sample-1) was analyzed on two systems for precision and
repeatability, with triplicate injections on UPLC each
time. The retention time of each VP in these samples
are constant with %RSD <1% (Table 4). The sample also
showed good precisions on peak areas from each VPs
and total proteins, as well as the VPO/(VP2+VP4) ratio
to represent the capsid empty/full ratio in the samples. As
a result, the total capsid particle concentration for the
sample was measured with good precision (%RSD=
0.8, Table 5). Two other V937 samples (Sample-2 and
Sample-3) were also measured in triplicate injections, in
which both demonstrated good precisions (Supplementary
Tables S7 and S8, supplemental information).

Assay accuracy. All of our V937 DSs are highly
purified full capsids with <1% empty particles. Our stan-
dard has ~0.25% empty capsids with a capsid concen-
tration of 1.39E12 (capsids/mL). To assess assay accuracy
on both capsid concentration and empty/full ratio, a less
purified research batch (Sample-B) with higher empty/full
ratio was generated. This material has capsid concentra-
tion of 3.66E12 (capsids/mL) and 34.3% empty capsid
within the sample (Supplementary Table S9, supplemental
information). The standard was mixed with sample-B in
four different ratios (Supplementary Table S10, supple-
mental information) to probe the changes in both particle
concentration and empty/full ratio. We focused on empty/
full ratio change in samples with low empty capsid con-
tents (Mix-2, Mix-3, and Mix-4), since these represent
most likely cases from V937 DS samples. Theoretical

Theoretical values

Measured values % (Measured/theoretical)

Spiked sample (Total capsid) (/ml) Empty/full ratio (Total capsid) (/ml) Capsid empty/full ratio Total capsid Empty/full ratio
Mix-1 2.52E+12 0.3323 2.58E+12 0.3276 102 99
Mix-2 1.60E+12 0.0793 1.68E+12 0.0715 105 90
Mix-3 1.48E+12 0.0362 1.57E+12 0.0362 106 100
Mix-4 1.45E+12 0.0241 1.52E+12 0.0237 105 98
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values for each mix sample were calculated out based on
the inputs from the standard and sample-B (Supplemen-
tary Table S11, supplemental information).

Each mixed sample was injected in triplicate on a RP-
UPLC. The averaged peak areas of the three injections
were used to calculate measured particle concentration
and empty/full ratio from a standard curve (Supplementary
Table S12, supplemental information). The measured
capsid concentration and empty/full ratio were compared
with corresponding theoretical values and summarized in
Table 6. The measured total particle concentration was
within 102-106% of the theoretical, and the measured
empty/full ratio was within 90-100%. These indicate that
the assay has good accuracy for both total particle con-
centration and empty/full ratio. The expected change of
empty/full ratio from 0.036 of Mix-3 to 0.024 of Mix-4
was measured with good accuracy. This demonstrates that
the assay has the sensitivity to measure change of 0.012
(1.2%) in empty/full ratio.

Process monitoring and optimization

One critical application of this RP-UPLC assay is the
quantification of empty/full capsid ratio for downstream
process monitoring and optimization. In the process
monitoring, VPO/VP2 FLR peak ratio is used to measure
capsid empty/full ratio in the sample. Purification inter-
mediate samples from three experiments in each of
Process-1 and Process-2 were monitored. VPO/VP2 ratios
were more than 20% for three experiments using Process-
1, indicating undesired high empty content in the inter-
mediates and a less optimal process. After further process
optimization, VPO/VP2 was decreased to <4% for all three
Process-2 experiments, indicating improved empty capsid
clearance (Fig. 7 and Supplementary Table S13 in sup-
plemental information). The VP0O/VP2 ratio was evaluated
for multiple V937 DS batches and the percentage of empty
particle in V937 DS samples was <1% in all batches
(Supplementary Table S14, supplemental information).

60
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_ 404
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Experiments

Figure 7. Comparison of VP0O/VP2 ratios from two different processes.

These data indicate that the V937 DS consists of purified
full mature virions with VPO cleaved and highlights the
utility of the RP-UPLC in both DS characterization and
process development.

