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Tools and Technologies
Advancing Virology Research

Modern scientists have an enviable toolbox to track and treat

viral infections.

Although 2020 put humans in a war with SARS-
CoV-2, the virus behind COVID-19, this is no new bat-
tle. Besides the influenza-driven pandemic in 1918,
humans battled viral disease for centuries before
that. Scientists have showed that humans suffered
from the smallpox virus as long ago as the 6th-7th
century BCE. Despite the years of contending with
a variety of viral diseases, much more research
must be done to provide better public health tools
around the world. That work will depend on making
the most of a collection of existing technologies and
developing new ones.

For a useful overview of virology, watch the Intro-
ductiontoVirology, Coronaviruses,and COVID-19
from John Hopkins School of Medicine’s Coronavirus
Resource Center. In addition to information that is
specific to COVID-19, this five-part presentation also
provides useful background on virology in general.

Advances in antibodies

Decades ago, scientists started using antibodies in
virology research. Even in 1982, a scientist wrote:
“Antibodies have been used for the last five de-
cades in the laboratory diagnosis of a wide range
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of diseases caused by viruses and in detailed inves-
tigations of virus structure.” The use of antibodies
turned especially crucial as soon as scientists de-
tected SARS-CoV-2.

For example, some companies prepared antibodies
against a range of SARS-CoV-2 antigens. Scientists
can use such antibodies in experiments designed to
detect the SARS-CoV-2 virus. Clinical researchers can
also use these antibodies in search of mechanisms
to shut down the virus.

Despite the predominance of COVID-related re-
search in the past year, scientists also explore many
other viral diseases with antibodies. As an example,
one international team of scientists discussed the
use of monoclonal antibodies as therapies for peo-
ple infected with the Ebola virus.

More features with flow cytometry

To learn how a virus infects its host and replicates,
scientists often rely on flow cytometry. This tech-
nology can be coupled with many commercial as-
says designed specifically for virology research.

For example, how a virus impacts a host’s immune
system could be studied with flow cytometry and an
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assay to measure the activation or exhaustion of T
cells. Plus, flow cytometry assays can be used to de-
termine the level of antibody production triggered
by the infection with a specific virus.

With live-cell analysis, other virology assays for flow
cytometry can be used, such as one made to study
viral infection and replication. A live-cellimmunohis-
tochemistry assay can be used with flow cytometry
to measure T-cell memory and antibody titer after a
viral infection—often with just a small sample.

Besides just measuring features of cells with flow
cytometry, some platforms include imaging. In vi-
rology, scientists can use imaging flow cytometry to
actually see changes in cells, such as morphological
impacts of a viral infection. With such technology,
scientists can correlate changes in markers mea-
sured through flow cytometry with differences in
the appearance of cells. Consequently, data on more
parameters can be collected and compared.

Expanding immunoassays

To detect proteins, scientists often use an immuno-
assay, such as the enzyme-linked immunosorbent
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assay (ELISA). Vendors offer a wide variety of ELI-
SA-based kits. These can be used in various studies of
virology. For example, some ELISA kits are designed
to track specific immune-system components, such
as cytokines.

Different forms of ELISA assays offer options in appli-
cations. As an example, scientists at The Tumor Hos-
pital Affiliated to Xin Jiang Medical University in Chi-
na compared a double-antigen sandwich ELISA and
an indirect ELISA to diagnose hepatitis C virus (HCV).
The scientists reported that “high agreement was
found between the double-antigen sandwich ELISA
and indirect ELISA," but they added that “double-an-
tigen sandwich ELISA has distinct methodological
advantages over indirect ELISA. It is recommended
for the diagnosis of HCV infection.”

A foundation in computation

In many areas of science—both basic research and
clinical studies—Ilarge databases and sophisticated
analysis play increasingly crucial roles. In fact, large
datasets and advanced computational tools, such as
artificial intelligence (Al), make up part of the basic




foundation of much of today’s research, and virology
is no exception.

A few years ago, scientists from the University of
South Florida wrote that Al, robotics, and quality con-
trol “exemplify development of technologies in the
mechanical and software realms that are accelerating
advances in the defeat of animal and human infec-
tious diseases, virology, and community medicine.”

Other advanced computational methods, such as
machine learning, will also be used to improve ap-
proaches to virology research. One example came
from photonics expert Aydogan Ozcan of the Uni-
versity of California, Los Angeles, and his colleagues.
These scientists developed an on-chip microscope
and analyzed the three-dimensional data with deep
learning-based holographic image reconstruction.
Ozcan and his colleagues wrote: “As a proof of con-
cept, we demonstrate rapid detection of herpes sim-
plex virus (HSV) by monitoring the clustering of an-
tibody-coated microparticles, achieving a detection
limit of ~5 viral copies/uL.
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It's too early to tell just how much Al and related
forms of advanced analysis will improve virology,
but it’s clear that the impact could be amazing.

The changing world

Virology is all about change—Iots of change. To put
that in perspective, Siobain Duffy, an associate pro-
fessor at the Rutgers department of ecology, evolu-
tion and natural resources, wrote: “RNA viruses have
high mutation rates—up to a million times higher
than their hosts—and these high rates are correlat-
ed with enhanced virulence and evolvability, traits
considered beneficial for viruses.”

Experts already knew the danger of viral evolution
and infection, but the COVID-19 pandemic expand-
ed that realization within science in general and
around the world. To stay prepared for future infec-
tions, today’s emphasis on virology must continue,
or even accelerate.
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Advanced Tools for
Virology Research

Powerful tools are helping to improve our understanding of virus
biology as well as control outbreaks.

Introduction

A virus is a simple life form comprised of genetic
materials—DNA or RNA—and an outer shell consist-
ing mainly of proteins. However, even though con-
sidered an organism with only the “bare minimum”
components for life, viruses are powerful pathogens
and have caused several notorious pandemics that
have resulted in the loss of lives and the devastation
of regional as well as global economies.

Viruses require a host to survive, propagate, and
change for the adaptation to environmental stresses.
They interact with the host cells through the bind-
ing of virus surface proteins to their corresponding
receptors and then fusion into the host cells. Once
inside, the genetic materials of the viruses are re-
leased, processed, and virus propagation is achieved
by hijacking various cellular machineries involved in
gene transcription and protein translation (Figure 1).

Based on their unique biochemistry, pathology, and
physiology, highly specialized biochemical tools
are required to gain a deep understanding into the
pattern of interaction between a virus and its host
and to reveal the mechanisms for virus propagation
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Figure 1. An example of the life cycle of a virus.

and assembly. Information derived from such re-
search helps pave the way for the development of
virus diagnostic tools, public health interventions,
and antiviral therapeutics. This article focuses on
the development of advanced biochemical tools for
virology research. These tools include recombinant
virus proteins, antibodies, and pseudovirus particles.
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In the meantime, it is also worth mentioning that as
a novel concept in vector science, certain forms of
viruses are now widely used as vehicles for gene de-
livery and major components in vaccines. Such ap-
plications are not discussed in this article.

Recombinant virus proteins

Proteins occupy >50% (w/w) of a virus particle and
they function in a variety of ways. Some proteins
serve as the attachment and entry points for the
virus (surface proteins, usually bear heavy glyco-
sylations) while others catalyze the synthesis of the
virus genome and processes of newly synthesized
virus proteins (enzymes). These virus proteins
hold the key to understanding virus physiology
and also guide the generation of immunological
diagnostic tools and antiviral medications. With
recombinant protein expression technology, it is
now feasible to produce virus proteins in large
quantities and use them as tools for a variety of
aspects in virology research.

In accordance with the central dogma, recombi-
nant protein expression techniques utilize a vector
(namely a plasmid) that contains the target gene
encoding for the protein-of-interest and introduces
it into a host cell. The target gene is either inserted
into the host cell genome to guide protein transla-
tion, or the protein-of-interest is produced via plas-
mid-mediated direct gene translation (Figure 2). Var-
ious prokaryote and eukaryote host systems have
been developed in the last four decades to meet the
production of recombinant proteins with desired
features in terms of post-translational modifications
(PTMs), conformation, and activities (Figure 2).

The biochemistry and function of a protein dictate
the selection of expression host and purification
strategies. For virus surface proteins, mammalian
cells are usually the preferred hosts due to their
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Figure 2. Basics for recombinant protein expression and
host systems.

complex high-order structures and extended gly-
cosylation profiles, while a prokaryote system (e.g.
E. coli) is usually adequate in generating active virus
enzymes for both structural and functional studies.
Insect cells, on the other hand, are versatile expres-
sion hosts and are used to produce both secreted
and intracellular proteins. Proteins expressed by the
insect system usually exert equivalent functional-
ities compared to those derived from the mamma-
lian system but they bear a more simplified PTM
profile to benefit structural studies. The insect cell
system serves as an excellent alternative, especially
for the production of hard-to-express proteins. With
well-established platforms and over a decade of ex-
perience in recombinant protein expression, Sino
Biological has created the largest collection of virus
proteins worldwide, with more than 1,000 virus pro-
teins covering over 100 virus strains, from popular
influenza virus, coronavirus, to the more deadly filo-
viridae such as Ebola and Marburg virus (ProVir Viral
Antigen Bank). Some examples of virus proteins are
presented in Figure 3.

As an extension of conventional protein expres-
sion techniques, the transient protein expression
method by HEK293 allows the establishment of
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Figure 3. Examples of recombinant virus proteins from Sino Biological. (A) Receptor binding domain (RBD) of SARS-CoV-2 ex-
pressed in HEK293 cells. The protein showed good batch-to-batch consistency in terms of its purity and binding affinity against
ACE2. It has been used in a serological assay to measure the serum antibody content of COVID-19 patients. (B) SARS-CoV-2
3C-like protease was expressed in insect cells with enhanced catalytic activity assayed by the cleavage of a fluorescent peptide
substrate. (C) A collection of virus protein antigens for upper respiratory tract infections has been developed and formulated
into the Sinommune chip, suitable for high-throughput and fast disease diagnostics. (D) Influenza (H5N1) hemagglutinin (HA)
protein expressed in insect cells with agglutination activities. Mutations at the furin cleavage site abolished protein cleavage by
host cells without compromising the agglutination activities.

a high-throughput protein expression platform of RNA viruses. So far, this service platform has
where hundreds of constructs can be expressed been used to generate over 100 influenza proteins
simultaneously to create a recombinant protein and over 80 SARS-CoV-2 RBD variants to facilitate
library. This technical platform is extremely use- high-throughput screening campaigns to identify
ful to cope with the high-frequency mutation rate broad-spectrum neutralizing antibodies.

(i)
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Virus-specific antibodies
and pseudovirus

When faced with a novel pathogen, the host will
mount immune responses to eliminate the threat.
During this process, pieces of the pathogen are rec-
ognized by immune cells followed by the generation
of a pool of antibodies (immunoglobulin) to specif-
ically “flag” the pathogen for destruction by various
effector cells. With high specificities and sensitivities,
virus (pathogen) specific antibodies are valuable
tools for virus identification in a serological assay
and neutralization, if used as a therapeutic agent.
Equipped with comprehensive antibody generation
platforms as well as extensive pre-existing antibody
libraries, Sino Biological is highly experienced in vi-
rus-specific antibody discoveries.

B E ELITA Q&5 For apiie protee -
3 w
e .
e ¥
=
E 1y
] L]
EI I3
E cangiiwily. &0 47 PgymmL
; (1T L arvga TR 3-10000 pgfmi
o K

H'.II‘.'!-nl:_:-::-'.'-5|::-|l-rh.|'|:'.l',:-'-.-'ll:-'“!'s Concentrolicn [=3s gty

-
E | ELFEA, ES Sy BOF RUE eI peiar] [Roosss 2
E 1 .
- -
-_'\;_:.\, -
B E:
c 0l ;
E * senicithoty: 4658 pgim
_I:| » fzecry manpe 83 ME-Q000 :||:|.'||'.
|
¥ 1
=] 100 1000
P A t i1
o SARS-Cov-2{2013-nCoV)

Hucleoprotein/ MNP Concentrotion [po/mL)

For the current COVID-19 pandemic, efforts were
made in both pre-existing antibody library screen-
ings and new antibody discoveries via animal immu-
nizations. More than 30 antibodies against the SARS-
CoV-2 spike or nucleocapsid (NP) protein have been
obtained, among which a few antibody pairs were
identified to formulate ELISA assays with pg/mL sen-
sitivities (Figure 4A). The NP assays have been prov-
en to be mutation-proof when tested against NP
mutants from the B1.1.7 lineage, with only a slight
decrease of sensitivities observed (Figure 4C). Lastly,
ultra-sensitive NP antibodies have also been identi-
fied during the screening process to boost the de-
tection limit of NP antigen at a phantom molar level
in the Simoa HD-X system (Figure 4B).

