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Vaccine development is a complex process, starting with selection of a promising immunogen in the
discovery phase, followed by process development in the preclinical phase, and later by clinical trials
in tandem with process improvements and scale up. A large suite of analytical techniques is required
to gain understanding of the vaccine candidate so that a relevant immunogen is selected and
subsequently manufactured consistently throughout the lifespan of the product. For viral vaccines,
successful immunogen production is contingent on its maintained antigenicity and/or infectivity, as well
as the ability to characterize these qualities within the context of the process, formulation, and clinical
performance. In this report we show the utility of flow virometry during preclinical development of a
Covid 19 vaccine candidate based on SARS-CoV-2 spike (S) protein expressed on vesicular stomatitis virus
(VSV). Using a panel of monoclonal antibodies, we were able to detect the S protein on the surface of the
recombinant VSV virus, monitor the expression levels, detect differences in the antigen based on S
protein sequence and after virus inactivation, and monitor S protein stability. Collectively, flow virometry
provided important data that helped to guide preclinical development of this vaccine candidate.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Flow virometry is an emerging technique that is opening new
avenues for studying viruses and extracellular vesicles [1,2]. This
technique allows for the enumeration and detailed characteriza-
tion of particles using both their light-scattering characteristics
and molecular markers, such as nucleic acids or specific protein
antigens [3,4]. The ability to employ specific antibodies allows
these methods to address a variety of different questions, including
protein maturation state [5] or conformation [6–8].

Coronavirus disease 2019 (Covid 19), caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has swiftly
spread across the world and became the most severe pandemic
in recent history. An unprecedented worldwide effort has led to
rapid development of several highly efficacious vaccines [9] and
the development of additional vaccines continues [10]. The vacci-
nes are based on viral Spike (S) protein, which mediates binding
to target cells and subsequent fusion. Coronavirus S protein is a
class I fusion protein [11] arranged into homotrimers on the viral
surface. The protein is expressed in a metastable prefusion
conformation [12], which is the main target of neutralizing
antibodies [13,14]. The structure of the pre-fusion trimer was
determined by cryo-transmission electron microscopy [15]. S pro-
tein consists of two functional subunits, S1 and S2. The S1 subunit
contains the receptor-binding domain (RBD), while the S2 subunit
contains the viral fusion machinery and the membrane anchor.
SARS-CoV-2, but not other SARS-like viruses, has evolved a multi
basic cleavage site at the S1-S2 boundary [16]. Cleavage of the
multi basic site by furin primes the S protein for fusion and is
thought to be responsible for the high infectivity of SARS-CoV-2
relative to related Coronaviruses. Human angiotensin-converting
enzyme 2 (hACE2) serves as the receptor for SARS-CoV-2 [16].
Upon receptor binding, the cellular serine protease TMPRSS2 is
recruited to cleave S protein at a S20 cleavage site, which exposes
the fusion peptide and subsequently leads to fusion [17]. Stabiliza-
tion of the metastable prefusion conformation is essential for the
development of S protein-based vaccines. This has largely been
achieved by introducing two consecutive proline residues (2P) in
the loop between the first heptad repeat and the central helix
[15,18].

For a successful development of a new vaccine, detailed
understanding of the immunogen is essential. However, due to
the complexity of viral vaccines, achieving in-depth analytical
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understanding of the sample is challenging and new methods are
needed to accelerate vaccine development. In this report, we show
the application of flow virometry to characterize a Covid 19 vac-
cine candidate produced from a recombinant VSV viral vector
expressing SARS-CoV-2 S protein. Our data demonstrate that flow
virometry is a powerful tool for monitoring critical attributes of
viral samples throughout all stages of viral vaccine development,
including antigen selection in the discovery phase, process devel-
opment in the pre-clinical stage, and product quality monitory in
later stages. Additionally, the relatively short time required for
data acquisition makes flow virometry amenable for real-time pro-
cess monitoring as a part of Process Analytical Technology (PAT)
toolbox.
2. Material and methods

2.1. Vaccine candidate preparation

Replication-competent, chimeric virus (VSV4G-SARS-CoV-2)
was generated by replacing the VSV glycoprotein (G) gene with a
coding sequence for the SARS-CoV-2 S protein. The S protein
sequence contained the 2P prefusion stabilization, as well as sev-
eral additional mutations (Table 1). VSV4G-SARS-CoV-2 virus
was produced in Vero cells in buffered serum-free medium VP-
SFM (ThermoFisher Scientific). Medium from infected cell cultures
was harvested and clarified using a Sartoclean� CA 3 lm/0.8 lm
filter (Sartorius). An endonuclease was added to digest Vero host
cell nucleic acid. Clarified virus fluid was purified using CaptoTM-

Core 700 chromatography (Cytiva). Virus product from the Capto-
Core column was further purified using hollow fiber, tangential
flow ultrafiltration. The virus, retained by the hollow fiber mem-
brane, was concentrated and diafiltered against 10 mM Tris buffer
with sucrose (0–10% w/v) and sodium chloride (0–150 mM).
2.2. Pseudotyped HIV-1 preparation

Pseudotyped lentiviral particles carrying SARS-CoV-2 S protein
were generated via a two-plasmid transfection into Lenti-X 293 T
cells (Takarabio). Briefly, the coding sequence for SARS-CoV-2 S
protein carrying a C-terminal truncation of the final 18 residues
was cloned into mammalian expression vector pV1Jns [19]. This
plasmid was co-transfected with an envelope-deleted genomic
lentiviral plasmid containing a GFP reporter. Transfections were
carried out according to manufacturer’s recommendations
(Fugene6, Promega). 48 h post transfection, supernatant virus
was collected, clarified (5 min spin at 1200 rpm) and pseudovirus
particles were concentrated by LentiX concentrator (Takarabio)
according to manufacturer’s recommendations.
2.3. Cryo transmission electron microscopy (cryo-TEM)

Electron microscopy was performed using an FEI Tecnai T12
electron microscope, operating at 120 keV equipped with an FEI
Eagle 4 k � 4 k CCD camera. A 3 lL drop of the sample was applied
on a holey carbon copper grid, blotted away with a filter paper, and
immediately vitrified in liquid ethane. Vitreous ice grids were
Table 1
Sequence characteristics of the vaccine candidate and the 2P construct also evaluated in e

Construct 2P Prefusion Stabilization Furin S

WT S protein YQTQT
2P construct K986P/V987P YQTQT
vaccine candidate K986P/V987P YQTQT
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transferred into the electron microscope using a cryostage that
maintains the grids at a temperature below �170 �C.

2.4. Flow virometry

Viral handling was performed in biosafety level 2 laboratories.
The Apogee A50 Micro flow cytometer (Apogee Flow Systems,
Hemel Hempstead, UK) was equipped with a variable output
405 nm laser (up to 300 mW) used for light scattering and a 200
mW 488 nm laser used for fluorescence. The instrument was set
to trigger on side light scattering (SSC). The sheath fluid pressure
was set at 150 mbar and samples were introduced at a flow rate
of 1.5 lL/min. Particle concentration of 2x108 particles/ml was tar-
geted for measurement. To ensure that only particles present in the
sample were being detected, system suitability check was per-
formed prior to every run: 1) the instrument was thoroughly
cleaned sequentially by 1% bleach, flow cell cleaning fluid (Apogee
Flow Systems), and buffer until the concentration of particles
detected in the buffer blank was less than 2x106 particles/ml (i.e.
100x less than the targeted sample particle concentration); 2)
the electronics noise peak was identified in a buffer blank with a
clean system and the threshold was then set to exclude the elec-
tronics noise from the data.

2.5. Flow virometry antibody labelling

Sample particle concentration was first determined by flow
virometry and then diluted with phosphate buffered saline (PBS)
to 1x109 particles/mL for each antibody labeling reaction. 100 lL
of the sample was mixed with 1 lL (typically at about 1 mg/mL)
of the primary anti-S antibody (Table 2) and incubated for 1 h at
room temperature. After incubation the unbound primary anti-
body was removed using CaptoTMCore 700 resin (Cytiva) – a small
spin column with about 1 cm bed height was prepared and equili-
brated with PBS. The sample was spun for 30 s at 500 g through the
column. Cleaned up sample was incubated with 3 lL (typically at
about 1 mg/mL) of secondary antibody (Table 3) labeled with Alex-
aFluor 488 (Thermo Fisher Scientific) for 1 h in the dark at room
temperature. After incubation the unbound secondary antibody
was removed the same way as the unbound primary antibody.
The sample was then diluted 5x in PBS buffer and measured by
the flow cytometer. Samples stained with only the secondary anti-
body (no primary Ab) were used as controls.