CONCLUSION

Guided by the structural information of the virus and
VPs, we developed a rapid and efficient RP-UPLC assay
for characterization and quantitation of oncolytic Cox-
sackievirus capsids and VPs. Coupled with mass spec-
trometry, this method not only can identify each individual
VPs, but also reveal the characteristic structural features of
the VPs, such as the myristoyl adduction on VPO and VP4.
The fact that Coxsackievirus VPs are separated and
identified for the first time on the chromatography can
open doors for more biochemical and biophysical studies
of the virus and its VPs. Reverse-phase chromatography is
used for the first time to quantify a viral capsid empty/full
ratio, a critical attribute that impacts the quality and
clinical dosage of viral vectors and gene therapy products.
Success of this structure-guided chromatography method
development approach will stimulate the interest of using
unique structural features of virus and viral vectors for
future assay development.

The use of FLR detection offers great sensitivity en-
hancement versus most current methods that use UV or/
and refractive index for detection. In this assay, both virus
capsid concentration and capsid empty/full ratio are
quantified with good sensitivity, linearity, precision, and
accuracy. This quantification strategy can be expanded to
other viruses, such as poliovirus, human rhinovirus, and
foot-and-mouth disease virus or engineered viral vectors
with similar capsid structures.

AUTHORS’ CONTRIBUTIONS

Conceptualization: J.Z.D. and R.R.R.; analytical
methodology: J.Z.D. and D.B.; process investigation:
A.R.S. and A.G.; writing—original draft, literature re-
view, data analysis and interpretation: J.Z.D.; writing—
review, comment, and editing: R.R.R., A.R.S.,D.B., A.G.,
and J.W.L; and supervision and project administration:
R.R.R. and JW.L.

ACKNOWLEDGMENTS

The authors would like to extend their gratitude to their
vaccine process group for virus samples. They would like
to thank Drs. Anne Payne, Megan Mackey, Ping Zhuang,
Daisy Richardson, and Caroline McGregor for reviewing
the article and Dr. Pavlo Pristatsky for reviewing the mass
spectra data.

AUTHOR DISCLOSURE

All authors are current or former employees of Merck
Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc.,



774

DENG ET AL.

Kenilworth, NJ, USA and may hold shares and/or stock
options in Merck & Co., Inc., Kenilworth, NJ, USA.

FUNDING INFORMATION

Funding of this work was provided entirely by Merck
Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc.,
Kenilworth, NJ, USA.

SUPPLEMENTARY MATERIAL

Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Figure S4
Supplementary Figure S5
Supplementary Figure S6

Supplementary Figure S7
Supplementary Figure S8
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3
Supplementary Table S4
Supplementary Table S5
Supplementary Table S6
Supplementary Table S7
Supplementary Table S8
Supplementary Table S9
Supplementary Table S10
Supplementary Table S11
Supplementary Table S12
Supplementary Table S13
Supplementary Table S14

REFERENCES

1.

N

w

~

ol

(=2}

~

[es]

w

Lemos de Matos A, Franco LS, McFadden G.
Oncolytic viruses and the immune system: the
dynamic duo. Mol Ther Methods Clin Dev 2020;
17:349-358.

. Bradley S, Jakes AD, Harrington K, et al. Appli-

cations of Coxsackievirus A21 in oncology. Oncol
Virother 2014;3:47-55.

. McCarthy C, Jayawardena N, Burga LN, et al.

Developing picornaviruses for cancer therapy.
Cancers 2019;11:685.

. Annels NE, Arif M, Guy R, et al. Oncolytic

immunotherapy for bladder cancer using Cox-
sackie A21 virus. Mol Ther Oncol 2018;9:1-12.

. Annels NE, Mansfield D, Arif M, et al. Phase | trial

of an ICAM-1-targeted immunotherapeutic-
Coxsackievirus A21 (CVA21) as an oncolytic agent
against non muscle-invasive bladder cancer. Clin
Cancer Res 2019;25:5818-5831.

. Chuan X, Bator-Kelly CM, Rieder E, et al. The

crystal structure of Coxsackievirus A21 and its
interaction with ICAM-1. Structure 2005;13:1019—
1033.