High-frequency mutagenesis is a feature of most
RNA viruses. Viruses evolve through those random-
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Figure 4. Highly sensitive antibody pairs for serologic assay development.

{2

/



ized mutations to adapt to the new immune land-
scape while the mutations could be critical when
occurring at key epitopes and compromise antibody
efficacy significantly. The creation of a mutant pro-
tein library is useful in assessing the impact of mu-
tations on antibody efficacy but the fluctuation of
binding affinity does not directly correlate to the
overall behavior of the virus.

That being said, pseudovirus is a useful tool to com-
pensate for such shortcomings and enhance the
biological relevance in the assessments of the biol-
ogy of mutations. Taking advantage of current viral
vector manipulation techniques, the protein-of-in-
terest can be engineered onto the surface of the vi-
rus particles while a reporter gene is encapsulated
and activated once the pseudovirus is incorporated
into the host cells. The readouts of such assays are
usually in the form of fluorescent intensities, and
the results provide useful information to assert the
virulence of a virus and assist in the investigation
of the impact of mutations. One such example is
presented in Figure 5.

Conclusion

With the constant expansion of industrialization and
human habitat, zoonotic viruses are lurking in the
shadows, ready to emerge, and future pandemics
are imminent. Recombinant virus protein, virus-spe-
cific antibodies, and pseudoviruses are powerful
tools to help understand the biology of these virus-

(a5

-

Figure 5. Application of SARS-CoV-2 pseudovirus in assessing the
impact of D614G mutation. (A) A proof of concept experiment
showed that the SARS-CoV-2 pseudovirus is able to bind and in-
ternalize into the host cell. Top: SARS-CoV-2 pseudovirus infected
ACE2 over-expression HEK293 cell line; bottom: negative control.
(B) The D614G mutation did not cause a significant alteration in
ACE2 protein binding affinity judging by ELSA (top) while a SARS-
CoV-2 pseudovirus containing such mutation resulted in a ~five-
fold increase in the transduction fold-change, indicating a higher
infectious potency given by the D614G mutation.

es and facilitate pandemic control efforts. However,
the key to pandemic prevention still lies in the ratio-
nal planning of urbanization, establishment of opti-
mized resource distribution, and exploitation of new
alternative technologies to achieve the long-term
and continuous development of human society.

Additional Resource

ProVir Viral Antigen Bank
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Multiplex Assays to Detect
Antibodies which Recognize

SARS-CoV-2 Antigenic Proteins
in Human Serum and Plasma

New kits allow researchers to test samples for IgG, IgA,
and IgM antibodies.

Christine Kornmeier and Xiao Qiang

Introduction (TP

The coronavirus, SARS-CoV-2, is the pathogenic
agent that causes COVID-19 in humans. This dis-

ease has become a global pandemic since it was ¥ 4

first identified in Wuhan, China, in December 2019. :. = el .
SARS-CoV-2 is one of seven identified coronaviruses =

which infect humans, and along with SARS-CoV and

MERS-CoV, can cause serious disease. The remaining " - - . -

viral types of coronavirus (229E, NL63, OC43, HKU1)

cause cold-like symptoms. Figure 1. Antigenic proteins of the SARS-CoV-2 coronavirus.

Multiple proteins make up the SARS-CoV-2 virus. The The SARS-CoV-2 viral receptor binding domain
spike (S) proteins that form the “corona” of the virus (RBD) protein binds to the human angiotensin-con-
are composed of the subunit S1, which contains the verting enzyme 2 (ACE-2) receptors of cells found

RBD, and subunit S2. The spikes surround the mem-  in multiple organs including the lungs, heart, arter-
brane glycoprotein (M) and envelope protein (E) ies, gut, and kidneys. Once bound, the virus enters
which contain the viral RNA encased by the nucleo- the cell, replicates, and is released to continue the
capsid (N) protein (Figure 1). infection cycle.

For Research Use Only. Not For Use in Diagnostic Procedures.
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Each of these viral proteins are potential antigens
against which the immune system can form anti-
bodies to fight infection. The earliest antibodies to
appear are immunoglobulin A (IgA) which forms in
the mucosal tissues of the nasal passages and gut,
and the humoral immunoglobulin M (IgM). The hu-
moral immunoglobulin G (IgG) forms later and can
confer lasting immunity to disease. All three immu-
noglobulins can be measured in blood serum and
plasma samples.

By testing COVID-19 patient serum/plasma sample
immunoglobulin response to SARS-CoV-2 antigens,
researchers may identify individuals who have been
exposed to the SARS-CoV-2 virus and have generat-
ed some level ofimmune response. Researchers may
further understand the immune response to the vi-
rus over the course of infection and recovery from
COVID-19.

Multiplex Assays

We have developed three MILLIPLEX® multiplex kits
for research use only (RUO), not for use in diagnostic
procedures. Our MILLIPLEX® multiplex assays have
been tested for use with human serum and plasma
samples. Each kit can detect IgA, IgM, or IgG anti-
bodies which recognize the selection of SARS- CoV-2
antigenic protein analytes: S1, S2, RBD, and N (Table

Table 1. MILLIPLEX® Assay Kits for COVID-19 Research.

MILLIPLEXT Bssay Kis 96-weH Flate Format

ML1F5EEML-B5K
HC195ERGL-B5K

SARS-Cal-2 Anbiggen Paned 1 IgM
SARS-Cov-2 Antigen Paned 1 1gGa

SeRS-Lov-E Antigen Panad 1 156 HCLIASERAL-BSE

SGRS-Cov-2 Spike Subunit 1 (ST}

SHRS-Cov-2 Reosgtor Binding Domain (RED)
CERS-CavF Mistlancapsid Protesn (M}
Fowr Besearcis Lise Qaly, Mol Far Yes e Déagaesiic Progodires,

For Research Use Only. Not For Use in Diagnostic Procedures.
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1). Users may select all of the analytes or just a sub-
set of them for use. Each kit contains all reagents and
the 96-well plate required to run the assay.

MILLIPLEX® assays utilize Luminex® xMAP® technol-
ogy and the results in median fluorescent intensi-
ty (MFI) may be read on any Luminex® instrument
system (Figure 2). The core of this technology con-
sists of Luminex® MagPlex® magnetic carboxylated
polystyrene microbeads, each dyed with a unique
ratio of two fluorophores which allow the instru-
ment to discriminate each bead with its associated
bound immunoassay sandwich. The fluorophore,
phycoerythrin (PE), gives the detection signal of
the assay analyte.

The assay format (Figure 3) for each of the three MIL-
LIPLEX® SARS-CoV-2 panels consists of the specific

5
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Figure 2. Luminex®200™, FLEXMAP 3D, and
MAGPIX® instruments.

Figure 3. MILLIPLEX® assay format for these kits.
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SARS-CoV-2 antigen conjugated to a unique bead re-
gion of aMagPlex® bead.These capture beads are then
incubated with appropriately diluted human serum
or plasma samples. Antibodies in the sample which
recognize each antigen will bind, forming a bead-
analyte sandwich. The sample is then washed away. A
detection anti-human immunoglobulin type-specific
antibody conjugated to the PE reporter is then incu-
bated to complete the sandwich, as illustrated. Excess
detection antibody is removed, and the sample MFl is
read on the Luminex® instrument. Each panel is spe-
cific for the detection of human immunoglobulin IgM,
IgG, or IgA. These assays are qualitative and do not in-
clude standards for quantitation. It is recommended
that researchers run non-infected control samples to
establish an experimental MFI cutoff.

Each kit includes a set of control beads, which may
be combined in the same assay with the analyte
beads, to qualify assay performance. Three immuno-
globulin- conjugated Positive Assay Control beads
(IgM, 1gG, or IgA, dependent on the kit) have been
conjugated with a different amount of immuno-
globulin and will show varying levels of relative MFI
readings, covering the detectable range of the assay.
One Negative Assay Control bead is included (no im-
munoglobulin conjugation) (Figure 4).

Commercially available or in-house recombinant IgG
antibodies to SARS-CoV-2 subunits S1, S2, RBD, and
N were diluted into human serum/plasma collected
prior to 2020 and tested in the MILLIPLEX® SARS-
CoV-2 Antigen Panel 1 1gG 4-plex assay to confirm
assay performance. Due to a lack of commercially
available IgA and IgM antibodies to the SARS-CoV-2
analyte subunits, similar tests could not be per-
formed on the IgA or IgM panels.

Intra-assay precision results for all three panels were
found to be <15% CV as calculated from the mean of
the %CVs from 8 reportable results in a single assay.

For Research Use Only. Not For Use in Diagnostic Procedures.
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Figure 4. Assay Control Bead MFls. Note that the IgG beads’
relative MFls read in high, medium, and low order, whereas the
IgA and IgM beads’ MFls are in order of low, medium, and high
relative MFI.

Inter-assay precision for all three panels were <20%
CV as calculated from the mean of the %CVs across 4
different assays.

These MILLIPLEX® kits are manufactured in facilities
which are 1ISO 9001:2015 compliant, and are for re-
search use only, not for use in diagnostic procedures.

Materials and Methods

Samples

Patient samples were obtained, assayed, and ana-
lyzed as described.’ The samples were from patient
groups testing positive or negative by PCR for SARS-
CoV-2 infection: COVID-19 positive “Ventilated”
(n=68), COVID-19 positive “Not Ventilated” (n=115),
and COVID-19 negative “COVID-" (n=41).

Kit Protocol

EDTA plasma samples were assayed in duplicate for
all four analytes, S1, S2, RBD, and N, according to

/



protocol in each of the MILLIPLEX® SARS-CoV-2 kits,
IgG, IgA, and IgM. All three kit protocols are identi-
cal, save for the immunoglobulin detected and the
order of assay controls’ MFI. Kit reagents were pre-
pared and warmed to room temperature (RT) prior
to use.

Samples were diluted 1:100 in Assay Buffer.! 96-well
plate wells were pre-wetted with 200 uL Wash Buffer,
covered with adhesive plate sealer, and incubated
for 10 minutes at RT with shaking, then decanted. To
all wells, 25 uL of Assay Buffer was added, with an ad-
ditional 25 pL of Assay Buffer added to background
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Figure 5a. Results of human patient samples run in MILLI-
PLEX®SARSCoV-2 Antigen Panel 1 IgG, 4-plex analytes: S1,
S2,RBD, N.
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wells. 25 L of each diluted sample was added to the
appropriate sample wells. 60 uL of each sonicated
(30 seconds) and vortexed (1 minute) analyte and
control bead was combined and brought to a final
volume of 3 mL with the addition of Assay Buffer,
vortexed, and 25 uL of bead mixture was dispensed
into each well. The plate was sealed and incubated
for 2 hours at RT with constant shaking to maintain
bead suspension. A handheld magnetic plate washer
(Cat. No. 40- 285) was used to retain magnetic beads
while liquid contents were decanted and plate wells
washed 3 times with 200 pL per well Wash Buffer. 50
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Figure 5b. Results of human patient samples run in MILLIPLEX®
SARSCoV- Antigen Panel 1 IgA, 4-plex analytes: S1, S2, RBD, N.
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Figure 5c. Results of human patient samples run in MILLIP-
LEX®SARSCoV-2 Antigen Panel 1 IgM, 4-plex analytes: S1,
S2,RBD, N.

uL of PE- anti-human immunoglobulin (IgG, IgA, or
IgM per kit in use) detection antibody was added to
each well, the plate was sealed, and incubated 90
minutes at RT with constant shaking. The magnet-
ic plate washer was used to wash the plates 3 times
with 200 uL per well Wash Buffer. 150 pL Sheath Fluid
(Cat. No.40-50015) was added to each well, the plate

was then sealed and shaken at RT for 5 minutes. The
plate was then read on a Luminex® 200™ instrument.

Results

Graphed assay results (Figure 5a, 5b, 5¢) show indi-
vidual MFI for each sample in each group with group
means, +/- standard deviation (SD) and p-value
significance tests between groups: ****p<0.0001,
**¥p<0.001, **p<0.01, *p<0.05.

