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Abstract: Background/Objectives: A preventative vaccine against human cytomegalovirus
(HCMV) infection and disease remains an unmet medical need. Several attenuated virus
and antigen-based HCMV vaccine candidates have been proposed; however, develop-
ment challenges have limited their progression through the clinical pipeline. Method: A
high-throughput and robust relative potency assay, Imaging of Relative Viral Expression
(IRVE), was developed and applied to measure the infection of a live-attenuated HCMV
vaccine candidate in ARPE-19 epithelial cells. The IRVE assay measures HCMV infection
by immunostaining Immediate Early 1 (IE1) protein and enumeration of IE1-positive, in-
fected cells against total cells. Increased throughput was accomplished using 384-well
plate automation on a custom-designed integrated robotic system. Results: The IRVE
assay effectively measures relative potency changes in an HCMYV vaccine candidate under
different upstream processes, downstream processes, and formulation conditions. Key
assay parameters including microplate format, cell density, serum concentration, infec-
tion time and influence of cell age were evaluated and optimized. The IRVE assay was
correlated to historical, lower throughput HCMV potency assays, including plaque and
Infectivity of Early Gene Expression (IEE), validating its application as a potency screening
tool. Conclusions: The IRVE assay has been successfully implemented to support HCMV
vaccine development over several years of clinical development.

Keywords: cytomegalovirus; vaccine; potency; infectivity; automation

1. Introduction

Human herpesvirus 5, more commonly known as human cytomegalovirus (HCMYV),
is among the largest viruses known to cause disease in humans. HCMYV is an enveloped,
DNA virus comprising a 235-250 kb linear double-stranded genome encoding an estimated
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162-252 open reading frames, many of which are essential for viral replication in host cells
such as fibroblasts and epithelial cells [1]. HCMYV infection and its varying pathways to
disease continue to present an unmet medical need, particularly in more vulnerable popu-
lations. Infection with HCMV can cause mild disease in immunocompetent children and
adults, while more severe disease is observed in immunocompromised persons, including
those receiving cancer therapy, solid-organ transplant patients, and seronegative women
who may contribute to congenital disease. Congenital HCMYV infection is reported to
impact 0.5-2% of all pregnancies each year and is proposed to be a main cause of congenital
hearing loss and neurologic damage [2].

A vaccine against HCMYV for the prevention of newly acquired infections and latent
virus reactivation could reduce or eliminate HCMV-associated disease burden and mortal-
ity [3-5]. HCMYV vaccine development strategies include virus attenuation to produce a
modified virus vaccine, as well as isolation of subunit viral antigens to create individual
antigen vaccines [6]. Despite HCMV vaccine development efforts, no licensed vaccine
is currently available. Failure to induce neutralizing antibody titers comparable to those
with naturally acquired immunity is a limitation of many proposed vaccine candidates [7].
Immunogenicity challenges are influenced by HCMYV genetic and structural complexity,
and sophisticated mechanisms for host cell entry, immune evasion, and persistence [1].

A deeper understanding of HCMV pathogenesis is enabling advancements in vac-
cine strategies [1,6]. Improvements in live-attenuated vaccine strategies, specifically, are
valuable in that the strains mimic native viral infection in the host cells and elicit both
humoral and cellular immune response while causing only mild disease with few, if any,
symptoms [8,9]. For instance, the decreased immunogenicity of many HCMYV vaccine
strains results from a missing pentameric glycoprotein H (gH) complex known to be critical
for receptor-mediated viral entry of endothelial / epithelial cells and leukocytes [7,10]. In
response to this discovery, a live-attenuated vaccine construct was proposed comprising
a restored pentameric gH complex and demonstrated improved specificity for epithelial
cells [11,12]. This construct was also designed with a genetic, chemical switch to be con-
ditionally replication-defective, thus reducing viral pathogenesis by permitting a single
replication cycle post-infection while blocking the production of subsequent viral progeny
unless in the presence of the synthetic compound, Shield-1.

For successful HCMV vaccine development, a robust in vitro potency assay is re-
quired to study the impact of vaccine process and formulation on potency. Potency assays
are implemented throughout a vaccine’s life cycle to ensure it contains the appropriate
biochemical properties to elicit the required immune response. Live-attenuated vaccine
potency is determined by the virus’s ability to replicate (i.e., infectivity) and its dose (i.e.,
number of viral particles delivered) which are often measured using infectivity and relative
potency assays, with plaque assays serving as the industry standard. When developing a
potency assay, understanding the virus’s mechanism of action helps to inform many key
parameters, including the selection of the host cells, viral antigen measured, and infection
incubation time [13]. For HCMYV, virus attachment and entry into host cells is achieved via
cell type-specific protein interactions and the resulting infection causes a temporally regu-
lated cascade of gene expression [14,15]. One of the first proteins expressed after HCMV
infection is immediate-early 1 (IE1) protein which can be directly measured to monitor
viral infection [16]. After infection, HCMV exhibits a uniquely slow eclipse time of four to
five days when the virus replicates in the nucleus of single cells without causing secondary,
satellite infections of other cells. HCMVs slow replication time permits a full capture of
viral particle concentration relative to the inoculation fluid volume and number of host
cells infected. New HCMYV virions are eventually trafficked to the plasma membrane and
outside of the cell to infect other host cells [14,15].
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The majority of HCMV potency assays are limited in throughput due to the intrinsi-
cally slow growth of HCMYV, manual labor involved, and low sample capacity. Traditional
infectivity assays such as tissue culture infectious dose 50 (TCIDsp) and plaque assays mea-
sure cell death or plaque formation, respectively, usually requiring several weeks to elicit
the measurable response and suffering from poor reproducibility and/or low sensitivity.
HCMV potency assays with improved sensitivity and/or processing time include quantita-
tive polymerase chain reaction, DNA hybridization, branched-DNA signal amplification
and shell vial centrifugation culture assays; however, these methods remain rather time-
consuming or not readily adaptable to high-throughput screening [17]. Inherent variability
in the potency assays described may also be addressed by measuring relative instead of
absolute potency. Relative potency can be measured by evaluating a reference standard and
test sample dilution series in parallel whereby the half maximal effective dilution (EDs)
value (e.g., dilution at which 50% of the cells are infected) for each sample is determined
and the ratio of the reference EDs to the test sample EDsg calculated [13]. Relative potency
assays measuring viral antigens have been used to enable the detection of infection at
shorter infection times (e.g., ~1-2 days) via, for example, IE1 immunostaining [18] and
fluorescent fusion proteins [19].

While assay options exist to shorten turnaround time for results, manual sample
handling remains a limiting factor in assay throughput. To increase the throughput of the
HCMYV vaccine process and formulation screening and streamline vaccine development
efforts, the introduction of assay miniaturization and automation is necessary. Additionally,
it is desirable to be able to test all samples from a single study in the same assay run
to eliminate any discrepancies between sample results due to inherent assay variability
(e.g., different upstream bioreactor conditions, downstream process intermediates, and
formulation stability time points). Such assay miniaturization and automation have been ac-
complished for other viral potency methods, including plaque assays for Dengue virus [20]
and relative potency assays for Varicella Zoster Virus [21].

To address existing HCMV potency method challenges and streamline live-attenuated
HCMYV vaccine development, the high-throughput and robust relative potency assay
Imaging of Relative Viral Expression (IRVE) was developed. The automated 384-well
plate IRVE assay measures HCMYV infection in ARPE-19 epithelial cells by counting cell
nuclei from microscopy images using a nuclear stain and the corresponding IE1-positive
HCMV-infected nuclei via immunofluorescence. Key assay variables were evaluated
during development to promote assay robustness, including microwell plate format, cell
density, serum concentration, infection time, viral concentration, and cell passage number.
This method proves superior in infection time, precision, and throughput compared to
traditional and previously reported methods measuring HCMYV infectious virions. Since the
development of the IRVE assay, its methods have been used to support numerous HCMV
research and vaccine development studies, some of which have been previously reported in
the literature [22-24]. However, details related to the assay development and performance
have not been previously described nor has the label “IRVE” been used prior. Here, for the
first time, the development and application of the IRVE assay for live-attenuated HCMV
vaccine process and formulation development is explained.

2. Materials and Methods
2.1. Cell Maintenance

Maintenance of human spontaneously arising retinal pigment epithelia (ARPE-19) cell
line (ATCC, Manassas, VA, USA, CRL-2302) was performed using a CompacT SelecT auto-

mated cell culture system (Sartorius Stedim BioTech, Bohemia, NY, USA) equipped with a
Cedex cell counter (Roche Diagnostics, Indianapolis, IN, USA). ARPE-19 cells were thawed
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and seeded manually into T-175 flasks (Corning, Corning, NY, USA, 430106) containing
culture medium comprising DMEM/F-12 (Corning, 10-090-CV) with 2% L-Glutamine
(Corning, 10-090-CM) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan,
UT, USA, SH30070.03) and 1% Penicillin/Streptomycin (Pen/Strep) (Gibco, Waltham, MA,
USA, 15140-122). Cell flasks were passaged four days post-thaw and serially passaged once
a week there-after at 8 x 10° cells per flask using TrypLE Express (Invitrogen, Waltham, MA,
USA) spiked with 0.01% Pluronic acid (Thermo Scientific, Waltham, MA, USA). Following
two passages in T-175 flasks, the cells were transitioned to HYPERflasks (Corning, 10076)
at 7.8 x 10° cells per flask for additional cell expansion.

2.2. HCMV Samples

Live-attenuated HCMYV vaccine construct samples were acquired from Merck & Co.,
Inc., Rahway, NJ, USA [11,12] at different stages throughout vaccine development, includ-
ing upstream, downstream, and formulation. Generally, the upstream process propagated
HCMV construct in ARPE-19 cells cultured on microcarriers in bioreactors, as previously
described [24]. The downstream process involved various chromatography and buffer
exchange steps to purify and concentrate the HCMYV construct [25]. The resulting drug
substance (DS) was flash-frozen and stored at —70 °C. The DS was thawed and formu-
lated into a liquid matrix comprising various excipients to produce the drug product (DP)
which was stored as a liquid or as a lyophilized cake at —70 °C. Proprietary sample details
are omitted.

2.3. Cell Plating and Infection

ARPE-19 cells were harvested and suspended in plant medium comprising DMEM/F-
12 (Corning, 10-090-CV) with 2% L-Glutamine (Corning, 10-090-CM) supplemented with
1% FBS (HyClone, SH30070.03) and 1% Pen/Strep (Gibco, 15140-122). and seeded into
barcoded, tissue culture microplates (Corning, 3712BC) at ~8000 cells per well (cpw) using
a MultiFlo FX multimode dispenser (Agilent, Santa Clara, CA, USA). The cell microplates
were incubated overnight at 37 °C, 5% CO,, >90% relative humidity (RH) with coverage
by a standard plate lid (Supplementary Materials and Methods S1). Infection medium was
prepared by spiking plant medium with 1 uM Shield-1 ligand (Merck & Co., Inc., Rahway,
NJ, USA or ClonTech, Vancouver, BC, Canada, 632189). Immediately prior to assay, samples
were thawed at ambient temperature and only lyophilized samples reconstituted in 0.9%
saline solution (TEKnova, Hollister, CA, USA, P1391) or ultrapure water (Invitrogen,
10977-015). The reference standard, positive control, and test samples were first prediluted
as needed in infection media. Samples were then titrated 2-fold in infection media across
ten wells of a 384-well low-attachment plate (Thermo Scientific, 4309) (Figures S1 and S2).
The diluted samples were transferred to the ARPE-19 cell plates and incubated for 20 h at
37 °C, 5% CO,, >90% RH to allow the virus to infect cells.

2.4. Immunostaining and Imaging

Infected ARPE-19 cells were fixed with 3.7% formaldehyde (Sigma, St. Louis, MO,
USA, F1635) in 1x phosphate-buffered saline (PBS) for 30 min, permeabilized with 0.5%
Triton X-100 (Sigma, T8787) in 1x PBS for 20 min, and blocked with 1.0% bovine serum
albumin in 1x PBS (TekNova, P1391) for 30 min. The cells were then incubated at ambient
temperature with an anti-IE1 monoclonal antibody (mouse anti-human anti-IE1, clone L-14)
(Sino Biological, Beijing, China) for 1 h followed by an anti-species fluorophore conjugate
(chicken anti-mouse Alexa Fluor® 488 IgG H+L) (Life Technologies, A21200) for 30 min
to label HCMV-expressing nuclei and Hoechst 33342 (Life Technologies, Carlsbad, CA,
USA, H3570) for 5 min to label nucleic acids for total cell enumeration (Supplementary
Materials and Methods S2). After each staining step, cells were washed three times with
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1.0% Tween-20 (Sigma Aldrich, P9416) in 1x PBS. The microplates were imaged using a
fluorescence imager (BioTek Cytation3) at 4 x magnification at two fields of view (FOVs)
in two fluorescent channels, DAPI and GFP (Figure S4A, Supplementary Materials and
Methods S2).

2.5. Assay Automation

A custom, automated system was designed to perform the cell-based analytical meth-
ods involved in the IRVE assay, capable of screening up to 44 plates permitting the testing
of 264 samples using a 96-well plate format or 528 samples using a 384-well plate format
(Figure S3). The system was contained within an enclosure (HighRes Biosolutions, Beverly,
MA, USA) outfitted with HEPA filtration, maintained at negative pressure, with BSL-2 cer-
tification and vented externally to the building. A protocol replicating the established IRVE
method was developed in Cellario software (HighRes Biosolutions, version 3.5.1.78) to per-
form all required sample and cell plate processing steps, including serial dilution, infection,
incubation, fixation, staining, and imaging (Supplementary Materials and Methods S3).

2.6. Data Analysis

Using predefined parameters, the Gen5 software (Agilent, version 3.09) enumerated
the total number of cells based on Hoechst 33342-positive nuclei and infected cells based
on IE1l-positive nuclei in each well (Figure S4B). The percent infected cells metric was
calculated using

% infected cells = (number of infected cells)/(number of total cells) x 100 (1)

and the data extracted. Custom Visual Basic-coded Excel workbooks were used to graph
the percent infected cells per well against the dilution factor to generate four-parameter
logistic (4PL) curve fits for the HCMYV reference standard, PC and test samples (Figure S2).
Based on the dilution curves, a half-maximal effective dilution (EDs() value was calculated
representing the dilution at which 50% of the cells in the well were infected. The EDsg
value for the PC and each test sample was compared to the EDs of the reference standard
to determine the percent relative potency according to

% 1P = (reference EDs5)/(sample EDsp) x 100 x dilution factor. (2)

Infectious unit (IU) titers for bridging the IRVE assay to the plaque assay were calcu-
lated according to

Titer JU/mL) = —In P(0) x n/v where P(0) = (n — number of infected cells)/n  (3)

where P(0) = (n — number of infected cells)/n, n = number of cells in each well at the time
of infection and v = undiluted virus input volume [26].

2.7. Statistics

Statistical significance was evaluated using a one-way ANOVA or t-test in GraphPad
Prism (Graphpad, Boston, MA, USA, version 10.2.2397) with a p-value < 0.05 considered
statistically significant. Variance Component Analysis (VCA) was performed using a
nested ANOVA in Minitab (Minitab, State College, PA, USA, version 22.1.0) assuming a
95% confidence interval to calculate the coefficient of variation (CV). Pearson r correlations
were performed in GraphPad Prism (Graphpad, version 10.2.2397) by applying a transform
and simple linear regression to the data.
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3. Results
3.1. Cell Density and Serum Optimization

Key assay parameters, including cell culture density and FBS concentration in the cell
media, were evaluated across 96- and 384-well plate formats to establish optimal conditions
for ARPE-19 HCMYV infection in the IRVE assay. Figure 1A,B shows the impact of FBS
concentration in cell infection media on the percent infected cpw with a decrease in the
number of infected cells at 10% FBS compared to 1% FBS, regardless of well plate format.
Furthermore, Figure 1C,D demonstrates the impact of 10% FBS on relative potency at
different seeding densities, with lower densities showing a decrease in potency (96-well:
15,000 and 20,000 cpw; 384-well: 6000 and 8000 cpw) and higher densities showing a lesser
effect (96-well: 25,000 and 30,000 cpw; 384-well: 10,000 cpw). Overall, the 96- and 384-well
conditions resulting in the highest potency utilized infection media containing 1% FBS and
plates seeded at 20,000 and 8000 cpw, respectively.
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Figure 1. Impact of cell density and serum concentration on HCMYV infection. Representative 4PL-fit
dose-response curves show the average percentage of cells infected (% Infected Cells) by HCMV DS
measured in a (A) 96-well plate seeded 25,000 cpw in 1% or 10% FBS (N = 8 replicates per dilution
point) and (B) 384-well plate seeded at 8000 cpw in 1% FBS (N = 11 replicates per dilution point)
or 10% FBS (N = 14-16 replicates per dilution point). Dose curve error bars represent the standard
deviation (SD) from the mean. The % rP of (C) a HCMV DS sample was measured in 96-well plates
seeded at 15,000-30,000 cpw in medium containing 1% or 10% FBS (N = 7 replicates) and (D) a
different DS sample tested in 384-well plates seeded at 6000-10,000 cpw in medium containing 1%
or 10% FBS (N = 11-12 replicates). Box plots display the median and SD across N = 7 replicate
dose-response curves per condition.

In addition to the percent of infected cells and relative potency measurements, cell
counts based on nuclei detection were measured in response to changes in FBS concentra-
tion and seeding density. Figure 2A,B shows that for all seeding densities and plate formats
tested, the 10% FBS resulted in higher cell counts Figure 2C,D displays representative fluo-
rescence microscopy images of 96- and 384-wells containing HCMYV infected ARPE-19 cells
and the FOVs used for quantitation. In general, the 96- and 384-well conditions resulting in
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nuclei count

the lowest variability used infection media containing 1% FBS and seeded at 15,000 and
8000 cpw, respectively. All assay characterization studies going forward were collected in a
384-well plate format using infection media containing 1% FBS with cells seeded at 6000 or
8000 cpw, since these conditions provided the highest throughput and lowest variability.

B
15,000 : - EES 20,000+ : B3 1% FBS
i m=m 10% FBS : - 10
12,500 ; : 10% FBS
w 15,000 :
10,000 a : 3 ;
R R d : )
7500 i B 3
5000 3 f
o [ L 0 : :
15,000 20,000 25,000 30,000 6000 8000 10,000
cpw (96-well) cpw (384-well)

96-well

D 384-well

1000 Um

Figure 2. Impact of serum concentration and cell seeding density on nuclei counts after infection.
The average Hoechst-positive nuclei count after infection in 1% FBS (unshaded bars) or 10% FBS
(shaded with diagonal lines) for a (A) 96-well plate (N = 96 wells across one plate) and (B) 384-well
plate (N = 384 wells across one plate). Error bars represent the SD from the mean. Stitched montage
of a (C) 96-well or (D) 384-well. Each square represents a single FOV with yellow squares marking
the images collected for cellular analysis. Total surface area of a 96-well is 32 mm? which requires
12 FOVs to cover >90% of well, where the 2 center FOVs cover ~20% of the well. Total surface area of
a 384-well is 7 mm? with 2 FOVs covering >80% of the well.

3.2. Infection Time and Cell Age Evaluation

To characterize the impact of infection time and cell age on the measured relative
potency, various post-inoculation incubation times and cell passage (P) numbers were
evaluated. In one study, ARPE-19 cells were inoculated with various HCMYV vaccine process
samples and allowed to incubate for 16, 20, 24, or 28 h (Figure 3A). The infection incubation
timepoints evaluated displayed generally low variability (<20% CV) in measured potency
for samples of >1% rP. The lyophilized DP stored at 37 °C showed the highest variability
across timepoints and the lowest potency. Overall, deviations in incubation times ranging
from 16 to 28 h did not have a drastic impact on potency results.
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Figure 3. Infection time and cell age. (A) Relative potencies for various HCMV vaccine processes and
formulation samples were measured after different infection incubation times (16, 20, 24, or 28 h) in
384-well plates seeded with ARPE-19 cells at a density of 6000 cpw. The plot shows the % rP (log10)
of upstream process samples across four different day post-infection (DPI) timepoints t1-t4 (N = 1),
downstream process DS sample (N = 8) and formulated DP samples as liq or lyo with the lyo sample
stored at a low (—70 °C) or high (37 °C) temperature (N = 2). Error bars represent SD from the mean
for samples with N > 2. (B) Relative potencies for downstream process and formulation samples
were measured across different cell passage numbers (low: P8 and P9; mid: P18 and P19), cell trains
(train A, train B), and runs (run 1, run 2). Different purification steps (Steps 1, 2, and 3), the DS, and
lig and lyo DS samples after storage at different temperatures (—70 °C, 25 °C). Samples were tested
in ARPE-19 cells seeded at a density of 8000 cpw in 384-well plates. Error bars represent the value
range between N = 2 replicates.

To determine the impact of ARPE-19 cell attributes such as aging, cells of different
passage numbers and trains were evaluated across multiple runs. Figure 3B displays
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representative relative potency results for various downstream process and formulation
samples across two assay runs (run 1 and 2) using two different cell trains (train A and
B) at low-range (P8 and P9) and mid-range (P18 and P19) passage numbers. The mean
relative potency per sample measured within the same passage, train, and run had 0-14%
CVs whereas the mean relative potency measured across different passages, trains, and
runs had a slightly increased variance of 12-29% CVs depending on the sample type. A
relatively greater potency was observed at higher passage for lyophilized DP samples
stored at 25 °C; however, the mean relative potency for most samples was not greatly
impacted by a differing cell train or passage number ranging from P8 to P19. Additional
passage studies were performed at higher passages (P24 and P31) which showed no
significant difference between P8 and P24 (all p-values >0.05, N = 12 samples). However, a
1.5-2.5-fold increase in potency was measured between P18 and P31 (all p-values < 0.05,
N =12 samples) (Figure S5). Based on these studies, infection times of 16-28 h and cell age
of P8-P24 showed little impact on measured relative potency in the IRVE assay.

3.3. Variance Component Analysis

A precision study was performed to evaluate the IRVE assay’s total variance and the
source of this variance under the established assay conditions informed by Sections 3.1
and 3.2 results. To assess IRVE assay precision, various HCMV vaccine development
samples were evaluated, and a VCA was performed on the results (Figure 4 and Table S1).
Each sample was tested in four true replicates per plate (replicate-replicate) for three
replicate plates (plate-plate) across three assay runs (run-run) over three days for a total
of 36 analyses per sample. In this nested study design, a total variance of <20% CV was
measured for most of the sample types. A total variance > 20% CV was observed for step B,
step C, and lyophilized DP samples with rationale justified in Section 4.2.5. Overall, the
variance contributed by the plate and replicate components was small, ranging from 0 to
12% and 4-15% CV, respectively, while most of the total variance was attributed to the run
component which ranged from 3 to 35% CV. A separate study was conducted to evaluate
the contribution of vial-vial variability (Results and Discussion S1).

50+
Bl run
Bl plate
40 Bl replicate
—o— total
S 30+
(&)
2
20+
10+

DPI DPI step step step step DS DS DS lig lyo
, t1 t2 . A B Cc D 1 2 3 L DP DP |
upstream downstream formulation

sample source

Figure 4. Component variance analysis of relative potency measured. The component variance of
mean relative potency in the IRVE assay was calculated for 11 different HCMV vaccine samples with
each sample tested across N = 3 assay runs with each run occurring on a different day, and each sample
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tested on N = 3 plates per run at N = 4 replicates per plate. For each sample type, the plots show the
mean response as % rP and the CV in % rP among three components (runs, plates, and replicates)
and the total CV. Samples were acquired from upstream at two different days post-infection (DPI)
time points (t), downstream for four different intermediate steps (step A-D) and three DS samples
(DS 1-3), and formulation as liquid (liq) or lyophilized (lyo) DPs. CVs of zero represent samples with
no measured variance.

3.4. Correlation to IEE and Plaque Assays

The 384-well IRVE assay was bridged to its predecessor infectivity assay the 96-well
Immediate Early Gene Expression (IEE) assay using the same anti-IE1 antibody [24] and the
classical 6-well plaque potency assay (Supplementary Materials and Methods 54 and S5).
For the bridging of IRVE to IEE, HCMV vaccine development samples were tested in both
assays and a correlation was applied to the relative potency data (Figure 5A-C). The IRVE
and IEE assay performance displayed a strong correlation for each sample type tested, with
Pearson r > 0.95 and p < 0.001. For upstream samples, a similar trend was observed across
both assays with potency increasing with increasing viral propagation time. Variability
was similar between the two assays, generally coming in between 0 and 20% CV. Similarly,
bridging of IRVE to the classical plaque potency assay was accomplished by testing various
HCMYV vaccine development samples across both assays and the final calculated potencies
plotted for correlation (Figure 5D). The infectious unit concentration and plaque forming
unit potency results from the IRVE and plaque assay, respectively, displayed a correlation
of Pearson r = 0.87.
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Figure 5. Correlation of IRVE to IEE and plaque. The correlation plots compare IRVE to IEE and
plaque assay potency results. IRVE bridging to IEE is displayed for samples from (A) upstream process
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where y = 1.118x — 0.30 and r = 0.98 (p < 0.001) (N = 74 samples), (B) downstream process where
y =0.88x + 0.62 and r = 0.98 (p < 0.001) (N =7 samples) and (C) formulations where y = 0.98x + 0.0021
and r = 0.95 (p < 0.001) (N = 30 samples). (D) IRVE correlation to plaque where titers reported
for IRVE and plaque are reported in Infectious Units (IU) and Plaque Forming Units (PFU) where
y=1.13x — 0.97 and r = 0.87 (N = 18 samples). For all plots, the black solid line represents the
transform and simple linear regression, and the red dotted line represents the 95% confidence interval.

3.5. Vaccine Development Case Studies

Three case studies are presented to demonstrate the IRVE assay applications to the
vaccine upstream process, downstream process, and formulation development studies.
In the upstream study, HCMV vaccine construct was propagated in ARPE-19 cells across
11 different bioreactor (B) conditions and 12 time points (t) (Figure 6A). The bioreactor
study included conditions evaluating the effects of iterative serial expansions of ARPE-19
cells on microcarriers in combination with a shift in the targeted timing of infection of the
culture. Generally, an increase in relative potency was measured as time progressed with a
plateau starting around t8-t9. The negligible potency of B6 was directly correlated to an
unintended bioreactor event causing abnormally high pH which led to inhibition of viral
propagation. Of the bioreactors operating as intended, B2 and B8 displayed the highest
and lowest overall potency throughout the time course, respectively. A loss of potency at
later time points was observed for some conditions, with B10 showing the greatest potency
loss after t10. Overall, two of the leading bioreactor conditions, B2 and B4, demonstrated
both high and consistent potency over time.

The downstream case study shows how three different, sequential processing steps
impacted HCMVs relative potency, as well as the stability of the samples when held at
ambient temperature across seven time points (Figure 6B). This study demonstrated an
increase in potency from step 1 to step 2, as expected due to the concentration of the sample
by capturing chromatography and tangential flow filtration [25]. Between Step 2 and
Step 3, the batch is further purified and experiences dilution, as reflected by the potency
decrease. Generally, a decrease in potency was observed when holding the processed
samples at ambient temperature for long periods of time, with the step 3-processed sample
showing drastic stability loss from t5-t6. This study highlights a potency risk for the Step 3
intermediate. It can be hypothesized that the impurities for the less pure samples (Step 1
and Step 2) provide a stabilizing effect for the process stream.

In the formulation case study, the relative potency of 13 different HCMV vaccine
formulation samples each formulated with different excipient combinations were prepared
as liquid or lyophilized cakes and stored under different conditions (Figure 6C). Storage
conditions include immediate storage at —70 °C or storage at 4 °C for 1 week or 1 month. In
general, results showed a maintenance of potency across the different liquid formulations
and loss upon lyophilization or storage at higher temperatures and for longer periods of
time. The preservation of potency after lyophilization (i.e., lyophilized yield) and log loss of
potency due to storage at 4 °C can be further visualized in Figure S6. Formulations 12 and
13 lead to the lowest lyophilization yield with 13 also displaying the largest log loss after
1 month at 4 °C. Formulations 7 and 9 showed the highest lyophilization yield; however,
both displayed greater loss in potency at 4 °C compared to other formulations. Ultimately,
formulations displaying a relatively more ideal balance between higher lyophilization yield
and lower log loss, including 1-6, 10, and 11, served as rational for further exploration.
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Figure 6. Routine application of IRVE assay to HCMV vaccine development. (A) Upstream process:
Bioreactors (B1-B11) were processed under different culture conditions. Throughout viral propagation
in ARPE-19 cells, 5-11 time point samples were collected for each bioreactor in singlet (94 total
samples). The plot displays the %rP (logl0) at each time point. The average PC response in the
assay run was 47.3% =+ 2.8% rP (N = 36 total plates) and the results shown were acquired from plates
1-8. (B) Downstream process: Three different process intermediate steps were evaluated. Samples
were collected and put on hold at ambient temperature for stability testing after each step with three
replicate vials collected for each hold time point (63 total samples). Error bars represent the SD from
the mean (N = 3 vials). Average PC response was 41.9% =+ 4.0% rP (N = 19 total plates) and the results
shown were acquired from plates 9-15. (C) Formulation: A total of 13 different formulations were
prepared as liq or lyo DPs and stored for 1 week or 1 month (N = 52 sample types). Three replicate
vials were prepared for each of the 52 sample types (N = 156 total samples). Displayed is the average
% 1P (log10) for each sample type where error bars represent the SD from the mean (N = 3 vials). The
average PC response across all plates in the run was 45.4% =+ 3.0% rP (N = 27 total plates) with the
results shown acquired from plates 8-27.

3.6. Assay Performance Monitoring

IRVE assay performance was monitored across thousands of microwell plates. The
plate performance parameters monitored for each run included the PC relative potency,
average nuclei count, and reference EDsg. Figure 7 shows the average PC relative poten-
cies and nuclei counts for 3022 384-well cell plates evaluated across 131 assay runs and
13 scientists. Based on average relative potency and nuclei count per plate data, changes
in reference and PC lots, as well as use of alternative reagents and instrumentation, did
not appear to drastically impact assay performance. The average relative potency for the
PC and average well nuclei counts per plate inherently fluctuated between upper and
lower acceptance limits over several years. Upper and lower plate-based assay acceptance
limits for each of the performance measures were defined based on plate performance
across a predefined number of runs. Notable fluctuations in performance across plates were
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attributed to intended method modifications or unintended protocol deviations. Results
near and outside of the assay acceptance limits would initiate further investigation and
potential retesting of samples (~4% retest rate).
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Figure 7. IRVE assay performance was monitored across thousands of well plates. Results are
displayed for 3022 384-well plates tested across 131 assay runs, 13 scientists, and 2 automated systems.
(A) P of the PC sample per plate with the lower and upper acceptance limits displayed as red
dashed horizonal lines at 27% and 73%, respectively. (B) Average nuclei count per plate with the
lower and upper acceptance limits displayed as red dashed horizontal lines at 5555 and 11,309,
respectively. The additional up-facing notches on the x-axis represent a change in reference standard
(plate 472 and 1234) and PC lot (plate 1485), as well as implementation of alternative commercial
reagents and instrumentation for assay modernization (plate 2493). Assay acceptance limits were
established according to a three-sigma calculation (average £ SD x 3).

4. Discussion
4.1. Cell-Based Assay Scaling Considerations (96-Well vs. 384-Well)

Cell-based potency assays are frequently performed in 96-well or lower-well density
plates for vaccine process development support. Increasing the well density to 384-well or
higher enables increased sample testing capacity and more in-depth screening of process
conditions [27]. The IRVE assay was developed across both 96- and 384-well plates for
scale comparison and method optimization. The sample layout within a 96-well plate
(8 rows — 12 columns) allowed for the testing of eight samples in singlet, with each
sample corresponding to a different row (rows A-H) and the samples serially diluted
across the plate from columns 2-11 (Figure S1). The sample layout within a 384-well plate
(16 rows x 24 columns) permitted the testing of 14 samples in duplicate, whereby each
sample corresponded to a different row (rows B-O) and the samples serially diluted across
the plate from column 2 to 11 (replicate 1) and column 14 to 23 (replicate 2), respectively
(Figures S1 and S2). Each plate format also incorporated wells containing only infection
medium, predominately at the plate boarders, to lessen evaporation from sample wells
during incubation. Two sample positions in each plate were occupied by a reference and
positive control sample, making the final sample capacity six samples per 96-well plate
and 12 samples per 384-well plate. The 384-well plate layout permitted a two-fold increase
in sample capacity and additional replicate testing for increased precision and confidence
while allowing for outlier detection from procedural or automation errors.

Potential concerns with miniaturizing cell-based assays include the lower number of
cells evaluated, confinement of cells to a smaller volume and fewer cell—cell interactions
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forcing the cells into a less physiological state [27,28]. For characterization and development
of a pre-clinical vaccine candidate, in vitro potency assay miniaturization from 96- to
384-well may lead to further deviation from in vivo infection kinetics. In efforts to match
the infection kinetics observed in the 96- and 384-well plates, a key point of focus was to
have a cell monolayer of high confluency (~100% cell coverage across the well bottom) in
the plates at the time of viral infection. The imaging methods for 96- and 384-well plates
were also aligned to collect images from two center well locations using the same objective
so that a similar total number of cells was measured. Regardless of plate format, the
EDs values shifted when the number of cells per well or FBS concentration was changed
(Figures 1 and 2). However, the relative sample potencies calculated for each plate format
were similar.

Development of the IRVE assay across plates of lower and higher well densities has ex-
tended the assay applicability to laboratories not equipped with the expertise or equipment
required to process higher-density plates. With comparability demonstrated between the
assay formats, the 384-well plate assay was progressed further through development for
more thorough characterization and to pair with automation to facilitate higher throughput
vaccine candidate sample testing.

4.2. Minimizing Sources of Cell-Based Potency Assay Variability

It is essential to characterize sources of variability and optimize key parameters during
assay development to improve the reproducibility of data. Cell-based assays particularly
experience high variability in results due to method complexity and inherent heterogeneity
of biological systems. Assays utilizing cells as a substrate tend to involve numerous steps
occurring over several days to weeks, increasing the likelihood of variation between assay
runs [28,29]. Additionally, single-cell heterogeneity is always present and evolving due
to a combination of intrinsic and extrinsic factors regardless of culture clonality. Cell
culture conditions can significantly affect cell population dynamics, including growth rate,
health, gene expression, and sensitivity to viral infection [30-32]. To reduce variability
in the IRVE assay where possible, parameters suspected to be key variables effecting
potency measurements were evaluated for their impact on assay precision. The conditions
identified as most favorable were applied to the established method. The parameters
screened included the cell seeding density, infection media serum concentration, infection
incubation time, and cell age. Instrumentation used for cell seeding into well plates and
methods for sealing plates during incubation were also evaluated to minimize well-well
variability in cell count and evaporation during incubation (see Supplemental Results).

4.2.1. ARPE-19 Cell Density Alters HCMYV Infectability

Cell culture density directly impacts cell—cell interactions which can modulate various
factors including susceptibility to viral infection [33]. Studies have also demonstrated
that the epithelial ARPE-19 cell line displays the expected epithelial cell behavior as a
fully confluent monolayer but can also display mesenchymal-like behavior when grown
as a subconfluent monolayer [34]. To encourage consistency in ARPE-19 infectability and
cell behavior, the number of cells seeded per well were selected so that, compared to
other conditions, the relative potency was high, variability across replicates was low and a
near 100% confluent monolayer was achieved prior to infection (Figures 1 and 2). Under
this guidance, 25,000 and 8000 cpw were selected for seeding 96- and 384-well plates,
respectively. Interestingly, when the infection media FBS concentration was kept constant,
potency did not consistently trend with changes in cell count, demonstrating the complex
cellular dynamics involved in viral infectivity.
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4.2.2. FBS Inhibits HCMYV Infection in ARPE-19 Cells

FBS is an animal serum containing a large amount of nutrients commonly added to
the cell culture medium to promote in vitro cell growth [35]. However, FBS composition
is complex and the impact on gene regulatory pathways in cells can vary with batch and
brand [36]. It is crucial to identify FBS conditions that provide sufficient assay response and
repeatability. Low (1% FBS v/v) and high (10% FBS v/v) concentrations were evaluated
in the IRVE assay, with the 10% FBS mostly resulting in decreased HCMYV infection rate,
increased variability in measured potency between replicates, left-shifted EDs( indicating
decreased sensitivity and faster ARPE-19 cell growth (Figures 1 and 2). The impact of differ-
ent FBS batches (e.g., lots) was not independently evaluated. However, assay ruggedness
as measured by the PC’s relative potency and average nuclei count was demonstrated over
time whereby different consumables lots were used (Sections 3.6 and 4.2.5, Figure 7).

A decrease in the HCMYV infection rate at the higher FBS concentration likely results in
the cells becoming more resistant to infection. Several studies have suggested that FBS and
similar sera can contain factors that block or promote viral infection in a dose-dependent
manner by modifying the attachment of certain viruses to target cells or by modulation
of the target cell’s gene expression [37-40]. Additionally, since FBS promotes in vitro cell
growth, higher serum level cultures are likely to have higher cell counts which can alter
cell sensitivity to infection as discussed previously.

Increased assay variability at 10% FBS likely results from the generally faster cell
growth, since the change in cell count from the start to end of infection would be larger
and potentially more variable over time. The 1% FBS condition generally slowed down cell
growth allowing for more precise control of cell count at time of infection. However, there
were instances of similar and lower cell counts achieved upon seeding 8000 and 10,000
cells, respectively, in 384-well plates in 10% FBS-containing media. This divergence speaks
to the nature of cell-based research and suggests a shift in cell biology resulting from the
more confined 384-well or other parameters not evaluated in this study.

The dose-response curves at 10% FBS were missing an upper asymptote at the sample
concentrations tested, whereas the 1% FBS condition provided a complete sigmoidal curve
with both lower and upper asymptotes. To implement 10% FBS in the infection medium,
higher HCMV sample concentrations would be required to try to achieve the upper asymp-
tote. However, higher-concentration samples may not be readily available or cause matrix
interference in the assay. To reduce variability and increase sensitivity of the IRVE assay,
the 1% FBS concentration was selected to supplement the cell infection medium.

4.2.3. IRVE Demonstrates Robustness Across Different Infection Times

The time permitted for a virus to infect the target cells prior to cell fixation and
infection measurement can skew potency assay results. Too short of an infection time
can lower measured signal, precision, and dynamic range of the assay. Too long of an
incubation may cause extensive viral propagation and cell death; however, due to HCMVs
slow replication cycle (four to five days), this point was not a concern. To achieve robust
sample potency results, it is valuable to establish the optimal infection time based on assay
readout requirements and characterize any variance caused by shifts in incubation time
to establish the acceptable range. For HCMYV infection in ARPE-19 cells, previous reports
showed that a 20 h infection incubation permitted sufficient IE1 expression for quantitation
by immunostaining [41]. An incubation time of 20 h would also accommodate typical
workday hours for scientists running the assay manually.

Automation of the IRVE assay permitted the screening of additional timepoints outside
of workday hours, including 16, 24, and 28 h, to characterize the impact of infection time
on relative potency measured. Downstream and formulated DP samples stored at —70 °C
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remained relatively unaffected by the change in infection times across 16-28 h (Figure 3A).
Opposingly, samples with relatively lower potency, including upstream and DPs stored at
37 °C, did show some variation in potency across timepoints. However, the potency shifts
did not trend with infection time suggesting that variability was intrinsic to the assay when
testing low-potency samples.

In later studies, a relatively earlier time point of 8 h, and later timepoints of 32 h and
36 h were also tested. The 8 h condition permitted adequate signal for quantitation and
the 32 h and 36 h timepoints showed potential increases in measurement variability. The
robustness of the IRVE assay at 8, 32, and 36 h, however, has not yet been thoroughly
characterized and would require further study. Based on the evaluation results acquired,
the IRVE assay was routinely operated with a 20 h infection incubation time, with a 1628
h window of operability.

4.2.4. Limiting ARPE-19 Cell Age Improves Assay Repeatability

Cell passage history is foundational to the overall response measured in a cell-based
assay. Changes in gene regulation can be induced by changes to the cell’s microenvironment
and can also result from more natural causes such as aging. Cell age, usually quantified by
cell passage number, can alter sensitivity and response to viral infection [42]. ARPE-19 cells
are known to undergo gene expression changes and epithelial-mesenchymal transition
with increased passage under certain culture conditions [43]. Therefore, the impact of
passage number (low: P8/P9, mid: P18/P19, high: P24/P31) on relative potency was
evaluated in the IRVE assay to establish an upper passage limit for the ARPE-19 master cell
bank. Two different cell trains (i.e., different cell vials from the same master cell bank) were
also evaluated to characterize the variance resulting from different vials of cells.

The relative potencies measured across the different ARPE-19 cell trains, passage
number, and runs were generally repeatable, with the variance measured as <29% CV
(Figure 3B), with the total variance compounded by different sample runs, plates, and
replicates measured as <31% CV (Figure 4 and Table S1). Because most of the variance in
the IRVE assay is attributed to the run variable, variance observed under different cell train
and passage number conditions may also be largely compounded by run-run variance.
A greater potency was observed at higher passage for lyophilized DP samples stored
above 4 °C for one sample set (Figure 3B), but not the other (Figure S5). The difference in
potency then is suspected to result less from passage number and more so from decreased
sample stability under specific temperatures and formulation conditions which can lead to
increased variability in potency.

Across the ARPE-19 passages evaluated, consistency in relative potency measured
within known assay variability was established for P8, one passage after vial thaw at
P7, through P24. Additional testing of cells between P24 and P31 would be required to
determine the precise age at which potency changes significantly. In the IRVE assay, the
ARPE-19 cells were not used past P24 to ensure consistency of cell response to infection. The
set limits permitted each cell train to be used for 16 passages at a once-per-week interval,
thus typically 4 months prior to ending the culture. If a new ARPE-19 master cell bank is
ever generated, the cell age study should be repeated to re-establish the passage limit.

4.2.5. IRVE Variance Is Dependent on HCMV Vaccine Sample Type

Relative potency variance resulting from key assay operating conditions was first
characterized for the IRVE assay (Sections 3.1 and 3.2). With the final assay conditions
established and the assay automated, the variance due to less controllable sources, including
sample plate, replicate, run, and vial components were quantified across different HCMV
vaccine sample types (Figure 4, Table S1, Supplementary Results). Characterization of the
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IRVE assay’s intrinsic variability was critical to understanding the statistical significance
of the relative potencies measured and reporting meaningful results for making process
decisions during vaccine development.

In the VCA evaluation, a fresh aliquot of each sample was thawed immediately prior
to testing in each run to avoid any potential freeze—thaw and stability effects on potency.
Therefore, run-to-run variability results will also encompass any vial-to-vial variability
present within a sample which can contribute to the higher run-to-run variance observed.
The total variance of the IRVE assay was generally <20% CV for most HCMV vaccine
process sample types, with a few exceptions. Higher assay variability was likely observed
due to the instability and/or low potency of the sample. For example, downstream process
intermediates step B and step C contained relatively high salt concentrations compared
to other process intermediates, causing a loss of sample stability during sample freeze—
thaw and then, lower relative potencies (4.3% rP step B; 0.9% rP step A) and higher
total assay variance (23% CV step B; 47% CV step C). Additionally, the lyophilized DP
displayed a higher total variance (31% CV) compared to the liquid DP, likely due to altered
sample stability with lyophilization and higher temperature storage. Vial-vial variability
caused by lyophilization procedures and manual reconstitution of lyophilized cakes prior
to the assay may also contribute to the higher variability (Supplementary Results). The
VCA evaluation provided insight into the statistical significance of relative potency assay
results when making process and formulation decisions during vaccine development, with
<20% CVs expected for most sample types, but >20% CVs possible for less stable or low
potency samples.

4.3. IRVE Correlates to IEE and Plaque

The previously established HCMYV potency assays, IEE and plaque, have been success-
fully used to support HCMYV vaccine clinical release and stability testing. However, IEE
and plaque assays could not accommodate the higher sample counts and faster turnaround
time for data required to streamline the vaccine process and formulation optimization
efforts during early-stage development. Although the IRVE assay successfully addresses
previous throughput limitations, it requires specialized instrumentation for automation
which are not readily available in most laboratories and manual processing of 384-well
plates can be challenging. Thus, the IRVE assay was not meant to replace IEE or plaque
during later-stage clinical release and stability testing, though it was critical to determine
whether the results were predictive of those vaccine potencies. Assay bridging studies
showed a strong correlation of IRVE to IEE and plaque, demonstrating that IRVE could be
used to effectively predict IEE and plaque assay results (Figure 5).

When comparing the two relative potency assays, IRVE and IEE, potencies were
generally lower by IRVE for upstream and formulation samples, but higher for downstream
samples. Magnitude differences between the two assays may result from various factors
including the different reference standards, signal acquisition method (cell count vs. well
intensity), plate format (384-well vs. 96-well), and liquid handling (automated vs. manual)
(Supplemental Methods). The sample type can also alter variability in assay response, as
noted in Section 4.2.5. When plotting the IRVE and IEE data for correlation, deviations in
slope for samples from different stages of vaccine development were observed; therefore,
the correlation plots were prepared and analyzed separately for each sample type.

The correlation of IRVE to plaque could not be performed separately for each sample
type due to the limited number of replicates available. The relatively weaker correlation
measured for IRVE to plaque, compared to IEE, likely results from the fewer number of
replicates and drastic method differences including plate format (384-well vs. 6-well),
incubation time (1628 h vs. >20 days), signal acquisition (cell count vs. plaque count)
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and protein measured (IE1 vs. glycoprotein B) (Supplemental Methods). Replicates were
partially limited by the low throughput of the plaque assay. Additionally, only IRVE results
associated with <25% infected cells were analyzed to ensure most cells were infected only
by a single virus, since the calculated titer can be underestimated when >30-40% cells are
infected due to viral spread [26]. Additional data would be required to further explore
the differences observed between sample types and assays; however, the correlations are
promising and informative for process development decisions.

4.4. Established IRVE Assay Demonstrates Ruggedness

The IRVE assay has been successfully and routinely utilized to evaluate the potency
of various HCMYV vaccine samples originating from different stages of the vaccine devel-
opment pipeline, including the upstream process, downstream process, and formulation
of DP (Section 3.5 and Figure 6). Assay performance monitoring over several years and
across thousands of microwell plates enabled thorough characterization of the assay’s
ruggedness in response to method modifications, including changes in reference and/or
PC lot, consumable lot and/or manufacturer, instrumentation model and/or vendor, and
operating scientist (Section 3.6 and Figure 7). To minimize fluctuations in assay results
caused by procedural changes, the new and old procedures were compared and bridged
across multiple runs of the assay. For example, when implementing a new reference lot,
the reference sample’s dilution was ultimately adjusted to elicit a similar assay response
(e.g., percent cells infected) as the previous lot used. As another example, when a different
anti-species fluorophore conjugate lot was used which displayed intensity differences, the
IE1 image intensity threshold segmentation was adjusted to match the previous. Assay
bridging acceptance criteria were based on the VCA study, with bridging considered suc-
cessful when the variance between and within procedures was at or below the expected
variance of the assay (Sections 3.3 and 4.2.5; Figure 4; Table S1). The extended application
IRVE assay to support HCMYV vaccine development demonstrates the assays impressive
ruggedness in response to often inevitable changes to consumables, technology, and other
laboratory processes.

5. Conclusions

The IRVE assay was successfully developed and applied as a high-throughput screen-
ing tool for the process and formulation development of a live-attenuated HCMYV vaccine
candidate. Valuable findings include the inhibition of ARPE-19 cell infectability by HCMV
in media comprising a high FBS concentration and specific cell densities in 96- and 384-well
plates. Results demonstrated minimal impact of HCMYV infection time on relative potency
and more notable shifts in relative potency when infecting high passage number cells. IRVE
consistently measured changes in relative potency across different vaccine processes and
formulation conditions with a strong correlation to manual IEE and plaque potency assay
results and routinely showed increased assay variability when testing samples of lower sta-
bility and potency as anticipated. The IRVE platform showcases the benefits of automated
potency assays, enabling more in-depth vaccine development studies, decreasing labor
burden on scientists and improving assay robustness and ruggedness as demonstrated
across thousands of sample microplates. Future work may involve the evolution of IRVE
methods to enable more clinically relevant characterization of HCMV mechanism of action
underlying entry, replication, and lytic activity.
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Supplementary Materials: The following supporting information can be downloaded at https:
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for IRVE assay; Figure S2: Correspondence of the 384-well plate format and resulting dilution curves;
Figure 53: Automated IRVE Assay Platform; Figure S4: Cellular imaging and analysis for measuring
HCMYV infection; Figure S5. Impact of high passage number ARPE-19 cells on HCMV infection;
Figure S6. Additional Analyses for Formulation Application Study; Table S1: Component variance
analysis of mean response in the IRVE assay; Supplementary Materials and Methods S1: Plate
Sealing Methods; Supplementary Materials and Methods S2: IRVE Imaging Method Development;
Supplementary Materials and Methods S3: IRVE Imaging Parameter Selection. Supplementary
Materials and Methods S4: IRVE Assay Automated Workflow; Supplementary Materials and Methods
S5: IEE Assay; Supplementary Materials and Methods S6: Plaque Assay; Results and Discussion S1:
Formulation Vial Variance Study.
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DS Drug substance
DP Drug product
DPI Days post-infection
ED50 Half maximal effective dilution
FBS Fetal bovine serum
FOV Field of view
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gH Glycoprotein H
h Hour
HCMV Human cytomegalovirus
1IE1 Immediate Early 1
U Infectious unit
IRVE Imaging of Relative Viral Expression
IEE Infectivity of Early Gene Expression
Liq Liquid
Lyo Lyophilized
Min Minute
P Passage
PBS Phosphate-buffered saline
PC Positive control
Pen/Strep Penicillin/Streptomycin
PFU Plaque forming unit
RH Relative humidity
rP Relative potency
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t Time point
TCID50 Tissue culture infectious dose 50
VCA Variance component analysis
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References
1.  Shang, Z; Li, X. Human Cytomegalovirus: Pathogenesis, Prevention, and Treatment. Mol. Biomed. 2024, 5, 61. [CrossRef]
[PubMed]
2. Kenneson, A.; Cannon, M.J. Review and Meta-Analysis of the Epidemiology of Congenital Cytomegalovirus (CMV) Infection.
Rev. Med. Virol. 2007, 17, 253-276. [CrossRef] [PubMed]
3.  Krause, P.R; Bialek, S.R.; Boppana, S.B.; Griffiths, PD.; Laughlin, C.A.; Ljungman, P.; Mocarski, E.S.; Pass, R.E; Read, ].S.; Schleiss,
M.R,; et al. Priorities for CMV Vaccine Development. Vaccine 2014, 32, 4-10. [CrossRef] [PubMed]
4. Stratton, K.R.; Durch, J.S.; Robert, S. Vaccines for the 21st Century; National Academies Press: Washington, DC, USA, 2000;
ISBN 0309564433.
5. Arvin, AM,; Fast, P.; Myers, M.; Plotkin, S.; Rabinovich, R. Vaccine Development to Prevent Cytomegalovirus Disease: Report
from the National Vaccine Advisory Committee. Clin. Infect. Dis. 2004, 39, 233-239. [CrossRef]
6. Fu, TM.; An, Z.; Wang, D. Progress on Pursuit of Human Cytomegalovirus Vaccines for Prevention of Congenital Infection and
Disease. Vaccine 2014, 32, 2525-2533. [CrossRef]
7.  Fouts, A.E,; Chan, P; Stephan, ].-P.; Vandlen, R.; Feierbach, B. Antibodies against the GH/GL/UL128/UL130/UL131 Complex

Comprise the Majority of the Anti-Cytomegalovirus (Anti-CMV) Neutralizing Antibody Response in CMV Hyperimmune
Globulin. J. Virol. 2012, 86, 7444-7447. [CrossRef]


https://doi.org/10.1186/s43556-024-00226-7
https://www.ncbi.nlm.nih.gov/pubmed/39585514
https://doi.org/10.1002/rmv.535
https://www.ncbi.nlm.nih.gov/pubmed/17579921
https://doi.org/10.1016/j.vaccine.2013.09.042
https://www.ncbi.nlm.nih.gov/pubmed/24129123
https://doi.org/10.1086/421999
https://doi.org/10.1016/j.vaccine.2014.03.057
https://doi.org/10.1128/JVI.00467-12

Vaccines 2025, 13, 626 21 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

32.

Tang, Y.D.; Li, Y,; Cai, X.H.; Yin, X. Viral Live-Attenuated Vaccines (LAVs): Past and Future Directions. Adv. Sci. 2024, 12, e2407241.
[CrossRef]

Pollard, A.].; Bijker, EM. A Guide to Vaccinology: From Basic Principles to New Developments. Nat. Rev. Immunol. 2021, 21,
83-100. [CrossRef]

Fu, TM.; Wang, D.; Freed, D.C.; Tang, A.; Li, E; He, X.; Cole, S.; Dubey, S.; Finnefrock, A.C.; ter Meulen, J.; et al. Restoration
of Viral Epithelial Tropism Improves Immunogenicity in Rabbits and Rhesus Macaques for a Whole Virion Vaccine of Human
Cytomegalovirus. Vaccine 2012, 30, 7469-7474. [CrossRef]

Wang, D.; Freed, D.C; He, X,; Li, E; Tang, A.; Cox, K.S.; Dubey, S.A.; Cole, S.; Medi, M.B,; Liu, Y.; et al. A Replication-Defective
Human Cytomegalovirus Vaccine for Prevention of Congenital Infection. Sci. Transl. Med. 2016, 8, 362ra145. [CrossRef]

Li, L.; Freed, D.C,; Liu, Y.; Li, E; Barrett, D.F,; Xiong, W.; Ye, X.; Adler, S.P; Rupp, RE.; Wang, D.; et al. A Conditionally
Replication-Defective Cytomegalovirus Vaccine Elicits Potent and Diverse Functional Monoclonal Antibodies in a Phase I Clinical
Trial. NP] Vaccines 2021, 6, 79. [CrossRef] [PubMed]

Verch, T.; Trausch, J.J.; Shank-Retzlaff, M. Principles of Vaccine Potency Assays. Bioanalysis 2018, 10, 163-180. [CrossRef]

Tyl, M.D.; Betsinger, C.N.; Cristea, I.M. Virus—Host Protein Interactions as Footprints of Human Cytomegalovirus Replication.
Curr. Opin. Virol. 2022, 52, 135-147. [CrossRef]

Jean Beltran, PM.; Cristea, .M. The Life Cycle and Pathogenesis of Human Cytomegalovirus Infection: Lessons from Proteomics.
Expert Rev. Proteom. 2014, 11, 697-711. [CrossRef]

Torres, L.; Tang, Q. Immediate-Early (IE) Gene Regulation of Cytomegalovirus: IE1- and Pp71-Mediated Viral Strategies against
Cellular Defenses. Virol. Sin. 2014, 29, 343. [CrossRef]

Boeckh, M.; Boivin, G. Quantitation of Cytomegalovirus: Methodologic Aspects and Clinical Applications. Clin. Microbiol. Rev.
1998, 11, 533-554. [CrossRef]

Stein, K.R.; Gardner, T.J.; Hernandez, R.E.; Kraus, T.A.; Duty, ].A.; Ubarretxena-Belandia, I.; Moran, T.M.; Tortorella, D. CD46
Facilitates Entry and Dissemination of Human Cytomegalovirus. Nat. Commun. 2019, 10, 2699. [CrossRef]

Song, B.; Sheng, X.; Justice, J.L.; Lum, K.K.; Metzger, PJ.; Cook, K.C.; Kostas, J.C.; Cristea, .M. Intercellular Communication
within the Virus Microenvironment Affects the Susceptibility of Cells to Secondary Viral Infections. Sci. Adv. 2023, 9, eadg3433.
[CrossRef]

Wang, Y.; Troutman, M.C.; Hofmann, C.; Gonzalez, A.; Song, L.; Levin, R.; Pixley, H.Y.; Kearns, K.; DePhillips, P.; Loughney, ] W.
Fully Automated High-Throughput Inmuno-MPlaque Assay for Live-Attenuated Tetravalent Dengue Vaccine Development.
Front. Immunol. 2024, 15, 1356600. [CrossRef]

Joelsson, D.; Gates, I.V.; Pacchione, D.; Wang, C.J.; Bennett, P.S.; Zhang, Y.; Mcmackin, J.; Frey, T.; Brodbeck, K.C.; Baxter, H.;
et al. Rapid Automation of a Cell-Based Assay Using a Modular Approach: Case Study of a Flow-Based Varicella Zoster Virus
Infectivity Assay. J. Virol. Methods 2010, 166, 1-11. [CrossRef]

Loughney, ] W,; Rustandi, R.R.; Wang, D.; Troutman, M.C,; Dick, LW.; Li, G.; Liu, Z,; Li, E; Freed, D.C.; Price, C.E.; et al. Soluble
Human Cytomegalovirus GH/GL/PUL128-131 Pentameric Complex, but Not GH/GL, Inhibits Viral Entry to Epithelial Cells
and Presents Dominant Native Neutralizing Epitopes. J. Biol. Chem. 2015, 290, 15985. [CrossRef] [PubMed]

Fink, M.; Cannon, E.M.; Hofmann, C.; Patel, N.; Pauley, C.; Troutman, M.; Rustandi, R.R.; Shank-Retzlaff, M.; Loughney, J.;
Verch, T. Monoclonal Antibody Reagent Stability and Expiry Recommendation Combining Experimental Data with Mathematical
Modeling. AAPS J. 2020, 22, 1-11. [CrossRef] [PubMed]

Spatafore, D.; Warakomski, D.; Hofmann, C.; Christanti, S.; Wagner, ].M. Investigation into the Use of Gamma Irradiated
Cytodex-1 Microcarriers to Produce a Human Cytomegalovirus (HCMV) Vaccine Candidate in Epithelial Cells. J. Biotechnol. 2023,
365, 62-71. [CrossRef] [PubMed]

Kristopeit, A.; Konietzko, J.; Ma, W.; Phillips, K.; Swartz, A.; Wang, S.-C.; Wenger, M.D.; Woodling, M.; Matos, T.U.S. Scalable
Chromatography Process for Purification of Human Cytomegalovirus. Application No.#20250011732, 9 January 2025.
Grigorov, B.; Rabilloud, J.; Lawrence, P.; Gerlier, D. Rapid Titration of Measles and Other Viruses: Optimization with Determina-
tion of Replication Cycle Length. PLoS ONE 2011, 6, €24135. [CrossRef]

An, W.E; Tolliday, N. Cell-Based Assays for High-Throughput Screening. Mol. Biotechnol. 2010, 45, 180-186. [CrossRef]
Michelini, E.; Cevenini, L.; Mezzanotte, L.; Coppa, A.; Roda, A. Cell-Based Assays: Fuelling Drug Discovery. Anal. Bioanal. Chem.
2010, 398, 227-238. [CrossRef]

Ren, S.; Frymier, P.D. Reducing Bioassay Variability by Identifying Sources of Variation and Controlling Key Parameters in Assay
Protocol. Chemosphere 2004, 57, 81-90. [CrossRef]

Altschuler, S.J.; Wu, L.E. Cellular Heterogeneity: When Do Differences Make a Difference? Cell 2010, 141, 559. [CrossRef]

Keern, M.; Elston, T.C.; Blake, W.J.; Collins, ].J. Stochasticity in Gene Expression: From Theories to Phenotypes. Nat. Rev. Genet.
2005, 6, 451-464. [CrossRef]

Snijder, B.; Sacher, R.; Rdmg, P.; Damm, E.M.; Liberali, P.; Pelkmans, L. Population Context Determines Cell-to-Cell Variability in
Endocytosis and Virus Infection. Nature 2009, 461, 520-523. [CrossRef]


https://doi.org/10.1002/advs.202407241
https://doi.org/10.1038/s41577-020-00479-7
https://doi.org/10.1016/j.vaccine.2012.10.053
https://doi.org/10.1126/scitranslmed.aaf9387
https://doi.org/10.1038/s41541-021-00342-3
https://www.ncbi.nlm.nih.gov/pubmed/34078915
https://doi.org/10.4155/bio-2017-0176
https://doi.org/10.1016/j.coviro.2021.11.016
https://doi.org/10.1586/14789450.2014.971116
https://doi.org/10.1007/s12250-014-3532-9
https://doi.org/10.1128/CMR.11.3.533
https://doi.org/10.1038/s41467-019-10587-1
https://doi.org/10.1126/sciadv.adg3433
https://doi.org/10.3389/fimmu.2024.1356600
https://doi.org/10.1016/j.jviromet.2010.01.016
https://doi.org/10.1074/jbc.M115.652230
https://www.ncbi.nlm.nih.gov/pubmed/25947373
https://doi.org/10.1208/s12248-020-00521-5
https://www.ncbi.nlm.nih.gov/pubmed/33161491
https://doi.org/10.1016/j.jbiotec.2023.02.005
https://www.ncbi.nlm.nih.gov/pubmed/36804577
https://doi.org/10.1371/journal.pone.0024135
https://doi.org/10.1007/s12033-010-9251-z
https://doi.org/10.1007/s00216-010-3933-z
https://doi.org/10.1016/j.chemosphere.2004.07.001
https://doi.org/10.1016/j.cell.2010.04.033
https://doi.org/10.1038/nrg1615
https://doi.org/10.1038/nature08282

Vaccines 2025, 13, 626 22 of 22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kavaliauskiene, S.; Nymark, C.M.; Bergan, J.; Simm, R.; Sylvanne, T.; Simolin, H.; Ekroos, K.; Skotland, T.; Sandvig, K. Cell
Density-Induced Changes in Lipid Composition and Intracellular Trafficking. Cell. Mol. Life Sci. 2014, 71, 1097-1116. [CrossRef]
[PubMed]

Golconda, P.; Andrade-Medina, M.; Oberstein, A. Subconfluent ARPE-19 Cells Display Mesenchymal Cell-State Characteristics
and Behave like Fibroblasts, Rather Than Epithelial Cells, in Experimental HCMV Infection Studies. Viruses 2024, 16, 49.
[CrossRef]

Nims, R.W.; Harbell, ].W. Best Practices for the Use and Evaluation of Animal Serum as a Component of Cell Culture Medium.
Vitr. Cell. Dev. Biol.-Anim. 2017, 53, 682-690. [CrossRef]

Liu, S.; Yang, W.; Li, Y.; Sun, C. Fetal Bovine Serum, an Important Factor Affecting the Reproducibility of Cell Experiments. Sci.
Rep. 2023, 13, 1-8. [CrossRef]

Hossain, M.].; Mori, L.; Dong, L.; Liu, B.; Kimura, Y. Fetal Calf Serum Inhibits Virus Genome Expression in Madin-Darby Canine
Kidney Cells Persistently Infected with Influenza a Virus. Med. Microbiol. Immunol. 2008, 197, 21-27. [CrossRef]

Iki, S.; Yokota, S.I.; Okabayashi, T.; Yokosawa, N.; Nagata, K.; Fujii, N. Serum-Dependent Expression of Promyelocytic Leukemia
Protein Suppresses Propagation of Influenza Virus. Virology 2005, 343, 106-115. [CrossRef]

Qin, Z.L.; Ju, HP; Liu, Y,; Gao, T.T.; Wang, W.B.; Aurelian, L.; Zhao, P.; Qi, Z.T. Fetal Bovine Serum Inhibits Hepatitis C Virus
Attachment to Host Cells. J. Virol. Methods 2013, 193, 261-269. [CrossRef]

Morizono, K;; Xie, Y.; Olafsen, T.; Lee, B.; Dasgupta, A.; Wu, A.M.; Chen, 1.S.Y. The Soluble Serum Protein Gas6 Bridges Virion
Envelope Phosphatidylserine to the TAM Receptor Tyrosine Kinase Axl to Mediate Viral Entry. Cell Host Microbe 2011, 9, 286—298.
[CrossRef]

Tang, A.; Li, E; Freed, D.C.; Finnefrock, A.C.; Casimiro, D.R.; Wang, D.; Fu, TM. A Novel High-Throughput Neutralization Assay
for Supporting Clinical Evaluations of Human Cytomegalovirus Vaccines. Vaccine 2011, 29, 8350-8356. [CrossRef]

Postnikova, E.; Cong, Y.; DeWald, L.E.; Dyall, J.; Yu, S.; Hart, B.J.; Zhou, H.; Gross, R.; Logue, J.; Cai, Y.; et al. Testing Therapeutics
in Cell-Based Assays: Factors That Influence the Apparent Potency of Drugs. PLoS ONE 2018, 13, e194880. [CrossRef]

Samuel, W.; Jaworski, C.; Postnikova, O.A.; Kutty, RK.; Duncan, T.; Tan, L.X.; Poliakov, E.; Lakkaraju, A.; Redmond, T.M.
Appropriately Differentiated ARPE-19 Cells Regain Phenotype and Gene Expression Profiles Similar to Those of Native RPE
Cells. Mol. Vis. 2017, 23, 60-89. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00018-013-1441-y
https://www.ncbi.nlm.nih.gov/pubmed/23921715
https://doi.org/10.3390/v16010049
https://doi.org/10.1007/s11626-017-0184-8
https://doi.org/10.1038/s41598-023-29060-7
https://doi.org/10.1007/s00430-007-0054-1
https://doi.org/10.1016/j.virol.2005.08.010
https://doi.org/10.1016/j.jviromet.2013.06.024
https://doi.org/10.1016/j.chom.2011.03.012
https://doi.org/10.1016/j.vaccine.2011.08.086
https://doi.org/10.1371/journal.pone.0194880
https://www.ncbi.nlm.nih.gov/pubmed/28356702

	Introduction 
	Materials and Methods 
	Cell Maintenance 
	HCMV Samples 
	Cell Plating and Infection 
	Immunostaining and Imaging 
	Assay Automation 
	Data Analysis 
	Statistics 

	Results 
	Cell Density and Serum Optimization 
	Infection Time and Cell Age Evaluation 
	Variance Component Analysis 
	Correlation to IEE and Plaque Assays 
	Vaccine Development Case Studies 
	Assay Performance Monitoring 

	Discussion 
	Cell-Based Assay Scaling Considerations (96-Well vs. 384-Well) 
	Minimizing Sources of Cell-Based Potency Assay Variability 
	ARPE-19 Cell Density Alters HCMV Infectability 
	FBS Inhibits HCMV Infection in ARPE-19 Cells 
	IRVE Demonstrates Robustness Across Different Infection Times 
	Limiting ARPE-19 Cell Age Improves Assay Repeatability 
	IRVE Variance Is Dependent on HCMV Vaccine Sample Type 

	IRVE Correlates to IEE and Plaque 
	Established IRVE Assay Demonstrates Ruggedness 

	Conclusions 
	References