. Tuthill TJ, Groppelli E, Hogle JM, et al. Picorna-

viruses. Curr Top Microbiol Immunol 2010;343:
43-89.

. Racaniello VR, Picornaviridae: The Viruses and

Their Replication. Fields Virology, 5th ed, 2007;
795-838.

. Jiang P, Liu Y, Ma HC, et al. Picornavirus mor-

phogenesis. Microbiol Mol Biol Rev 2014,78:418—
437.

. Newcombe NG, Andersson P, Johansson ES, et al.

Cellular receptor interactions of C-cluster human
group A Coxsackieviruses. J Gen Virol 2003;84:
3041-3050.

1.

Deng JZ, Rustandi RR, Swartz A, et al. SEC
coupled with in-line multiple detectors for the
characterization of an oncolytic Coxsackievirus.
Mol Ther Oncol 2022;24:139-147.

. Shytuhina A, Pristatsky P, He J, et al. Develop-

ment and application of a reversed-phase high-
performance liquid chromatographic method for
guantitation and characterization of a chikungu-
nya virus-like particle vaccine. J Chromatogr A
2014;1364:192-197.

. Fu X, Chen W, Argento C, et al. Analytical strat-

egies for quantification of adeno-associated virus
empty capsids to support process development.
Hum Gene Ther Methods 2019;30:144-152.

. Hajba L, Guttman A. Recent advances in the

analysis full/empty capsid ratio and genome
integrity of adeno-associated virus (AAV) gene
delivery vectors. Curr Mol Med 2020;20:806—
813.

. Maruno T, Usami K, Ishii K, et al. Comprehensive

size distribution and composition analysis of
adeno-associated virus vector by multiwavelength
sedimentation velocity analytical ultracentrifuga-
tion. J Pharm Sci 2021;110:3375.

.Xu L, Zheng Q, Li S, et al. Atomic structures of

Coxsackievirus A6 and its complex with a neu-
tralizing antibody. Nat Commun 2017;8:505.

. Chen J, Ye X, Zhang XY, et al. Coxsackievirus A10

atomic structure facilitating the discovery of a
broadspectrum inhibitor against human entero-
viruses. Cell Discov 2019;5:4.

. Mayginnes JP, Reed SE, Berg HG, et al. Quanti-

tation of encapsidated recombinant adeno-
associated virus DNA in crude cell lysates and
tissue culture medium by quantitative, real-time
PCR. J Virol Methods 2006;137:193-204.

20.

2

=

22.

23.

24,

25.

26.

. Fagone P, Wright JF, Nathwani AC, et al. Sys-

temic errors in quantitative polymerase chain
reaction titration of self-complementary adeno-
associated viralvectors and improved alternative
methods. Hum Gene Ther Methods 2012;23:1-7.

Mittereder N, March KL, Trapnell BC. Evaluation of
the concentration and bioactivity of adenovirus vec-
tors for gene therapy. J Virol 1996;70:7498—-7509.

. Sweeney JA, Hennessey JP Jr. Evaluation of

accuracy and precision of adenovirus absorptivity
at 260nm under conditions of complete DNA
disruption. Virology 2002;295:284—-288.

Khatwani SL, Pavlova A, Zhu P. Anion-exchange
HPLC assay for separation and quantification of
empty and full capsids in multiple adeno-
associated virus serotypes. Mol Ther Methods
Clin Dev 2021;21:548.

Joshi PRH, Bernier A, Chahal PS, et al. Develop-
ment and validation of an anion exchange high-
performance liquid chromatography method for
analysis of empty capsids and capsids encap-
sidating genetic material in a purified preparation
of recombinant adeno-associated virus serotype 5.
Human Gene Therapy 2021;32:1390.

Gagnon P, Goricar B, Mencin N, et al. Multiple-
monitor HPLC assays for rapid process develop-
ment, in-process monitoring, and validation of
AAV production and purification. Pharmaceutics
2021;13:113.

MclIntosh NL, Berguig GY, Karim OA, et al. Com-
prehensive characterization and quantification of
adeno associated vectors by size exclusion chro-
matography and multi angle light scattering.
Nature 2021;11:3012.