Discussion

We have developed three new MILLIPLEX® kits which
allow researchers to test human serum or plasma
samples for IgG, IgA, and IgM antibodies which rec-
ognize the SARS-CoV-2 protein subunits S1, S2, RBD,
and N.

These RUO assays have been verified by testing with
human serum and plasma samples from a cohort of
SARS-CoV-2 PCR positive and negative COVID-19 pa-
tients. These kits require minimal sample volume to
run, at 25 pL of 1:100 dilution per well in a 96-well
format. The assay duration is approximately one
half-day, with capture-bead and sample incubation
of 2 hours followed by a 90-minute incubation with
detection antibody prior to reading on the required
Luminex® instrument.

These kits will be of use to researchers who are study-
ing COVID-19 in humans. Performing IgM, IgG, and
IgA blood-based testing may help identify people
who have been exposed to SARS-CoV-2, and who
have generated some level of immune response. By
testing the response of each immunoglobulin type
against specific antigenic regions of the SARS-CoV-2

T Higher dilutions, such as 1:200, may be required for samples with very high antibody titer.

For Research Use Only. Not For Use in Diagnostic Procedures.
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virus, researchers may further understand the im-
mune response to the virus over the course of infec-
tion and recovery from COVID-19.

Now that vaccines against SARS-CoV-2 are available,
these kits may provide researchers with tests to de-
termine whether a person has immunity due to nat-
ural infection or immunity from vaccination.

Vaccinated individuals would potentially have titers
against spike proteins but not the nucleocapsid pro-
tein. Of course, should vaccines containing the nu-
cleocapsid protein as well as spike proteins come
into use, these tests would no longer apply.

For additional information on these assays, contact
our Technical Support team at SigmaAldrich.com/
milliplex

For related panels, visit SigmaAldrich.com/millip-
lex-covid-19

For Research Use Only. Not For Use in Diagnostic Procedures.
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Characterizing Virus Structure

and Binding

Nano differential scanning calorimetry and isothermal titration cal-
orimetry are contributing to a better understanding of the structure

and mode of action of viruses.

Introduction

COVID-19 has disrupted daily global life, and ma-
jor resources are focused on disease containment,
treating the sick, supporting the economy, and de-
veloping treatments and vaccines. Researchers are
working to understanding the basic chemical details
of viral pathogenesis, viral protein structures, and
identifying therapeutics to disrupt/prevent the dis-
ease. Nano Differential Scanning Calorimetry (Nano
DSC) and Isothermal Titration Calorimetry (ITC) are
powerful label-free and immobilization free analytic
tools for thermodynamic measurements of molec-
ular binding, biomolecular thermostability, and en-
zyme kinetic reactions.

The self-assembly of viral proteins and nucleic ac-
ids to form stable particles, and the mechanisms by
which viruses bind to and penetrate host cells, rep-
resent two key aspects to understanding the basis of
viral infection. The thermal stability of virus coat pro-
teins in solution, compared with the stability of the
corresponding highly structured viral protein shell,
can be most effectively characterized by Nano DSC,

(N

whereas fundamental information about the molec-
ular interactions driving virus/cell binding process-
es can be obtained by measuring the heat evolved
or absorbed during binding using ITC. This note re-
views applications of Nano DSC and ITC for studying
the stability of virus particles and their binding to
cells, as well as for the identification of viruses.

Virus Particle Stability and Assembly

Norwalk virus is the major cause of gastroenteritis.
The virus consists of an RNA genome encapsulated
by a coat comprised primarily of major capsid pro-
tein, and gains entry to the body through ingestion
of contaminated food or water. The major capsid
protein has two structurally distinct domains and
self-assembles in vitro into empty, non-infectious vi-
rus-like particles that are structurally and immuno-
logically similar to the intact virus. The virus experi-
ences large variations in pH as it progresses through
the infective cycle. DSC studies conducted on
non-infective virus- like particles (Ausar et al., 2006)
between pH 3 and 8 showed two well-separated en-
dothermic peaks at pH 3: a larger peak centered at 66
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°Cand a smaller peak centered at 92 °C. At less acidic
pH values, the higher temperature transition shift-
ed to lower temperatures, and at neutral pH it was
superimposed on the lower temperature transition.
Proteolytic studies showed that the low temperature
transition was due to the proteolytically-stable large
C-terminal domain, while the high temperature tran-
sition arose from the digestible smaller N-terminal
domain. These results are consistent with the need
for the virus to remain intact in acidic conditions
following ingestion, and to disassemble and release
its RNA after penetrating the gastric cell membrane
and entering the (neutral pH) cytoplasm. DSC stud-
ies on capsid-protein-only shells of a parvovirus also
showed different conformations and stability in re-
sponse to environmental changes similar to those
encountered by the virus during its life cycle (Carrei-
ra et al., 2004). In this case, conformational changes
proceeded in two steps. DSC showed that heating
the shells to 46 °C caused partial externalization of
the N-terminus of the protein, followed by dissoci-
ation of the shell at 75 °C into monomeric proteins.

The stabilizing effect of viral nucleic acid on virus
particles has been studied using intact viruses and
empty coat-protein-only shells of turnip and tobac-
co mosaic virus. DSC and other biophysical studies
of intact turnip virus showed that heat disrupts the
virus in three stages: first, the RNA is released and a
conformational change occurs in the shell, then the
empty shell dissociates and finally, the coat protein
denatures (Mutombo et al., 1993). In tobacco mosa-
ic virus, the intact virus is stabilized by about 15 °C
compared to the coat-protein-only shell, suggesting
that the RNA forms specific stabilizing interactions
with the protein shell (Orlov et al., 1998). The ther-
mal stability of the coat protein alone in solution or
in small aggregates is about 30 °C lower than when
packed into the highly structured coat-protein-only
shell. The authors point out that the presence of fold-
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ed coat protein in solution is known to inhibit virus
disassembly. This would aid infection, as the instabil-
ity of monomeric or small coat protein aggregates
would help drive the disassembly process to com-
pletion once initiated by the release and unfolding
of a few coat protein molecules in the infected cell.

DSC has also been used to investigate the thermal
stability of adenovirus, a favored vehicle for deliv-
ering transgenic material to somatic cells, with the
intent of identifying the effects of environmental
factors such as pH and sugars on virus stability (Rex-
road et al.,, 2002; Ihnat et al., 2005). Ihnat et al. (2005)
studied the purified wildtype major capsid protein
(hexon protein), the wildtype virus (Ad/WT) and a
mutant form of the virus (rAd/p53) in various buffers.
The mutant virus exhibited three endothermic tran-
sitions, while the wildtype provided four transitions.
The coat protein provided two endotherms (Fig A)
but lacked the 50 °C endotherm characteristic of the
intact virus. Deconvolution of the approx. 50 °C peak
(Fig B) from the virus particles showed that this en-
dotherm was composed of two thermal events in a
concentration-dependent manner. Taken together
with other calorimetric data, the authors conclude
that the 50 °C transition represents the disruption
of the virus particle into protein and nucleic acid,
and that the transitions at approx. 70 and 75 °C arise
from conformational changes in the hexon protein.
The 50 °C transition is not reversible and since its po-
sition, size and shape are dependent on concentra-
tion and environment, the authors suggest that the
position of this transition can be used to distinguish
between adenovirus mutants, and to screen and op-
timize stabilizing formulations.

The assembly of complex viruses such as bacterio-
phages and some eukaryotic viruses often requires
the assistance of chaperones and proteases. The
thermal stability of viruses has long been studied
by DSC, and changes in thermal stability during the
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Figure 1A. DSC scans of capsid protein alone (hexon),
mutant virus (rAd/p53) at two concentrations and in
different buffers, and wildtype virus (Ad/WT). Samples
were scanned at 1 °C/min in a Nano-DSC.

B. Result of deconvolution of ~ 50 °C peak. (lhnat et al.,
2005).

maturation process have been correlated to struc-
tural changes observed by X-ray scattering and elec-
tron microscopy. Perhaps the most detailed thermal
profiles have been obtained for the bacteriophages
T4 (Ross et al., 1985; Steven et al., 1992), P22 (Galisteo
and King, 1993; Galisteo et al., 1995), and HK97 (Ross
et al., 2005; Ross et al., 2006). In the case of HK97, the
precursor capsid protein, gp5, self-assembles into
pentamers and hexamers which in turn self-assem-
ble into procapsids. This is followed by N-terminal
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proteolysis, expansion of the capsid particle, con-
formational rearrangements, covalent cross-linking,
and insertion of the DNA (Ross et al., 2006). The mat-
uration process results in progressively more stable
particles, and some steps (proteolysis and cross-link-
ing) prevent reversal of the process. The intact virus
cannot be thermally disassembled without the use
of 5 M urea.

Virus Entry Into Cells

Viruses enter cells through one or a combination of
two general mechanisms: direct fusion with the cell
membrane (enveloped viruses) and entry via endo-
cytotic or other vesicles (non-enveloped viruses).
The latter mechanism is mediated by cell surface
receptors, although some viruses may fuse with the
host cell membrane in the absence of a receptor.
Calorimetry has been used to study both types of
infection pathways.

Enveloped animal viruses enter the host cell by fus-
ing with the host cell membrane, induced by con-
formational changes in viral coat glycoproteins. The
conformational change can be triggered by the acid-
ic environment of the endosome, or by interaction
with a specific receptor on the cell surface. Influenza
virus fuses with cell membranes under acidic con-
ditions. The virus coat consists of a lipid membrane
and three transmembrane proteins of which one,
hemagglutinin, undergoes a large conformation-
al change at acidic pH. This exposes a hydrophobic
segment that drives virus fusion with the host cell
membrane. DSC of purified hemagglutinin at neu-
tral pH produces a single large-enthalpy cooper-
ative endotherm with a T_ of 66 °C, whereas at pH
5 the protein unfolds in a less cooperative manner
at 45 °C, with approximately one-third the enthalpy
change (Remeta et al., 2002). DSC and spectroscopic
studies on intact influenza virus, conducted to de-
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termine how the hemagglutinin protein responds
to pH and temperature when embedded in the vi-
ral membrane, also showed significant differences
between acidic and neutral pH (Epand and Epand,
2002). As with the purified protein, hemagglutinin
in the intact virus unfolded cooperatively at about
66 °C at neutral pH, but at pH 5, the T  decreased
only to 60 °C and the enthalpy remained essentially
unchanged, although cooperativity was significantly
reduced. The authors concluded that the decreased
stability of hemagglutinin at acidic pH initiates virus/
cell membrane fusion mediated by the exposed hy-
drophobic segment, but that hemagglitinin within
the intact virus is less destabilized than the purified
protein under similar conditions. ITC experiments
with intact and inactivated influenza virus at neutral
and acid pH allowed binding and membrane fusion
events to be separated and showed that membrane
fusion is an endothermic reaction occurring exclu-
sively at acidic pH (Nebel et al., 1995).

ITC and other studies on vesicular stomatitis virus
showed that the viral fusion protein bound to and
fused with phosphatidyl choline/ phosphatidyl ser-
ine (1:3) vesicles exothermally at pH 6.0, whereas
binding but no fusion occurred at pH 7.5 (Carneiro
et al,, 2002, 2006). The fact that binding was exother-
mic suggested that it might be driven by electro-
static interactions. No binding was observed when
the vesicles did not contain phosphatidyl serine, or
when the histidines in peptides corresponding to
the putative binding region on the viral fusion pro-
tein were replaced with alanines. The ITC data sug-
gest that binding of the viral fusion protein to the
cell brings histidine residues in the binding region
of the protein in close proximity with the negatively
charged phosphatidyl serine head groups, leading
to protonation of the histidines and interaction of
the fusion protein with the cell membrane.
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HIV is perhaps the most extensively studied envel-
oped virus. Infection is initiated when the viral coat
glycoprotein, gp120, interacts with CD4 receptors
on the target cell, triggering conformational chang-
es in the virus envelope and leading to fusion with
the target cell. ITC studies of the interaction between
gp120 and CD4 (Myszka et al., 2000) showed a very
favorable binding enthalpy (approx. -63 kcal/mol
(-264 kJ/mol)), indicating the formation of a large
number of hydrogen bonds and van der Waals inter-
actions. However, the binding entropy is large and
unfavorable, indicating significant loss of conforma-
tional freedom upon binding and resulting in me-
dium strength (2 x 108 M) binding. In addition, the
binding reaction is slow. Independent studies on the
CD4 protein showed that its structure remains es-
sentially unchanged upon binding, demonstrating
that the unfavorable entropy arises primarily from
structural rearrangement of gp120. Slow binding is
consistent with significant conformational changes
occurring during complex formation.

Extensive studies on a nonenveloped virus, simian vi-
rus 40, has shed light on how a virus recognizes and
binds to its receptor on the host cell, without bind-
ing so tightly that replicated viruses cannot migrate
to new host cells. ITC data showed that the virus
recognizes its glycoprotein receptor with millimolar
affinity, but glycan screening experiments showed
that when presented with an array of glycans, the
virus binds preferentially to the branched oligosac-
charide found on the receptor. Crystallographic data
show that binding specificity is achieved by the two
branches of the oligosaccharide interacting simulta-
neously with the binding cleft (Neu et al., 2008).

Identifying Viruses by DSC

In 1997, Shnyrov et al. showed that scanning a New-
castle disease virus sample to successively higher
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temperatures on DSC (successive annealing) pro-
vided four endothermic two- state transitions which
corresponded to the four major proteins in the vi-
rus. The results suggested that the DSC profile of
a virus could be used as a means of identification.
This concept has been extended beyond the iden-
tification of the species of virus, to the identification
of individual strains. For example, Krell et al. (2005)
used DSC to characterize various polio and influenza
virus strains. Each strain had a characteristic pattern
of multiple unfolding transitions which differed in
T , shape and enthalpy, with significant pattern dif-
ferences even between closely-related strains (e.g.,
the highly-related HIN1 influenza strains A/PR8/34
and New Caledonia, or the H3N2 strains X-31 and
Panama). The authors suggest that the surface coat
proteins strongly influence the DSC profile of the
virus. Since it is these proteins that often differ be-
tween closely related strains, DSC could be a widely-
applicable, simple and fast clinical approach for
identifying infective viral strains.

Summary

The body of research incorporating DSC and ITC
studies for understanding the structure and mode of
action of viruses is growing rapidly. DSCis invaluable
for elucidating the thermodynamic profile of a virus
structure, leading to an understanding of the stabili-
ty of viral components and the reliable characteriza-
tion and identification of virus strains. Virus virulence
depends on the ability of the virus to specifically bind
to its target and infect the cells. ITC has been shown
to be a robust assay technology that can be used to
effectively characterize any inter-molecular binding
events occurring between a virus and its receptors.
Because viruses are composed of only a few major
protein and nucleic acid components, it is perhaps
not surprising that details of how these components
pack and interact with each other can be studied cal-
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orimetrically using intact viruses. At the same time,
the level of specific structural information from a
well-designed DSC or ITC experiment conducted on
intact viruses can rival that of other techniques that
require purified protein or nucleic acid components
to provide interpretable data. Rapid accurate eval-
uation of viral structure and virulence factors could
be critical for expanding the structure-activity rela-
tionship database for viruses, thereby allowing for a
timely response to viral outbreaks and pandemics.

References

1. Ausar, S., T. Foubert, M. Hudson, T. Vedvick and C.
R. Middaugh (2006). Conformational stability and
disassembly of Norwalk virus-like particles. J. Mol. Biol.
281, 19478-19488.

Carneiro, F, M. L. Bianconi, G. Weissmuller, F. Stauffer and
A. Da Poian (2002). Membrane recognition by vesicular
stomatitis virus involves enthalpy-driven protein-lipid
interactions. J. Virol. 76, 3756-3764.

Carneiro, F. et al. (2006). Probing the interaction
between vesicular stomatitis virus and
phosphatidylserine. Eur. Biophys. J. 35, 145-154.

Epand, R. M. and R. F. Epand (2002). Thermal
denaturation of influenza virus and its relationship to
membrane fusion. Biochem. J. 365, 841-848.

Carreira, A, M. Menendsz, J. Reguera, J. M. AlImendral
and M. Mateu (2004). In vitro disassemably of a
parvovirus capsid and effect on capsid stability of
heterologous peptide insertions in surface loops. J. Mol.
Biol. 279, 6517-6525.

Galisteo, M. L. and J. King (1993). Conformational
transformations in the protein lattice of bacteriophage
P22 procapsids. Biophys. J. 65, 227-235.

_/



10.

11.

12.

13.

14.

15.

16.

Galisteo, M. L., C. L Gordon and J. King (1995) Stability of
wild-type and temperature-sensitive protein subunits
of the phage P22 capsid. J. Biol. Chem. 270, 16595-
16601.

Ihnat, P. et al. (2006). Comparative thermal stabilities of
recombinant adenoviruses and hexon protein. Biochim.
Biophys. Acta 1726, 138-151.

Krell, T, et al., (2005) Characterization of different strains
of poliovirus and influenza virus by differential scanning
calorimetry. Biotechnol. Appl. Biochem. 41, 241-256.

Mutombo, K., B. Michels, H. Ott, R. Cerf and J. Witz
(1993). The thermal stability and decapsidation of
tymoviruses: a differential scanning calorimetric study.
Biochimie 75, 667- 674.

Myszka, D. G. et al. (2000). Energetics of the HIV gp120-
CD4 binding reaction. PNAS 97, 9026-9031.

Nebel, S., I. Bartoldus and T. Stegmann (1995).
Calorimetric detection of influenza virus induced
membrane fusion. Biochemistry 34, 5705-5711.

Neu, U., K. Woeliner, G. Gauglitz and T. Stehle (2008).
Structural basis of GM1 ganglioside recognition by
simian virus 40. PNAS 105, 5219-5224.

Orlov, V. N., S. V. Kust, P. V. Kalmykov, V. P. Krivosheev,
E. N. Dobrov and V. A. Drachev (1998). A comparative
differential scanning calorimetric study of tobacco
mosaic virus and of its coat protein ts mutant. FEBS
Letters 433, 307-311.

Remeta, D. P, M. Krumbiegel, C. Minetti, A. Puri, A.
Ginsburg and R. Blumenthal (2002). Acid-induced
changes in thermal stability and fusion activity of
influenza hemagglutinin. Biochemistry 41, 2044-2054.

Rexroad, J., C. Wiethoff, A. Green, T. Kierstead, M. Scott
and C. R. Middaugh (2002). Structural stability of
adenovirus type 5. J. Pharma. Sci., 92, 665-678.

(o)

17.

18.

19.

20.

21.

Ross, P. D., L. W. Black, M. E. Bisher and A. C. Steven
(1985). Assembly-dependent conformational changes
in a viral capsid protein. Calorimetric comparison of
successive conformational states of the gp23 surface
lattice of bacteriophage T4. J. Mol. Biol. 183, 353-364.

Ross, P, N. Cheng, J. Conway, B. Firek, R. Hendrix, R.
Duda and A. Steven (2005). Crosslinking renders
bacteriophage HK97 capsid maturation irreversible and
effects an essential stabilization. EMBO J., 24, 1352-
1363.

Ross, P, J. Conway, N. Cheng, L. Dierkes, B. Firek, R.
Hendrix, A. Steven and R. Duda (2006). A free energy
cascade with locks drives assembly and maturation of
bacteriophage HK97 capsid. J. Mol. Biol. 364, 512-525.

Steven, A. C,, H. L. Greenstone, F. P. Booy, L. Black and
P.D. Ross (1992). Conformational changes of a viral
capsid protein. Thermodynamic rationale for proteolytic
regulation of bacteriophage T4 capsid expansion, co-
operativity, and super-stabilization by Soc binding. J.
Mol. Biol. 228, 870-884.

Shnyrov, V. L., G. G. Zhadan, C. Cobaleda, A. Sagrera,
I. Munoz-barroso and E. Villar (1997). A differential
scanning calorimetric study of Newcastle disease
virus: identification of proteins involved in thermal

transitions. Archives Biochem. Biophysics 341, 89-97.

For more information or to request a product quote,
please visit www.tainstruments.com/ to locate
your local sales office information.

Additional Resource

Simplify the Development of Your Vaccine
Therapy with these Tools

/



Lentivirus-Based SARS-CoV-2
Virus Particles for the Study

of COVID-19

Off-the-shelf particles help elucidate the mechanisms behind

SARS-CoV-2 entry into cells.

Background

Emerging viruses are a global threat to human
health and economic stability, as exemplified by the
current COVID-19 pandemic caused by novel coro-
navirus SARS-CoV-2, which is efficiently transmitted
from human to human. COVID-19 has spread rapid-
ly, creating a global emergency situation. The scien-
tific community reacted swiftly and massively world-
wide, supplying diagnostic tests, generating new
therapies, and designing much needed vaccines.

Scientists at BPS Bioscience have been actively work-
ing on developing COVID-19 research tools to sup-
port the scientific community in these efforts. These
research tools include an entirely new line of lentivi-
ruses to study the first step of SARS-CoV-2 infection.

The Spike protein consists of two subunits (S1 and S2)
organized in a homo-trimer structure. SARS-CoV-2
infects human cells when the RBD (Receptor Binding
Domain) region of the Spike S1 subunit binds to ACE2
(angiotensin converting enzyme 2) on the surface of
cells in the respiratory system including the lungs, in
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Figure 1. SARS-CoV-2

the arteries, heart, kidney, and intestines. Based on
this observation, drugs or neutralizing antibodies
that target the interaction between the Spike pro-
tein of SARS-CoV-2 and human ACE2 may offer pro-
tection against viral infection. Spike then needs to be
primed by extracellular proteases Furin and TMPRSS2
(human transmembrane serine protease 2), primarily
expressed by endothelial cells across the respiratory
and digestive tracts. These proteases cleave Spike at
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DOUBLING DOWN
ON SARS-COV-2
EMERGING VARIANTS

BPS has developed a collection of recombinant proteins, umql
pseudovirions, antibodies, and lentiviruses to help intensify resea
emergeng variants and ’rhﬂlr effects on pathogenesis, current H’ ;_]Ei_r'L'r{:
drugs,and vaccine development,
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Figure 2. SARS-CoV-2 virus entry into host cells

the S1/52 site, exposing a peptide in the S2 subunit
that promotes virus fusion with the cellular mem-
brane, thereby allowing the virion to enter the cell.
Since TMPRSS2 is involved in viral entry, it has been
proposed that blocking TMPRSS2 activity could also
be an effective therapeutic strategy.

The emergence of SARS-CoV-2 mutants is a serious
threat, particularly when new mutations result in
higher transmissibility and infectivity. Thousands
of variants have now been described, with nota-
ble variants of concern: Variant (B.1.1.7) identified
in the United Kingdom, Variant (B.1.351) identified
in South Africa, or Variant (P.1) identified in Brazil.
Fast-spreading Variant B.1.1.7, for example, contains
several mutations including a N501Y mutation that
is thought to make it easier for the virus to attach
to human ACE2. Research on these variants will be
critical to update vaccines and therapeutics.

Lentivirus-based Tools

To better understand the mechanism of SARS-CoV-2
entry into cells, BPS Bioscience has developed new,
off-the-shelf lentivirus-based virus particles that can
infect most types of mammalian cells, including pri-
mary and non-dividing cells. These viruses are ready
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for infection and do not require other components.
Infection rates as high as 90% and efficient gene
transduction lead to robust expression of proteins
of interest or reporter proteins. Importantly, none
of the HIV genes (gag, pol, rev) are expressed in the
infected cells, therefore our lentiviruses are repli-
cation-incompetent and can be used in a Biosafe-
ty Level 2 facility, which makes them accessible to
many research laboratories.

Our first family of lentiviruses for COVID-19 research
are replication incompetent, pseudotyped lentiviral
particles that use protein VSV-G (Vesicular stomati-
tis virus G protein) as an envelope protein to medi-
ate cellular entry via the LDL receptor (low-density
lipoprotein receptor), allowing infection of various
cell types. These viruses are used to drive transient
or stable expression of proteins of interest ACE2
(BPS Bioscience #79944), TMPRSS2 (BPS Bioscience
#78011), and Spike (BPS Bioscience #78010).

Figure 3 illustrates the structure of the ACE2 vector
used to transduce the gene encoding ACE2, while
Hv-§ &

hrgk — 5| e

- ACE2 Lenmtivirus

Figure 3. ACE2 lentivirus construct. Under the control of EF1a
promoter, the virion transduces ACE2 (NM_021804.3) allowing
its transient expression in target cells or the generation of a
stable cell line expressing ACE2 (following puromycin selection).
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Figure 4 shows ACE2 expression following infection
of HEK293 cells with ACE2 Lentivirus (BPS Bioscience
#79944) measured by flow cytometry.
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Figure 4. Flow cytometry analysis of ACE2 expression in
HEK293 cells transduced with ACE2 Lentivirus (BPS Biosci-
ence #79944). Blue: HEK293 parental cells; Green: HEK293
cells transduced with ACE2 lentivirus (left panel: Alexa Fluor
488; right panel: PE)

Pseudotyped SARS-CoV-2 Lentiviruses

Our second generation off-the-shelf pseudotyped
lentiviruses are designed to study the interaction
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between the SARS-CoV-2 Spike protein and human
ACE2 in a physiologically relevant context. These
viruses use SARS-CoV-2 Spike protein (GenBank
#QHDA43416.1) as the envelope protein to infect
COVID-19-relevant target cells. They drive the ex-
pression of Firefly luciferase for precise and robust
guantification of infection, enhanced GFP (eGFP) for
fluorescence-based experiments, or both. For exam-
ple, Spike SARS-CoV-2 Pseudotyped Lentivirus Lu-
ciferase reporter (BPS Bioscience #79942) contains
the vector shown on the left in Figure 5. Spike SARS-
CoV-2 Pseudotyped Lentivirus eGFP corresponds to
BPS Bioscience #79981 (not shown), and pike SARS-
CoV-2 Pseudotyped Lentivirus dual reporter (BPS
Bioscience #79982) contains the vector shown on
the right in Figure 5.

These pseudotyped lentiviruses are particularly use-
ful to measure the effect of neutralizing antibodies
on Spike-mediated infectivity and gene transduc-
tion, as shown in Figure 6.

To serve as negative controls for this family of report-
er pseudoviruses, bald lentiviruses were designed
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Figure 5. Spike SARS-CoV-2 Pseudotyped Lentivirus Luc Reporter (BPS Bioscience #79942) and Dual Reporter (BPS Bioscience #79982).
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Figure 6. Neutralization assays performed with two distinct anti-SARS-CoV-2 Spike antibodies, a recombinant ACE2 protein, and an
anti-ACE2 antibody (from left to right). HEK293 cells expressing ACE2 were transduced with a mix containing the Spike (SARS-CoV-2)
pseudotyped lentivirus and different concentrations of the corresponding neutralizing compounds. Control transduction (100%) cor-
responds to the luciferase activity measured in presence of the virus without neutralizing compounds. Three independent experiments
showed dose-dependent decreases in the transduction efficiency of the Spike (SARS-CoV-2) Pseudotyped Lentivirus due to neutralizing

effects of the tested compounds.
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Figure 7. Infection of ACE2-HEK293 cells monitored by
luciferase activity. HEK293 cells were infected with ACE2
Lentivirus or with Bald Lentivirus Luc-eGFP Dual Reporter
(BPS Bioscience #79988).

without envelope glycoprotein (neither VSV-G nor
SARS-CoV-2 Spike) so they cannot infect cells, but
contain the firefly luciferase gene and/or eGFP: Bald
Lentiviral Pseudovirion Luciferase Reporter (BPS
Bioscience #79943), eGFP Reporter (BPS Bioscience
#79987), and Luc-eGFP Dual Reporter (BPS Biosci-
ence #79988).

SARS-CoV-2 Variants

Mutant viruses are available to study emerging
SARS-CoV-2 variants and to measure the effect of se-

5\
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lect mutations on the interaction between Spike and
ACE2 on virus infectivity. Currently available vari-
ant viruses include Spike SARS-CoV-2 Pseudotyped
Lentivirus Luc Reporter B.1.1.7 Variant, identified in
the UK (BPS Bioscience #78112) and B.1.351 Variant,
identified in South Africa (BPS Bioscience #78142),
while Variant P.1 (first identified in Brazil) is in the
pipeline. Mutant Spike pseudotyped viruses con-
taining only the highly conserved D614G mutation

Figure 8. Infection of ACE2-HEK293 cells with SARS-CoV-2 Spike
(D614G) pseudotyped lentivirus eGFP reporter (BPS Bioscience
#78035).




(eGFP reporter BPS Bioscience #78035 or Luc report-
er BPS Bioscience #78028) or the 3 mutations K417T,
E484K, N501Y present in the RBD (Receptor Binding
Domain) of the P.1 variant (Luc reporter BPS Biosci-
ence #78143) have also been released, with more to
come. These mutant pseudoviruses can be useful for
differentiating the binding site and mechanism of
action of neutralizing antibodies. Figure 8 shows an
example in which cell entry of Spike mutant (D614G)
was visualized using eGFP fluorescence.

Finally, our study shown in Figure 9 compared the
effect of anti-Spike antibodies on the infectivity of
wild-type and Variant B.1.1.7 Spike-pseudotyped vi-
ruses in ACE2-HEK293 cells. It was observed that the
wild-type virus was neutralized by this antibody in
a dose-dependent fashion (left panel), whereas Vari-
ant B.1.1.7 was not (right panel).

Conclusion

BPS Bioscience has recognized the urgency and spe-
cial challenges of conducting coronavirus research
during the pandemic. BPS scientists are continually
striving to offer novel and innovative products and
services to help researchers design new therapeu-
tics and vaccines for COVID-19. We have developed
one of the largest portfolios of coronavirus research
tools and services. These include cell lines expressing
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Figure 9. Effect of anti-Spike antibodies on the transduction effi-
ciency of B.1.1.7 Variant (UK) compared to wild-type (WT) Spike.
ACE2- HEK293 cells (BPS Bioscience #79951) were infected with
Spike Pseudotyped Lentivirus Luciferase Reporter (BPS Bioscience
#79942) or with Spike B.1.1.7 Variant Pseudotyped Lentivirus
Luciferase Reporter (BPS Bioscience #78112) in the presence of
increasing concentrations of an anti-Spike antibody. Control
transduction (100%) corresponds to luciferase activity measured
in the presence of WT virus without neutralizing antibody.

ACE2 and TMPRSS2, unique assays to measure the
activity of 3CL, PLPro, TMPRSS2, Furin, RdRP, and oth-
er key SARS-CoV-2 targets, and a rapidly expanding
portfolio of lentivirus-based virus particles to keep
pace with the emergence of new variants of concern
and facilitate the study of these new mutations on
virus biology, diagnostic test performance (serology
or antigen tests) and vaccine efficacy.

Additional Resource

Coronavirus Protein, Kits, Lentiviruses,
Antibodies, Custom Services

.



What We Know about SARS-CoV-2
Infectivity and Growing Concerns
with Emerging Variants

Rapid progress has been made, but a better understanding of
emerging mutations is key to turning the tide on this pandemic.

Spreading rapidly worldwide, COVID-19 is recog-
nized as the most severe global public health emer-
gency in history by the World Health Organization.
COVID-19 has become a huge threat to human
health, safety, and global economics. In addition,
the continuing pandemic poses a real challenge to
global health governance and human sustainability.

However, rapid advancement in understanding the
structural underpinning of SARS-CoV-2 infectivity
and transmissibility has yielded promising thera-
peutics and vaccine candidates. Continual examina-
tion and study of viral mechanisms and the impact
of emerging mutations are key to turning the tide on
this pandemic.

Understanding infectivity

The SARS-CoV-2 viral particle consists of a lipid bi-
layer containing membrane (M) protein, envelope
(E) protein, nucleocapsid (N) protein, and the Spike
(S) protein as shown in Figure 1.

Prior to the SARS-CoV-2 outbreak, the S protein of
SARS-CoV had been studied extensively. The S pro-
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Figure 1. SARS-CoV-2 particle schematic.

tein, among other structural proteins of SARS-CoV,
was found to be highly immunogenic and effec-
tive neutralizing antibodies recovered from SARS
patients were directed at S protein."? Therefore, re-
search into vaccines and therapeutics against SARS-
CoV-2 were immediately focused on the S protein.?

The S1 subunit contains a NTD and a RBD that binds
to the human ACE2 primarily through direct inter-
action with the receptor binding motif (RBM). The
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Figure 2. Structural schematic of S protein between SARS-CoV and SARS-CoV-2.

S2 subunit comprises the fusion peptide, heptad re-
peats, transmembrane region, as well as cytoplasmic
domain (Figure 2).

ACE2 is widely known as the key receptor for cellu-
lar entry of SARS-CoV-2. At the beginning of SARS-
CoV-2 infection, ACE2 is like a “doorknob” allowing
the virus to open the door to enter the cell.

In addition to ACE2, an interaction network of
SARS-CoV-2 with host receptome through S pro-
tein showed that a number of host cellular recep-
tors bind at least the two domains on S protein,
RBD and NTD, suggesting both are critical for vi-
rus-host interaction.

Notably, the latest research indicated that the tyro-
sine-protein kinase receptor UFO (AXL) specifically
might interact with the SARS-CoV-2 Spike protein
and play a key role in promoting viral infection of the
human respiratory system.*

A new frontier of emerging variants

Mutations in RBD have become a cause of concern
as reports suggest higher transmissibility and re-
duced vaccine and antibody therapeutic efficacy in
these strains.
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As SARS-CoV-2 spreads globally, random mutations of
the viral genome are inevitable. Mutations in and out-
side the RBD domain can significantly alter the con-
formation of S protein, which needs to be monitored
continuously for effect in transmissibility and severity
of COVID-19. GISAID is tracking new mutation/linages
of SARS-CoV-2 in the course of this pandemic.

Nextstrain visualization of the SARS-CoV-2 mutation
shows multiple clades of mutants emerging in 2019
and 2020 (Figure 3). However, mutations that lead
to gain of functions are especially dangerous as it
increases viral transmissibility and disease severity.
Recently three new variants have emerged: 501Y.
V1/B.1.1.7 from the UK, 501Y.V2/B.1.351 variant from
S. Africa, and 501Y.V2/P.1 from Brazil. More recently,
a U.S. variant originating on the west coast (B.1.429)
has been identified and is suspected in a rapid in-
crease of cases.”

The spread of these strains worldwide has been
alarming due to the suspected increase in transmis-
sibility and potential resistance to vaccine induced/
therapeutic neutralizing antibodies. The mutation
details for the variants are shown in Table 1.

Mutations in RBD have become a cause of concern
as reports suggest higher transmissibility and re-
duced vaccine and antibody therapeutic efficacy

/



Source: hitps://nextstrain.org

Figure 3. Phylogenetic clades of SARS-CoV-2 mutations with key variants around the world highlighted.

Table 1. Major SARS-CoV-2 variants in circulation world-
wide.>* Bold mutations are in the RBD and red colored
mutations lie within the RBM.
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in these strains. Recent reports suggest the B.1.1.7
variant is resistant to neutralization by antibodies
targeting NTD of S protein and partially resistant to
RBD mutants while showing modest resistance in
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convalescent plasma and vaccinated sera.® However,
the B.1.351 has shown stronger resistance to both
NTD and RBD antibodies and significant resistance
(11-33 fold) in convalescent plasma and vaccine
sera (6.5-8.6). With Pfizer/BioNTech, Moderna and
Novavax vaccines, the antibody titer shows no dif-
ference against B.1.1.7 variant while lowered effica-
cy has been observed against B.1.351 variant.®’

The E484K mutation present in both S. Africa and
Brazil variants is thought to contribute to resis-
tance where neutralization reduction greater than
10-fold was observed in some convalescent serum
antibodies.’® Another mutant, N501Y found in the
UK, S African, and Brazil variant is thought to im-
prove transmissibility of SARS-CoV-2 via strength-
ening ACE2 binding.®

In addition to effecting vaccination, these emerg-
ing variants have been found to lower potency of
current antibody therapies against COVID-19. Two




Table 2. Vaccine efficacy analysis against emerging strains.5®
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monoclonal antibody cocktails from Eli Lilly (bam- References

lanivimab/estesevimab) and Regeneron (Casiriv-
imab/imdevimab) that have received emergen-
cy use authorization from FDA have been tested
against these variants. In the case of Eli Lilly’s anti-
bodies, bamlanivimab was susceptible to the E484K
mutation in RBD leading to more than a 100-fold
reduction in neutralizing activity while estesevimab
retained activity with only a 4.4-fold decrease in
neutralizing ability.’”® Regeneron’s casirivimab and
bamlanivimab both showed little to no effect in po-
tency against the B.1.1.7 variant, while showing to-
tal or significantly abolished activity against B.1.347
variants.® Results are summarized in Table 3.
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Additional Resource

SARS-CoV-2 Related Products

ACROBiosystems has developed a comprehensive line of critical reagents, including recombinant proteins, antibodies, kits, beads, and
50 on, covering the critical targets of SARS-CoV-2. We hope that we can help to accelerate the research and development of SARS-CoV-2
related therapeutics, diagnostics, and vaccines with these high-quality products and advanced technical support.
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Accelerating Discoveries for Viral
Biology and Host Immunity with
Advanced Cell Analysis Solutions

Optimizing the characterization of viral biology and the host
immune response is essential to expedite drug development.

Introduction

In the wake of global pandemics such as COVID-19,
MERS-CoV, and Ebola, virology studies take center
stage, capturing the attention of both scientists and
the public alike. But within this “pathogen cloud” lies
a silver lining—increased investment in viral biology
research, the establishment of new scientific collab-
orations for rapid discovery, and renewed curiosity
among the general public on the long-term health
impact of emergent pathogens.

This increased awareness is accompanied by an
urgent need to characterize viral biology and the
host immune response for the identification of
therapeutics and development of vaccines. Suc-
cessfully executing a rapid, effective response to
emergent pathogens requires the use of experi-
mental approaches that are high throughput, yet
properly balanced with thorough analysis for sci-
entific rigor, leading to reproducible results. Tra-
ditional endpoint analysis can be limited, utilizing
time-consuming, tedious “hands-on” workflows
with multiple instruments, which also presents
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safety concerns through increased exposure to
pathogens. The experimental manipulations of
these assays introduce environmental fluctuations
and lack of control that are not truly representative
of host physiology. Traditional end-point assays
lack kinetic insight on viral biology and immune
responses, quickly consume limited sample and
reagents, and require multiple instruments and
software that could introduce variability. Taken
together, traditional analysis assays are hampered
by a slow time-to-result, lack kinetic information,
and present workflow challenges that are prob-
lematic for fast-paced therapeutic screening and
vaccine development. This is especially important
during emerging infections when time-to-result is
critical, but may impede other translational virolo-
gy research activities, such as the development of
therapeutics for regenerative medicine and cancer
vaccines using oncolytic viruses.

The Incucyte® Live-Cell Analysis System and iQue® 3
Advanced High-Throughput Flow Cytometry plat-
forms address many of these challenges, providing
rapid, yet comprehensive and insightful analysis of vi-
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Maximum Insights in
Minimal Time

Innovative Solutions for Extraordinary Times

The COVID-19 pandemic has scientists developing novel
life-saving treatments at breakneck speed. Sartorius
provides innovative high-throughput & automated solutions
to accelerate discovery, characterization & development.

Our groundbreaking Octet®, iQue® and Incucyte® advanced
cell & protein analysis platforms enable deeper insights into
host-pathogen biology and therapeutics development, so
you can learn more in less time from your in vitro virology
studies - when it counts.

www.sartorius.com/virology
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ral biology and host immune response studies. These
instruments provide the automation, flexible applica-
tions, and throughput needed to quickly analyze the
dynamics of viral infection and the immune response
with reproducibility to provide new insights.

The Incucyte® incorporates automated image acqui-
sition and analysis while maintaining physiological
conditions in the user’s incubator for better physio-
logical control, quantifying dynamic changes in real
time for hours, days, or weeks. The system’s flexible
applications, multiplexing capabilities, non-perturb-
ing reagents, and integrated, user-friendly software
permit rapid evaluation of cell health, function,
movement, and morphology in a physiologically rel-
evant environment while minimizing operator expo-
sure to pathogens via remote access.

The iQue® 3 is an automated, high-throughput, ad-
vanced flow cytometry platform that allows users to
rapidly multiplex protein analysis, immunophenotyp-
ing and perform functional assessments. Users can
assess immune cell activation, perform functional
profiling and antibody screening. This comes with the
convenience of ready-to- use kits including the iQue®
T Cell Phenotyping kit, Human Qbeads® Inflammation
Panel for cytokine storm assessment, and kits for T
cell activation, memory, killing, and exhaustion along
with cytokine profiling for greater indepth character-
ization of the host immune response in each sample.
Miniaturization is possible, as the platform requires
only small sample volumes and is reagent sparing.
It accommodates a variety of microplates, including
384-well for high-throughput analysis in minutes for
profiling and pharmacological screening. Researchers
can generate reproducible, high throughput tracking
and analysis with integrated, user-friendly Forecyt®
software. This timesaving, streamlined software offers
plate-level annotation, analytics, and results visualiza-
tion tools ideally suited for screening large data sets.
Users may also access linear range data for deeper un-
derstanding on assay performance. Data from wells
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may be linked together and multiple assay outcomes
combined to facilitate “hit” identification.

The research studies that follow provide real-world
examples of how Incucyte® Live-Cell analysis and
iQue® 3 Advanced High-Throughput Flow Cytom-
etry were incorporated into virology workflows to
provide rapid analysis solutions, simplification, and
enhanced throughput, aiding the discovery of new
insights on the host-pathogen life cycle throughout
the course of infection. Additionally, post-infection,
these platforms were used to help monitor expo-
sure, assess immune protection, and accelerate the
development of anti-viral small molecules, neutraliz-
ing antibodies, and vaccines.

Host Infection and Viral Replication

The host | pathogen lifecycle involves a series of dy-
namic events, including viral fusion, entry, replica-
tion, and spreading. Understanding the kinetic biol-
ogy of these early events, including rates of infection
and replication, can provide important clues for the
identification of therapeutic targets, neutralizing an-
tibodies, and vaccines.

Selecting and Developing a Viral
Infection Model

A critical, first step for virology studies is the selec-
tion of an appropriate model that is both biological-
ly and clinically relevant. Roberts et al (2017) evalu-
ated cell lines to identify the most physiologically
relevant as an in vivo model for the infectious cycle
of Chikungunya virus (CHIKV)." Incucyte® Live-Cell
Imaging and Analysis was used to capture Bright-
field images of cell morphology during differentia-
tion, better recapitulating in vivo conditions with-
in the physiologically relevant environment of the
incubator. Morphological changes during C2C12
(myoblast) and Huh7 (hepatocyte) differentiation
were visualized. C2C12 cells were serum-starved




in vitro, differentiated, and formed myotubes, sim-
ilar to in vitro muscle tissue. This was also associ-
ated with enhanced CHIKV RNA replication. Huh7
cells differentiated with DMSO underwent arrested
growth and up-regulation of liver proteins, showing
reduced levels of CHIKV RNA replication compared
to that of undifferentiated cells. This illustrated how
important morphological information from live-cell
analysis can add to biological understanding.

The development of new infection models may be re-
quired to enable the safe handling of viruses. There
is limited availability of BSL-4 facilitates that can safe-
ly accommodate particularly virulent viruses, which
may impede research progress. Xiao et al (2018) de-
veloped an Ebola virus pseudotype (E-S-FLU), a sin-
gle-cycle virus capable of mimicking Ebola cell entry,
which could be safely handled in BSL1/2 containment
facilities.? The E-S-FLU virus was created using an in-
fluenza virus that had been coated the glycoprotein
from Ebolavirus (EBOV-GP). E-S-Flu encoded a green
fluorescent reporter that replaced the hemagglutinin
(HA) gene from influenza. A lentiviral vector was used
to transduce MDCK-SIAT1 cells that stably expressed
high levels of EBOV-GP (E-SIAT). As part of the E-S-Flu
viral titer characterization, the Incucyte® was used to
obtainimages of plaques at 3 hintervals, revealing key
morphological clues during infection kinetics: E-SIAT
cells formed small diffuse plaques, while H5-SIAT cells
produced denser plaques. A single production batch
of the pseudotyped, E-S-FLU virus was leveraged to
screen a library of 1280 compounds as BSL1/2 for in-
hibition of viral entry.

Viral Entry and Infection

Characterizing viral entry and infection can provide
information that may be exploited for therapeutic
target identification or vaccine development. Stein et
al (2019) examined Human cytomegalovirus (CMV)
entry into host cells for therapeutic target identifica-
tion using a library of monoclonal antibodies direct-
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ed against human retinal pigmented epithelial cell
surface proteins (ARPE).3 Mice were injected with
an ARPE-19-derived membrane fraction to produce
immunized sera, which was analyzed for antibodies
against ARPE-19 cell surface proteins using iQue®
Advanced High-Throughput Flow Cytometry. A viral
inhibition assay identified two clones that caused in-
hibition yet failed to block entry into fibroblasts. Sub-
sequent experimentation led the authors to propose
that CD46 viral entry is dependent on a post-binding
event, wherein CD46 interacts with CMV PC. Studies
using CD-46 KO epithelial cells showed a reduction
in CMV dissemination, indicating that a CD46-depen-
dent process may be involved in viral spreading. The
authors further related the advantages of using this
mAB library approach over genetic screening, includ-
ing the lack of manipulation of transcriptional pro-
files, elimination of transfection and transduction tox-
ic effects, as well as flexibility for assay customization.

Viral infection and entry can also be studied using
live-cellimaging and analysis to monitor signals from
fluorescent reporters in treated cells. Qui et al (2018)
studied the interactions between the Ebola virus
(EBOV) glycoprotein with Niemann-Pick C1 (NCP1)
to gain insight on trafficking and delivery of EBOV
to NCP1.* Incucyte® Live-cell Imaging and Analysis
was used to capture the entry of GFP- expressing
MLV pseudotypes harboring EBOV AM GP or VSV G
in ArPIKfyve and Sac3 KO cells through the visualiza-
tion of GFP+ foci. Additional analysis showed that all
subunits of the PAS complex were required for EBOV
entry, and that cellular production of PtdIns (3, 5) P is
needed to promote efficient delivery to NPC1. Taken
together, these results shed new light on the infec-
tion and entry of this virulent pathogen.

Viral Replication

In addition to viral entry, viral replication represents
another area where these platforms may provide
new insights for therapeutic exploitation. Rothan
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et al (2019) studied the use of host cell components
as an alternative approach for targeting viral patho-
gens in dengue virus (DENV) and Zika virus (ZIKV)
infections. Live-cell analysis was used to quanti-
tate real-time proliferation of ZIKA-infected and
DENV-infected Vero cells treated with Bardoxolne
methyl (CDDO-me) or neutralization with ZIKV-neu-
tralizing antiserum. CDDO-me is an inhibitor of the
Hrd1 ubiquitin ligase-mediated ERAD pathway that
possibly targets host factor grp94 and was found
to inhibit dislocation. ZIKV- infected Vero cells were
treated with CDDO-me or ZIKV-neutralizing serum,
and the Incucyte® was used to automatically gener-
ate kinetic processing metrics from the imaging. The
percentage confluence over time was calculated to
determine the cytopathic effects of infection.

CCDO-me (0.13 pM) protected the Zika-infected
Vero cells as well as 5% ZIKV-neutralizing antiserum.
CDDO-me and PU-WS13 (a grp94 inhibitor) also had
anti-flaviviruses activity, and inhibition of grp94 may
play a role in CCCO-me inhibition of both DENV and
ZIKV. Herod et al (2019) used live-cell imaging and
analysis to detect GFP reporter gene expression to
study the effects of the anti-influenza drug Arbidol
(ARB) against the foot-and-mouth disease (FMDV)
and equine rhinitis virus (ERAV).® Using replicons in
a FMDV replication assay, they were able to study
viral replication at the BSL2 level of containment.
BHK-21 cells were treated with DMSO, GuHCI, or ARB
and transfected with a wild-type GFP FMDV replicon.
Expression of the fluorescent reporter protein was
monitored for 10 h using the Incucyte®, revealing
that ARB treatment produced dose-dependent sup-
pression of FMDV replication. Subsequent analysis
showed that ARB inhibited the replication of FMDV
RNA sub-genomic replicons, suggesting a possible
inhibition of picornavirus genome replication.

Viral Transmission

In addition to viral replication, live-cell analysis can
provide new insights into viral transmission and
spread. In the case of Measles Virus (MeV), the virus

(i)

can form syncytia when uninfected cells fuse with in-
fected cells expressing F- and H- glycoproteins from
the viral envelope. MeV, part of the Morbilliviruses,
may also spread by viral budding. Kelly et al (2019)
used live-cell analysis to study the cell-to-cell spread
of Measles Virus (MeV) using a recombinant MeV
that expressed a GFP fluorescent protein as a tran-
scription unit.” The Incucyte® was used to quantitate
viral replication, syncytia formation, and expansion,
revealing that a protein induced by interferon, bone
marrow stromal antigen 2 (BST2), inhibited the rep-
lication of MEV-GFP. These findings were also con-
cordant with a reduction in MeV nucelocapsid (N),
F and H proteins as detected by western blot. Addi-
tional analysis with Incucyte®, immunolabeling, and
biochemistry were utilized to determine that BST2
inhibited cell fusion (visualized as reduced syncytia
formation) and cell-cell spread.

Another important point of study for viral transmis-
sion is the element of viral dispersal. Viruses may be
dispersed through multi-viron assemblies that infect
the host cells. Anderu-Moreno and Sajuan (2018)
studied the viral fitness of free vesicular stomatitis vi-
rus (VSV) particles verses those that were aggregated
in saliva.® This study leveraged the kinetic capabilities
of real-time, live-cell imaging and analysis with Incu-
cyte® to compare fitness effects of viral particles dis-
persed in aggregated form to those in monodisperse.
Real-time, live cell kinetic studies were used to study
mouse embryonic fibroblasts (MEFs) inoculated with
either monodispersed VSV-mCherry particles or ag-
gregated VSV-GFP using human saliva.

The growth curves, generated from the Incucyte®
analysis, revealed leftward shift for viral populations
formed by aggregates, as compared to those which
were monodispersed. Aggregation of virus particles
imparted a short-term fitness advantage and in-
creased the release of viral progeny, which was de-
pendent on cellular permissively to infection and was
correlated with the level of cellular innate immunity.
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Host Immune Responses

Viral biology doesn’t occur in isolation but is subject
to the forces of the host immune response, which is
delicate interplay between the innate and adaptive
immune systems that ebbs and flows as the patho-
gen is detected, combatted, and eliminated. The dy-
namics and extent of this response is complicated by
individual genetics and inflammatory status, as well
as viral mutational shifts. Kinetic, comprehensive
analysis may uncover key information on the timing
and intensity of this dynamic, often complex story.
Changes in cellular health, function, phenotype, and
activity, as well as cyclic production of pro- and an-
ti-inflammatory mediators throughout the course
of infection can hold critical information about how
the virus | immune system interactions and response
to therapeutic candidates.

Immune Cell Activation

Viral exposure initiates immune cell activation and
sustained responses for pathogen elimination. Zan-
der et al (2019) studied how CD4+ T cells can help
sustain exhausted CD8+ T cells during chronic infec-
tion and cancer.’ The authors performed a functional
assessment of CD8+ T cells that were specific for the
GP33-41 peptide of lymphocytic choriomeningitis
virus (LCMV). Subsets of sorted GP33-41 CD8+T cells
were co-cultured with target EL4 ells treated with
GP22 peptide or a control peptide. The authors used
Incucyte® S3 and Incucyte® Annexin V Red Reagent
to quantitate cytotoxicity of the CD8+ T cells. Using
additional scRNA-seq analysis and transcriptional
profiling, they discovered that the CX3CR1+-ex-
pressing CD8+ T cell subset had a cytolytic function
that was key in viral control. This was also dependent
on IL-21 produced from the CD4+ T cells.

In another CD4+ T cell study, Kwon et al (2020) ex-
amined latent HIV-1 proviruses in human resting
memory CD4+T cell subsets to better understand la-
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tency and escape of HIV-1 from immune clearance.
A multiple stimulation viral outgrowth assay was
used to test naive and memory T cells (central, tran-
sitional, and effector) from HIV-1 patients on antiret-
roviral therapy. The iQue® Screener Plus was used to
assess cellular activation levels of resting CD+4 T cell
subsets, finding no correlation between the subsets
and rounds of stimulation needed to produce viral
outgrowth. Additional analysis revealed a lack of en-
richment for intact or inducible proviruses in the T
cell subsets, highlighting the complexity of pursuing
T cell memory subsets for HIV-1 therapy.

Antibody Responses and Epitope Mapping

In addition to activation of innate immune respons-
es, the adaptive immune system is called into ac-
tion to produce antibodies for viral defense. Epitope
mapping of viral antigens is an important character-
ization for study of early responses, and advanced
high-throughput flow cytometry is ideally suited
to supplement such investigations. In an insightful
study by Williamson et al (2019), the authors ana-
lyzed early convalescent memory B cells from sur-
vivors of Ebola infection."" Monoclonal antibodies
(mAbs) from the memory B cells were isolated from
survivors 1-3 months post infection to examine the
frequency of Ebola- specific B cells. The iQue® Ad-
vanced Flow Cytometry Platform was used as part
of the alanine-scanning shotgun mutagenesis for
epitope mapping. An alanine scanning mutagenesis
library was created for Ebola glycoprotein (EBOV GP)
to generate alanine-scanning mutagenesis library
clones. HEK-293T cells were transfected with the Ii-
brary, mutant GPs expressed, and the cells fixed and
stained for flow cytometry with a Fab fragment of
EBVOV237 and a secondary Alexa Fluor 488 conju-
gated- antibody. The iQue® was used for analysis of
cellular fluorescence. The reactivity of EBOV237 Fab
fragments to the mutants was compared to the wild-
type EBOV GPAmucin. Clones that did not bind the
EBOV237 Fab fragment, but bound to other control




EBOV mAbs, were deemed clones of interest. Sub-
sequent analysis identified a neutralizing epitope in
the glycan cap of the surface glycoprotein, recog-
nized by a mAB designated as EBOV237.This epitope
may play an important role in the early response to
Ebola virus and be a potential vaccine candidate.

In another study using alanine mutagenesis, Collins et
al (2019) studied the human B cell antibody response
to Zika virus infection.'> Two type-specific mAbs were
isolated from a SIKV patient with protective antibod-
ies and were used to map viral epitopes. Alanine scan-
ning mutagenesis was carried out to generate a ZIKV
prM | Eslanin-scan library with mapping of cells ex-
pressing ZIKV E mutants. The throughput of the iQue®
Advanced Flow Cytometry Platform enabled rapid
assessment of mean cellular fluorescence for the epi-
tope mapping. The authors concluded that both the
plasma antibody and memory B cell responses are
ZIKV-type specific. The neutralizing antibodies pro-
duced primarily target quaternary structure epitopes
on the viral envelope, which the authors noted had
been found in DENV and other flaviviruses. They em-
phasized that the identification of targets that pro-
duce a long-lived neutralizing Ab response was infor-
mative, and may be used to guide antigen design and
immunity generated by vaccines.

Cell Death

Understanding the kinetics of cell death mecha-
nisms can provide some valuable, and even previ-
ously unknown, insights for understanding immune
cell killing and cell death mechanisms of virally in-
fected cells and identify new therapeutic targets.

One area of cell death that has received increased at-
tention in viral disease is NETosis. In a ground-break-
ing study by Barr and Roderiguez-Garcia et al, the au-
thors identified NETosis formation by neutrophils in
genital mucosa as a protective defense against HIV
infection, a previously undescribed finding in the
early stage of HIV infection.” Live-cell imaging and
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analysis with Incucyte® captured the in vitro dynam-
ics of GFP-tagged HIV-VLP (HIV viral-like particles)
entrapped by human genital neutrophils (Figure 1).
NETs were released within minutes of viral exposure.

-

Figure 1. Neutrophils isolated from the female genital tract cul-
tured in impermeant DNA dye (red) and stimulated with GFP-la-
beled HIV viral-like particles (green) to induce NET formation.
(A) shows the DNA staining in NETs (red). (B) shows the GFP-la-
beled viral-like particles entrapped in NETs. Bottom left panel (C)
shows the phase contrast, in which NETs can also be visualized,
and bottom right panels (D) shows the merge with HIV trapped
in the NETs appearing as yellow. Image courtesy of Dr. Marta Ro-
driquez-Garcia, Tufts University School of Medicine.

In another NETosis study, Drs. Chirivi, Raats, and col-
leagues (at ModiQuest B.V.) reported on NET release
into the extracellular environment during inflamma-
tion." Incucyte® Live-Cell Imaging and Analysis was
used to capture NET release from neutrophils in the
presence of an engineered therapeutic anti-citrulli-
nated protein antibody (tACPA), which showed both
therapeutic and prophylactic potential for inflam-
matory disease associated with NET pathology, be-
ing the first in kind described to interfere with NET
expulsion into the extracellular space.
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In addition to NETosis, cell death may also arise from
apoptosis. Brown et al (2018) examined the interac-
tion of critical proteins involved in viral infections of
poultry: the Meq from Marek’s disease virus (MDV)
and the apoptin protein in chicken anemia virus
(CAV).”®> Incucyte® Live-Cell Imaging and Analysis
and Incucyte® Caspase-3/7 Apoptosis Reagent were
used to study the functional, kinetic effects of Meqg-
apoptin interactions on apoptosis on transfected
chicken fibroblast cells (DF-1). Meq protein inhibited
apoptin, which may have important implications for
CAV vaccine production. Cubas-Gaona et al (2018)
examined the loss of IgM B lymphocytes in Infectious
Bursal Disease (IBDV) and the role of type 1 interferon
(IFN) in IBDV infection.® Live-cell analysis was used
to examine enhanced apoptosis of Hela cells treated
with IFN-a and infected with IBDV and DF-1 cells. This
study demonstrated that IBDV-infected cells undergo
marked apoptosis when exposed to IFN-a.

A third mechanism of cell death is necroptosis, and
viruses may avoid destruction by exploiting this
mechanism to promote infection. Reddy et al (2020)
studied the role of Nr-13, a Bcl-2 related protein,
in the death of avian B cells."” Herpesvirus of Tur-
key (HVT) VNR-13 is an alpha herpesvirus-encoded
Bcl-2 homolog, and a lab-generated mutant (HVT-
AvNr-13) was used to study the functional role of
VNr-13. Live-cell analysis was used to monitor apop-
tosis of DF-1 cells infected with HVT vNr-13 trans-
fected cells, showing that HVT vNr-13 is involved in
the inhibition of cellular apoptosis at later stages of
viral replication along with an increase of PFU. HVT
was found to block apoptosis in cells that were in-
fected, but also to activate apoptosis in bystander
cells that were not infected.

Chemotaxis

In addition to cell death, chemotaxis may be upreg-
ulated during infection. Live-cell analysis is ideally
suited for the high-throughput kinetic measurement
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of chemotaxis studies for drug discovery screening.
Chen et al (2018) used live-cell chemotaxis analy-
sis of immune cells for therapeutic target identifica-
tion, mechanism of action studies and safety assess-
ment."® Incucyte® Chemotaxis Assays enable users to
automatically monitor and quantitate cell migration
horizontally, prior to vertical movement, through
the pores of biologically relevant surfaces at high
throughput. This comes with the added benefit of
also capturing morphological changes during this
process. Salyer and David (2017) used this chemotaxis
assay to aid in the development of a safe and effective
vaccine adjuvant.” They examined structure-activity
relationships focused on TLR-containing adjuvants
associated with inflammatory and myeloid-associat-
ed modules, identifying transcriptomal signatures of
innate immune stimulating molecules for use as suit-
able vaccine adjuvants. Incucyte® Live-Cell Imaging
and Analysis was used to assess PBMC chemotaxis
with HFFs (human foreskin fibroblasts) treated with
graded concentrations of TLR agonists. The HFFs stim-
ulated with TKR2/6 agonists displayed functional che-
motactic responses from lymphocytes in the PBMCs,
while TIR1/2 did not.

Cytokines, Chemokines, and
Cytokine Storms

As mentioned above, the production of cytokine
and chemokine proteins can be key indicators on
the host immune responses against viral infection.
Understanding the biology of these important effec-
tor proteins, the cells that produce them, the kinet-
ics of their release, and functional effects can shed
new light on immune system activities and the un-
derlying pathology of viral infections.

As a case in point, the biology of the pro-inflammato-
ry cytokine MIF (Macrophage Inhibitory Factor) has
an interesting story when it comes to the immune
response to disease and viral infection. MIF can reg-
ulate the innate immune response through a variety
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of means, including inhibition of apoptosis, activa-
tion of macrophages, and stimulation of NLRP3 in-
flammasome. Karsten (2017) undertook an investi-
gational doctoral study to characterize the role of
red blood cells in inflammatory cytokine signaling.?
Incucyte® Live-Cell Analysis was used to study the
proliferation and confluence of cell from the A549
cell line incubated with red blood cells, which was
also accompanied by release of cytokines in lysates
from the red blood cells. The primed RBCs were
able to stimulate T cell proliferation and activation.
Karsten found that red bloods cell served as a reser-
voir for not only MIF, but also other effector proteins,
supporting the concept that red blood cells acted
as a buffer, binding and releasing cytokines to affect
other immune cell activities. Smith et al (2019) later
examined the role of MIF in a mouse model of in-
fluenza (IAV, strain PR8) to understand macrophage
regulation during viral infection. MIF-deficient mice,
infected with influenza, had less inflammation, re-
duced viral load, and lower mortality as compared
to WT controls.?’ MIF increased inflammation in the
airspaces of the lung and increased the lung’s per-
meability during infection.

Mice overexpressing MIF in alveolar epithelia had
more inflammation, viral load, and higher mortal-
ity. Cytotoxicity assays and apoptosis assays using
Incucyte® Live-Cell Imaging and Analysis, as well as
the Incucyte® apoptosis reagents Caspase-3/7 and
Annexin-V, were used to assess IAV viral replication
in GFP-labeled bronchoalveolar lavage (BAL) cells
from IAV infected mice and cell viability (Figure 2).
This analysis helped to reveal that MIF promoted vi-
ral spread. Human lung epithelial cultures treated in
vitro with recombinant human MIF displayed an in-
creased number of influenza virus-infected cells. The
authors concluded that MIF impaired the antiviral
immune response of the host in the tested models
and augmented the inflammatory process during
influenza infection. Such findings prompt further
questions on the biology of this important cytokine,

(i)

Figure 2. Calu-3-lun carcinoma cells infected with Influenza A
(PR8), treated with human recombinant Macrophage Migration
Inhibitory Factor (MIF). Incucyte® Annexin V used for viability as-
sessment. Image courtesy of Dr. Candlice Smith.

its associated pathology, and the possible effects of
inappropriate upregulation that might occur in sus-
ceptible individuals.

Although animmune effector response can be bene-
ficial, the dysregulation of immune balance between
pro- and anti- inflammatory activities can prove di-
sastrous for the host. Nowhere is this more apparent
than in the development of cytokine storms and
acute respiratory distress syndrome (ARDS) in re-
sponse to viral and bacterial infections. Hillyer et al
(2017) explored the balance of IFN (interferon) and
proinflammatory cytokines during respiratory syn-
cytial virus (RSV) infection and how this might re-
strict viral replication and impact disease severity.?
Incucyte® analysis was used to assess viral spread-
ing in rgRSV- infected A549 (alveolar) and REAS-2B
(bronchial) cells along with videos of viral infection.
Cytokines were assessed in cell supernatants along
with western blots of transcription factors and pat-
tern recognition receptors. The A549 cells were
found to be highly permissive of infection and ex-
pressed genes characteristic of a pro- inflammatory
response. Further, BEAS-2B cells infected cells had
small foci with greater expression of antiviral inter-
feron-stimulated genes (type | and Il) and pattern
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recognition receptors. These insights emphasized
the role of the established antiviral state of cells and
how they respond differently to infection.

Post-Infection Analysis and
Protective Immunity

Post-infection studies are a critical component in
the assessing of the extent of infection and possible
sustained immunity. This is true of both pathogenic
viruses, and those designed for therapeutic purpos-
es. Serology studies on antibody titer, immune cell
memory and exhaustion, and effects on host tissue,
can provide important information on the long-term
effects of infection on the host.

Serology studies post-infection can provide a wealth
of information on protective antibodies. Xu et al
(2016) studied immune protection from anamnes-
tic antibody during acute Dengue virus infection.??
Antibodies, cloned from patient samples with heter-
ologous secondary infection of dengue virus, were
evaluated for their anamnestic response following
symptomatic reinfection with a heterologous sero-
type of DENV.The dengue antibodies were produced
by human plasmablasts shortly after a secondary in-
fection. The iQue® Advanced High-Throughput Flow
Cytometry Platform was used during shotgun mu-
tagenesis epitope mapping to test antibody reac-
tivity against mutant clones. Despite neutralization
in vitro and a reduced viremia in an in vivo mouse
model, the cross-reactive anamnestic antibody re-
sponse was protective. Niu et al (2019) examined the
antibody responses of convalescent patients infect-
ed with Zika virus (ZIKV), isolating three mAbs which
bound to ZIKV envelope protein that were most po-
tent in neutralizing the virus.* The iQue® was used
to perform epitope mapping of the antibodies. A
lethal dose of ZIKV was administered to SCID mice,
and the antibodies provided protection.
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Stewart et al (2014) described the use of Incucyte®
analysis to determine Hepatitis C virus (HCV) titer in
infected Huh-7 cells.”® Infected cells were counted,
and software was utilized to extrapolate titer with-
out expression of a reporter gene, which was indicat-
ed as infectious units per milliliter (IU/mL). Using this
method, the authors noted a reduction in cost, time
and error, compared to other means, with improved
accuracy, precision, and reproducibility. Additional-
ly, there was also a wider linear range of detection,
making it highly suitable for high-throughput antivi-
ral compound screening.

In addition to antibody titer, live-cell analysis can be
used to assess proliferation and wound repair follow-
ing viral infection, which may be related to pre-exist-
ing host physiology. Andersson et al (2020) studied
impaired airway epithelial cell wound healing follow-
ing infection with RSV in children with severe therapy
resistant asthma (TRA) and preschool-aged children
with wheezing (PSW).? Incucyte® analysis was used to
assess airway epithelial cell proliferation and scratch
wound repair following exposure of PBECs (primary
bronchial epithelial cells and biopsies) isolated from
severe PSW and STRA patients to house dust mite al-
lergen (HDM) and the TLR3 agonist ds RNA poly I:.C
and IL-33. The PSW children demonstrated impaired
airway epithelial proliferative responses and wound
healing, demonstrating the influence of a reactive air-
way on the host response to viral infection.

Development of Therapeutics
and Vaccines

In the early stages of emerging viral infections, the
search for therapeutics may focus on the repurpos-
ing of existing drugs, such the early COVID-19 inves-
tigative use of chloroquine (CQ) and hydroxychloro-
quine (HCQ). In bioRxiv pre-print, Yang et al (2020)
reported on the effects of chloroquine (CQ) and hy-
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droxychloroquine (HCQ) in cell lines, examining cy-
totoxicity and assessment of physiologically based
pharmacokinetic models (PBPK) for risk prediction.
Incucyte® Live -Cell Analysis was used to monitor cell
viability and proliferation in the cytotoxicity assess-
ment of CQ and HCQ.*” The authors noted that cyto-
toxicity was both time- and dose-dependent in vitro,
which suggested a short period of administration
may be appropriate if delivered clinically.

Elements of existing vaccines may also be modified
as a development strategy. Behzadi et al (2019) re-
purposed the influenza A vaccine platform via re-
verse genetic engineering to express a neutralizing
antibody against the CMV viral envelope protein
(gH).?® Here, advanced high-throughput flow cy-
tometry was used to perform binding analysis of
viral envelope protein for the design of a new hu-
man cytomegalovirus (CMV) vaccine. Boudreau et
al (2020) used a systems serology approach to as-
sess antibody functional profiles of individuals giv-
en an H5NT1 avian influenza vaccine administered
with the adjuvants alum and MF59, or delivered un-
adjuvanted to examine the effect of MF59 on the
generated immune response.” Antigen-specific
antibody subclass | isotypes and FcR binding were
determined using a high-throughput, bead-based
assay that were read on an iQue® advanced flow cy-
tometry platform.

Incucyte® Live-Cell Imaging and Analysis can also
be used to verify that a vaccine candidate binds to
a target. In the video to the right, Humane Genom-
ics used this technology to examine the binding of a
vaccine candidate to ACE2 receptors on target cells.
In the video, the ACE2 receptor (red) on the cells is
shown binding with the SARS-CoV-2 spike protein
(green) on the vaccine. This binding is visualized as
yellow, co-localized patches.

In another study of SARS-CoV-2 and SARS-CoV, Stu-
kalov et al (2020) in the lab of Dr. Andreas Pichlmair,
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the authors used a multi-level proteomics approach
to examine host-perturbation by SARS-CoV-2 and
SARS- CoV.*° As part of this assessment described in
a bioRxiv pre-print, they used live-cell imaging and
analysis to validate SARS-CoV-2 vulnerabilities that
could be targeted for antiviral therapy using existing
drugs. The authors discovered that SARS-CoV-2 per-
turbs a variety of host-pathways at multiple levels.
Incucyte® Live-Cell Imaging and Analysis was used
as part of a viral inhibition assay study, assessing cell
viability and virus growth of A549-ACE2 cells treated
with inhibitors and infected with SARS-CoV-2-GFP,
as part of a time-lapse fluorescent microscopy as-
sessment of SARS-COV-2 GFP-reporter virus infec-
tion. This drug screen assessed 48 drugs that modu-
lated pathways that were perturbed by SARS-CoV-2
to identify antiviral therapy candidates. Evaluation
of GFP signal and cell growth from 48 h of live-cell
imaging and analysis with Incucyte® were used to
generate heatmaps of cell growth rate over time.

The compounds Gilteritinib, Ipatasertib, Prinomastat
and Marimastat were found to have the highest anti-
viral effect and inhibited replication of SARS-CoV-2,
yet displayed little effect on cell growth.

In addition to the development of vaccines for emerg-
ing pathogens, live-cell analysis may be useful for the
development of personalized cancer vaccines. Sahin,
et al (2017) described the development of individual-
ized mutanome vaccines using RNA-based poly-epi-
topes for a first-in-human treatment for melanoma.?’
A comprehensive identification of each individual
patient’s mutations was performed along with com-
putational prediction of the neo-epitopes. Custom-
ized vaccines were prepared based on individual mu-
tational status. The Incucyte® system and Incucyte®
Caspase-3/7 Green Apoptosis Reagent were used to
assess the apoptosis of melanoma cells co-cultured
with effector T cells in vitro, assisting with vaccine
characterization. Hassanzadeh et al (2019) used an
interferon sensitive mutant Maraba virus (MG1), to
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better understand how oncolytic viruses interact with
the host immune system and kill tumors.*

Incucyte® Live-Cell Imaging and Analysis was used
to monitor the rate of viral propagation through
confluency of GFP signal in WT and S51 mouse em-
bryonic fibroblasts (MEFs). Incucyte® Cytotox Red
Reagent was used to monitor the infection of mock-
or infected cells over the time course of infection.
This platform was also used to observe the effect of
knocking down the translation factor elF5B on cell
viability and rate of infection with MG1.

Conclusion

These studies demonstrate the value of using the
Incucyte® Live-Cell Imaging and Analysis platform
and iQue® Advanced High-Throughput Flow Cytom-
etry for virology research to provide new insights
on viral biology and the host immune responses to
infection. More examples can be found in the “Ad-
ditional Reading” section below. The high-through-
put capacity, flexible applications, analysis software,
reagents, and kits enable users to quickly and com-
prehensively maximize the data collected from each
sample in minimal time. Further, these platforms are
both sample and reagent sparing.

Important kinetic events during the viral life cycle,
and their impact on host cell health, function, phe-
notype, activity, and immune cell responses can be
automatically assessed using small sample sizes to
quickly generate reproducible, consistent experi-
mental results.

Use of these platforms allows investigators to strike
the ever-important balance between the “need for
speed” during rapidly evolving public health issues
and pre-clinical testing versus the thorough, quanti-
tative, analysis of viral biology and immune respons-
es with reproducibility and confidence. By simpli-
fying analysis and increasing throughput, these
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tools can accelerate basic research and discovery
throughout the host-pathogen life cycle. Post- infec-
tion, these assays can be used to monitor exposure,
and rapidly characterize serological responses to as-
sess protection or studies of viral latency. They can
also be used for screening of anti-viral small mole-
cules and neutralizing antibodies, and the identifi-
cation and development of new vaccine candidates.
Incorporating Incucyte® and/or iQue® platforms into
experimental analysis can reveal some long- sought
“missing pieces” in the complex biological puzzle
of host-pathogen life cycle, and as the rapid emer-
gence and persistence of viral infections have taught
us, every piece may be needed.

Click here to view References.
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Additional Resource

Evaluating Viral Infections Across the Entire
Host Pathogen Life Cycle - Infographic

Utlilizing Incucyte® Live-Cell Imaging and
Analysis to Measure Viral Replication Overtime

IncuCyte™ Chemotaxis Cell Migration
- Neutrophils

Evaluating Non-Pathological Virus
Infectivity of Cells that Express ACE-2
with Live-Cell Analysis

S