2.6. Simple WesternTM blotting

For the western blot analysis, the capillary-based Simple Wes-
ternTM technology (ProteinSimple) was used. In this technique the
sample is separated by size in a capillary, followed by immobiliza-
tion, labeling, and detection directly in the capillary. The samples
were appropriately diluted with 1X sample buffer (ProteinSimple).
Each sample was mixed 1:1 with 2X master mix (20 lL 10X sample
buffer, one vial master mix, 20 lL 0.8 M DTT, 60 lL water). The
mixture was vortexed and heated at 90 �C for 10 min, cooled down
at room temperature, and spun down. Sample mixtures were then
added into wells of Simple WesternTM plates and analyzed accord-
ing to manufacturer’s manual with chemiluminescent detection
arly development.

ite 682RRAR685 Cytoplasmic tail Other mutation

NSPRRARS
NSPRRARS (418 deletion)
NSPRGARS (423 deletion) S813F



Table 2
Panel of Primary Antibodies and a Fusion Protein (Fc) Utilized for Flow Virometry.

Catalog number Manufacturer Immunogen Neutralizing Species

human ACE2-Fc (AC2-H5257) Acro Biosystems N/A Yes Human
AM91337 Active Motif S1 No Human
AM91339 Active Motif S1 No Human
AM91341 Active Motif S1 No Human
AM91347 Active Motif S1 No Human
AM91349 Active Motif S1 Yes Human
AM91351 Active Motif S1 No Human
AM91361 Active Motif S1 Yes Human
40150-D003 Sino Biological RBD Unknown Mouse
40591-MM43 Sino Biological S1-mFc

aa16-685
Yes Mouse

40592-R001 Sino Biological RBD-mFc Protein Yes Rabbit
GTX135356 GeneTex S1 N-term. region Unknown Rabbit
GTX632604 GeneTex S2 aa 1029–1192 Unknown Mouse
MP8720411 MP Biomedicals S2 (B) Yes Mouse
MP8720301 MP Biomedicals S1 Unknown Mouse

RBD – receptor binding domain.

Table 3
Secondary Antibodies Utilized for Flow Virometry and Simple Western.

Method Secondary Catalog number Manufacturer Species

Flow virometry Anti-human 709-545-149 Jackson ImmunoResearch Laboratories Inc. Donkey
Flow virometry Anti-mouse A21202 Invitrogen Donkey
Flow virometry Anti-rabbit 711-545-152 Jackson ImmunoResearch Laboratories Inc. Donkey
Simple Western Anti-rabbit 042-206 Protein Simple Proprietary, unlisted
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using primary antibodies (Table 4) and a secondary antibody
conjugated to horseradish peroxidase (Table 3). Linear response
range between the western blot signal and sample dilution was
established and samples were tested within this range. Further
details of the validated anti-spike assay will be described else-
where (Gillespie et al., manuscript in preparation).
2.7. Virus pelleting

Pelleting conditions were established by measuring remaining
virus particles in the supernatant after sedimentation at 16,000 g
for varying time. 30 min at 16,000 g was selected as the condition
that pelleted more than 90% of particles measured by flow virom-
etry in 100 lL of sample. After pelleting, 95 lL of the supernatant
were withdrawn and the pellet was resuspended in 95 lL of PBS.
Both fractions were then analyzed by a Simple WesternTM.
3. Results and discussion

3.1. Detection of VSV virus particles by flow virometry

VSV is a morphologically uniform, bullet-shaped virus of
approximately 70 � 200 nm [20] (Fig. 1, left panel), sufficiently
large to be detectable by light scattering using flow virometry
[21]. To confirm that the detected particles were indeed particles
Table 4
Primary Antibodies Utilized for Simple Western.

Catalog
number

Manufacturer Immunogen Species

40592-T62 Sino Biological Recombinant SARS-CoV-2/
2019-nCoV Spike/RBD Protein

Rabbit

40590-T62 Sino Biological Recombinant SARS-CoV-2/
2019-nCoV Spike/S2 Protein

Rabbit

REA005 Imanis Life Sciences Purified stock of VSV-hIFNb
virus for nucleoprotein (N)

Rabbit

5531
present in the sample, two control measurements were conducted.
First, a clean buffer and a sample were run with a trigger threshold
set to low values to reveal electronics noise from the instrument.
The data showed that the particles in the sample were well sepa-
rated from the electronics noise of the instrument (Fig. 1, right
panel, top). Second, particle concentration in the buffer control,
with the threshold set to exclude electronics noise, was compared
to particle concentration detected in the sample (Fig. 1, right panel,
bottom). This comparison showed that particle concentration in
the buffer control was negligible (less than 1%) compared to parti-
cle concentration detected in the sample. For routine analysis, the
threshold was set such that only true particles were being detected
and the concentration of particles shed by the instrument was con-
trolled by cleaning the instrument before use. The narrow light-
scattering peak observed by flow virometry, consistent with the
monodisperse population of VSV virions, suggested high purity of
the sample, which was confirmed by cryo-TEM analysis that
showed most particles in the samples were VSV virions (Fig. 1, left
panel).
3.2. Detection of S protein on virus particles by flow virometry

The identity of particles observed by flow virometry was further
confirmed by S-protein detection on the particles. The samples
were stained with an antibody specific for the S protein or with
the chimeric S-protein receptor ACE2 fused to human antibody
Fc fragment to allow detection with anti-human secondary anti-
bodies (Fig. 2, top panel, left). The result demonstrated the pres-
ence of S-protein bearing particles among the particle pool,
although with a variable degree of labeling. In addition, about half
of the particles in the sample appeared negative for the S protein
but had the narrow light scattering signal that would be expected
for the monodisperse population of VSV virions and not for extra-
cellular vesicles or protein aggregates that are typically polydis-
perse. It is likely that at least some of the particles appearing
negative in our assay still expressed the S protein, but the level
was below the limit of detection. The varying density of S protein



Fig. 1. Representative cryo-TEM image and flow virometry histograms. Left panel – cryo-TEM image. Right panel – side scatter (SSC) histograms scaled identically. Top
right – examples of buffer and samples run with the threshold set to reveal electronics noise. Bottom right – a typical analysis, with the threshold set such that the electronics
noise was excluded. Background particles present in the buffer control are negligible (not apparent in the buffer histogram). All data pictured was replicated across numerous
independent runs.

Fig. 2. S-protein detection of VSV virions by flow virometry. Top panel – three-dimensional scatter plots representing antigen content via fluorescence intensity (y-axis)
versus SSC, with particle abundance (z-axis) depicted via a heatmap color scale (color scale indicated in the left panel). The gate for antigen-positive particles is drawn based
on the control with no primary antibody. The broad fluorescence signal and the narrow LS signal of FL-negative particles are indicated with green arrows. Top right image,
cryo-TEM image at 30,000x showing high S-protein density VSV particles (HD) and low S-protein density VSV particles (LD). Bottom panel – assessment of particle
aggregation during antibody labelling. A series of sample concentrations was incubated with a constant concentration of antibodies and the % of S-protein positive particles
was evaluated.

A. Prout, R.R. Rustandi, C. Tubbs et al. Vaccine 40 (2022) 5529–5536
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on VSV virions was also apparent in the cryo-TEM imaging (Fig. 2,
top panel, right). Taken together, the data confirmed that the par-
ticles detected by flow virometry were predominantly monodis-
perse VSV virions but with a variable density of S protein on the
surface.

Viral particles with high antigen density (high fluorescence
intensity) also exhibited increased light scattering, which could
suggest particle aggregation or swarming (two adjacent particles
being detected as one larger particle). To address this concern,
we have performed a 300-fold dilution series of the virus sample
and labeled the samples with the same antibody concentrations
(Fig. 2, bottom panel). Dilutions in the range of 6x108 – 6x109 par-
ticles/ml showed comparable light scattering signal after labeling
with antibodies and comparable % of positive particles, while the
samples at the higher concentrations (>2x1010 particles/ml)
showed an increased number of particles with greater light scatter-
ing signal and a reduced % of positive particles. This change in the
profile at virus concentrations > 2 � 1010 particles/ml would
indeed suggest an occurrence of aggregation and/or swarming
but only at these high concentrations. Because the increased light
scattering signal was not observed in the control series without
the primary antibody, it could not have resulted from swarming
of particles but was presumably mediated by the bivalent primary
antibodies crosslinking individual virions. At the lowest virus con-
centration (2x108 particles/ml) there was an increased background
in the form of mostly negative and large particles, which lowered
the % of positive particles. These particles originated predomi-
nantly from the secondary antibody and were insignificant at
higher virus concentrations.

Overall, this data confirmed that at the method’s nominal virus
concentration of 1x109 particles/ml there was no significant aggre-
gation and/or particle swarming. The increase in the light scatter-
ing signal is therefore attributed to the added mass on the virus
particles as they are coated with the primary and secondary
antibodies.
Fig. 3. S-protein quantification in vaccine candidate samples across clones and lots. T
with AM91351 anti-S1 antibody) showing a sample with high S-protein expression (clo
quantification of anti-S1 (orange bars) and anti-S2 (blue bars) normalized to clone A lo
independent runs. Bottom panel from left to right– example of a Simple Western
transmembrane domain) and a representative vaccine candidate sample, a 5-point stan
Simple Western quantification of S protein per particle (grey bars). S-protein concentrati
for ease of comparison. Error bars indicate standard deviations from duplicate measure
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3.3. Monitoring S-protein expression levels

Flow virometry was utilized to evaluate S-protein expression of
the vaccine candidate during development. In the early phase, dif-
ferences in the S protein flow virometry signal were noted depend-
ing on the viral clone (Fig. 3, top panel). Similar changes were
observed with multiple anti-S1 and anti-S2 antibodies, suggesting
that the changes were due to different S-protein density on virus
particles and not due to conformational changes in the protein.
This was confirmed orthogonally using Simple Western blotting
(Fig. 3, bottom panel) where the S protein is detected after denat-
uration and reduction and therefore protein conformation does not
affect the signal. Quantification of the denatured S protein by Sim-
ple Western showed trends similar to those observed with quan-
tification of the native S protein by flow virometry.
3.4. Binding studies with a panel of antibodies to evaluate epitopes of S
protein variants and antigenicity after virus inactivation

An additional variant of the S protein was also considered dur-
ing early vaccine development. This variant had the 2P mutation
but the furin cleavage site was kept unchanged (Table 1). HIV-1
virus pseudotyped with the 2P variant was prepared and compared
to the vaccine candidate using a panel of antibodies (Fig. 4). For
each antibody, the percentage of antigen-positive particles
between variants could be impacted by both the S-protein epitopes
and quantity. If the epitopes were the same between variants, then
the ratio of the % positive particles between them would be iden-
tical across antibodies because it would only reflect quantity. The
result of this experiment, however, showed different ratios, which
could be divided into three groups – for most antibodies, the 2P
construct showed higher signal than the vaccine candidate
(Fig. 4, blue bars), for four antibodies the 2P construct showed
lower signal compared to the vaccine candidate (Fig. 4, yellow
bars), and for one antibody the signals were reversed (Fig. 4, green
op panel from left to right – representative examples of flow virometry data (stained
ne A) and a sample with low S-protein expression (clone B). Flow virometry (FV)
t 1 for ease of comparison. Error bars indicate standard deviations from duplicate
(SW) electropherogram generated using a recombinant S protein (without the
dard curve generated with the recombinant S protein (Abclonal, catalog RP01260).
ons in the sample was divided by the particle count and normalized to clone A lot 1
ments from a single run using a validated method.



Fig. 4. Comparison of S protein antigenicity by binding studies. Left panel – representative examples of flow virometry data showing reactivity of two S-protein constructs
with ACE2-Fc, anti-S2, and anti-S1 antibodies. Right panel – the ratio between the % positive particles in the vaccine candidate and the 2P construct. The x-axis indicates
catalog numbers of antibodies used. Error bars indicate standard deviations from duplicate independent runs.
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bar). This result therefore suggests that there are differences in
epitopes between the variants. While it is not possible to under-
stand the nature of such differences from this experiment, the rel-
atively rapid screen performed by flow virometry can identify such
differences, which can be further interrogated by other methods.
Flow virometry can therefore be a useful screening tool to evaluate
antigen conformation during the discovery phase. It is also possible
that a conformational change could have occurred when the pro-
tein was expressed on HIV-1 pseudoparticles versus VSV virions.
While we did not explore this hypothesis, in a separate study we
compared other S-protein variants expressed either on measles
virions or HIV-1 and the expression on these two different pseu-
doparticles did not affect how the S protein reacted with the panel
of antibodies (data not shown, to be described in a separate
manuscript).

Binding to a panel of antibodies was also employed to evaluate
the impact of virus inactivation on the antigenicity of the S protein
(Fig. 5). In order to assess the importance of virus replication for
the efficacy of the vaccine candidate, we sought to inactivate the
virus in such a way that virus infectivity would be significantly
reduced while the epitopes on the S protein would remain intact.
To that end, samples were subjected to gamma irradiation (target-
ing 16 kGy total exposure) and to elevated temperature (7 days at
37 �C or 45 �C) and then measured for virus infectivity and anti-
genicity. Heat treatment completely abolished infectivity of the
sample, while gamma irradiation reduced infectivity by over 5
Fig. 5. Impact of heat treatment and gamma irradiation on the antigenicity of S pro
indicated with open symbols. Duplicate independent runs are pictured.
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logs. Heat-treated samples showed a significant reduction in the
signal for about half of the antibodies. In contrast, the sample inac-
tivated by gamma irradiation exhibited essentially unchanged
reactivity. This data suggested that the gamma-irradiated sample
maintained antigenicity better than the heat-treated samples. Sim-
ilar data were reported when UV irradiation and heat treatment
were compared as means for inactivation of SARS-CoV-2 virus
itself [22] where reduced antigenicity was observed for heat trea-
ted samples relative to samples exposed to UV light.

3.5. S-protein degradation during storage

After approximately one month of sample storage at 4 �C we
observed almost complete loss of binding of anti-S1 antibodies,
while binding of an anti-S2 antibody remained unchanged (Fig. 6,
top panel). Subsequent analysis of the samples by Simple Western
revealed that during storage, cleavage of the S protein to S1 and S2
occurred, presumably by a residual protease present in the sample
(Fig. 6, bottom panel, left). We hypothesized that the loss of the
anti-S1 signal after S1/S2 cleavage seen by flow virometry could
be due to dissociation of the S1 subunit as reported by others
[12]. To test this hypothesis, we pelleted virus particles by cen-
trifugation and then analyzed the pellet and supernatant by Simple
Western for the presence of both S protein subunits using anti-S1
and anti-S2 primary antibodies (Fig. 6, bottom panel, right). The
analysis of two sample lots showed that the S2 subunit remained
tein. Treatment conditions are indicated on the x-axis. Neutralizing antibodies are



Fig. 6. S1 dissociation from virions after one month of 4 �C storage. Top panel – flow virometry of a sample before and after approximately one month of 4⁰C storage,
labeled with anti-S1 and anti-S2 antibodies. Bottom panel – example anti-S1 Simple Western electropherogram overlay of a sample fresh versus post-storage (left). Peak
areas were used for relative S1 and S2 quantitation (using anti-S1 or anti-S2 antibodies) between the supernatant and pellet, then normalized to the sample before
centrifugation (right). Data from two lots are shown; error bars indicate standard deviations from duplicate measurements in a single run.
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associated with virus particles, however, the S1 subunit was
present predominantly in the supernatant, confirming that S1/S2
cleavage has led to dissociation of S1 from the virions.
4. Conclusions

Flow virometry has proven to be a valuable tool to characterize
antigens and epitopes presented on the surface of virus particles.
Throughout discovery and early preclinical phase of development
of a recombinant VSV virus expressing SARS-CoV-2 S protein we
used flow virometry to (1) explore the presence of the S protein
on virus particles and provide relative antigen quantification
between samples with varying expression, (2) assess binding dif-
ferences of sequence variants with a panel of monoclonal antibod-
ies, (3) evaluate changes in the antigen after virus inactivation
either by exposure to high temperature or by gamma irradiation,
and (4) observe antigen degradation during storage. Collectively,
flow virometry provided important data that helped to guide deci-
sions during vaccine development.

Owing to the unprecedented effort of the scientific community
in Covid 19 research, many monoclonal antibodies and other
reagents related to SARS-CoV-2 research are commercially avail-
able, which greatly facilitated this work. However, this is often
not the case for other diseases and significant resources need to
be dedicated to in-house development of antibodies and their
characterization [23].
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