Meng H, Sorrentino M, Woodcock D, et al. Size
exclusion chromatography with dual wave-



VIRAL PROTEINS, CAPSID EMPTY/FULL RATIO

775

27.

28.

29.

30.

3

length detection as a sensitive and accurate
method for determining the empty and full
capsids of recombinant adeno-associated viral
vectors. Human Gene Therapy 2022;33:202-
212.

Li T, Gao T, Chen H, et al. Rapid determination of
full and empty adeno-associated virus capsid ratio
by capillary isoelectric focusing. Curr Mol Med
2020;20:814-820.

Strasser L, Morgan TE, Guapo F, et al. A native
mass spectrometry-based assay for rapid as-
sessment of the empty: full capsid ratio in adeno-
associated virus gene therapy products. Anal
Chem 2021;93:12817.

Worner TP, Bennett A, Habka S, et al. Adeno-
associated virus capsid assembly is divergent and
stochastic. Nat Commun 2021;12:1642.

Deng JZ, Lancaster C, Winters MA, et al. Multi-
attribute characterization of pneumococcal con-
jugate vaccine by size-exclusion chromatography
coupled with UV-MALS-RI detections. Vaccine
2022;40:1464-1471.

. Hughes PJ, North C, Minor PD, et al. The com-

plete nucleotide sequence of Coxsackievirus A21.
J Gen Virol 1989;70:2943-2952.

32.

34.

35.

36.

37.

Gasteiger E, Hoogland C, Gattiker A, et al. Protein
Identification and Analysis. The Proteomics Proto-
cols Handbook, Humana Press, 2005. Tool on the
ExPASy Server. https://web.expasy.org/protparam
(last accessed May 15, 2022).

. Center for Drug Evaluation and Research (CDER).

Food and Drug Administration Reviewer Guidance:
Validation of Chromatographic Methods, 1994.
https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/reviewer-guidance-validation-
chromatographic-methods (last accessed May 15,
2022).

Chow M, Newmant JFE, Filman D, et al. Myr-
istylation of picornavirus capsid protein VP4 and
its structural significance. Nature 1987,327:482.

Paul AV, Schultz A, Pincus SE, et al. Capsid pro-
tein VP4 of poliovirus is N-myristoylated. Proc
Nati Acad Sci USA 1987;84:7827-7831.

Shen C, Liu Q, Zhou Y, et al. Inactivated Coxsack-
ievirus A10 experimental vaccines protect mice
against lethal viral challenge. Vaccine 2016;34:5005.

Zhu L, Sun Y, Fan J, et al. Structures of Cox-
sackievirus A10 unveil the molecular mechanisms
of receptor binding and viral uncoating. Nat
Commun 2018;9:4985.

38.

39.

40.

4

Liu CC, Guo MS, Wu SR, et al. Inmunological and
biochemical characterizations of Coxsackievirus
A6 and A10 viral particles. Antivir Res 2016;129:
58-66.

Wimmer L, Redlberger-Fritz M, Fisch W, et al.
Cellular N-myristoyltransferases play a crucial
picornavirus genus-specific role in viral assembly,
virion maturation, and infectivity. PLoS Pathogens
2018;14:1007203.

Owino CO, Chu JJH. Recent advances on the role
of host factors during non-poliovirus enteroviral
infections. J Biomed Sci 2019;16:47.

. Center for Drug Evaluation and Research (CDER)

and Center for Veterinary Medicine (CVYM). Food
and Drug Administration Bioanalytical Method
Validation: Guidance for Industry, 2018. https://
www.fda.gov/files/drugs/published/Bioanalytical-
Method-Validation-Guidance-for-Industry.pdf (last
accessed May 15, 2022).

Received for publication January 11, 2022;
accepted after revision March 30, 2022.

Published online: April 7, 2022.


https://web.expasy.org/protparam
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/reviewer-guidance-validation-chromatographic-methods
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/reviewer-guidance-validation-chromatographic-methods
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/reviewer-guidance-validation-chromatographic-methods
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf

