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the use of labels or invasive methods and has the benefit of providing real-time
data. The kinetics of ZIKV infection are highly dependent on the employed cell line,
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March 24, 2023 conventional endpoint assays. Furthermore, the CEIl assay can also be used for the

evaluation and characterization of antiviral compounds, which can also have dynamic
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URL in ZIKV research and antiviral research in general.
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Introduction

Zika virus (ZIKV) outbreaks are associated with serious
disease complications, such as microcephaly and Guillain-

Barre syndrome1 2,3,

Although future epidemics are
plausible due to various risk factors such as spreading
mosquito vector distribution and increasing urbanization, to
date, no vaccine or antiviral drug has made it to market
yet3'4. Therefore, traditional ZIKV research methods should
be supplemented with novel tools to study this virus and
its potential antiviral compounds. Antiviral research is often

based on phenotypic assays, where the endpoint is the

presence of a specific parameter, such as the appearance
of a virus-induced cytopathic effect (CPE) or production of
a particular virus-induced protein by means of a reporter
gene5'6’7. However, these methods have endpoint readouts,
are labor-intensive, and may require complex analysis.
Therefore, impedance-based methods offer an attractive

alternative.

Cell-based electrical impedance (CEl) is defined as the
resistance to current flow from one electrode to another,

caused by an adherent cell layer seeded on electrode-
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containing wells.The established CEI technology employed
in this methodology is Electric Cell-substrate Impedance
Sensing (ECIS), originally developed by Giaever and
Keese® 2. This is used in a broad field of biological research
domains, such as cancer metastasis, toxicology, and wound
healing10'11’12. Its principle relies on an electric field that is
generated by a continuous sweeping of alternating current
(AC) voltages over a range of frequencies'. The cells
are exposed to these noninvasive electric fields, and at
predetermined intervals, the impedance changes caused by
cell growth or changes in cell adherence or morphology are
measured 4. Furthermore, altered cell viability also leads to
impedance changes, rendering the technology a useful tool
to monitor infection with cytopathogenic viruses19:16.17 A
morphological changes of the cell layer will be detected at
the nanoscale range, the technology offers a highly sensitive
detection tool. The CEIl assay described in this article is an

easy, noninvasive, real-time, label-free method to measure

the impedance changes of the cell layer over time.

Although CEIl has not been used to evaluate the course of
ZIKV infection or its potential antivirals, its use as a diagnostic
tool has been investigated before8. In a recent study, the
use of the CEIl assay to determine the antiviral activity of
several ZIKV inhibitors in A549 cells was validated for the
first ime'®. This methods article describes this CEl assay
in more detail and expands it to various adherent cell lines,
as well as a variety of ZIKV strains at various multiplicities
of infection (MOI). Hereby, the versatile use of this method
in flavivirus antiviral research is demonstrated. The method
has the crucial benefit of real-time cell monitoring, which
allows the detection of important infection time points and the
dynamic inhibiting activity by potential antiviral compounds.

Taken together, the CEI technology offers a powerful and

valuable tool to complement the current range of antiviral

methodologies.

Protocol

All steps described are carried out under sterile conditions in a
laminar flow cabinet of a Biosafety level 2 laboratory. All used
viruses were obtained and used as approved, according to
the rules of a Belgian institutional review board (Departement
Leefmilieu, Natuur en Energie, protocol SBB 219 2011/0011)

and the Biosafety Committee at the KU Leuven.

1. Cell culture maintenance

NOTE: This protocol is performed with a selection of cell lines,
but can of course be adapted to any adherent cell line, only

requiring cell seeding density optimization.

1.  Grow the A549 human lung adenocarcinoma cell ling, the
U87 human malignant glioblastoma cell line, and the HEL
299 human embryonal lung fibroblast cells in T75 culture

flasks at 37 °C and 5% CO in a humidified incubator.

2. Subculture the cells at 80%-95% confluency. All reagents
should be at room temperature (RT) before culturing the

cells.

3. Remove the conditioned culture medium from the cells.
Use 5 mL of Dulbecco's phosphate-buffered saline

(DPBS) to wash the cell monolayer once.

4. Distribute 1 mL of 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) evenly over the
cell monolayer. Then, incubate for up to 3 min at 37 °C

until the cells start to detach.

5. Add 9 mL of fresh complete growth medium (see Table
of Materials for details). Pipet gently up and down to

resuspend the cells.
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6. Transfer the desired volume of cell suspensiontoanew 3.

T75 culture flask and add an appropriate volume of fresh
growth medium to obtain a total volume of 15 mL.

NOTE: The in vitro cell lines used in this protocol

are subcultured in 1:4 to 1:10 dilutions, depending on *
the specific cell line, to allow ideal growth conditions.
Subcultures are performed every 3-4 days, so the
desired cell suspension volume can also vary based on >
the number of incubation days.

6.

2. Preparation of CEI plate

1. Take a 96-well plate with interdigitated electrodes (see

Table of Materials) and fill all the wells with 100 pL of

growth culture medium. 1.

2. Fill the spaces between the wells with DPBS.

NOTE: This is done to reduce the edge effect due to 2.

evaporation that is observed when culturing cells in 96-

well plates.

3. Incubate the plate for 4 h at 37 °C in an incubator with

5% CO,.

3. Seeding of cells

1. Detach the cells from the culture flask, as described in

section 1, and resuspend them in fresh growth medium 4.

in a 50 mL tube.

2. Count the number of viable cells using the method of 5,

choice.

NOTE: In the case of A549 cells, viability generally
reaches ~100%. To determine the cell number, we
use an automated cell analysis system based on
acridine orange/propidium iodide staining (see Table of
Materials). Other cell counting methods work equally

well.

Resuspend the cells in fresh growth medium to obtain the

desired cell density. In this study, the optimal A549 cell
density is 0.15 x 108 (viable) cells/mL.

Take the 96-well plate with interdigitated electrodes
out of the incubator and remove the medium with a
multichannel pipet.

Dispense 100 uL of the cell suspension (corresponding

to 15 x 108 cells in this case) per well in the 96-well plate.

Allow the cells to equilibrate for 15 min at room

temperature before placing them in the CEI device.

4. Setting up and running the CEIl assay

Place the incubator that houses the CEI device plate

holder at 37 °C and 5% COo.
Place the 96-well plate in the device.

Open the device's software and set up a new experiment
by clicking Setup in the Collect Data pane. Wait for the
laptop to connect to the ECIS device and configure the
plate by checking the wells' impedances. Check whether
all the wells are correctly configured, as indicated by a
green color. If not, repeat step 4.2 until all the wells are

green.

In the Well Configuration pane, select the array type,

according to the used culture ware.

Select Multiple Frequency/Time mode.
NOTE: In this mode, the device measures impedance

changes at a range of frequencies.

Start the measurement by clicking Start.
NOTE: Real-time impedance can be monitored on the
software's interface. Select the desired frequency to be

shown. In this example, 16 kHz is chosen.
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5. Compound preparation and incubation 6. Virus preparation and infection

NOTE: As an example of an antiviral compound, 1

labyrinthopeptin A1 is used (See Table of Materials). Since

this protocol can be generalized to all compounds with

2.

potential antiviral activity, we refer to it as 'the compound'.
1. Allow complete cell culture medium without the addition

of fetal bovine serum (FBS) (referred to as 'assay buffer')

to equilibrate at RT. 3.
2. Keep the compounds on ice.
3. Prepare a 10x concentrated dilution of each compound 4.

in assay medium in 5 mL polypropylene tubes. 5.

4. Serially dilute the compounds in assay medium in
5 mL polypropylene tubes to obtain the desired 10x

concentrations.

5. Pause the CEIl device by clicking Pause in the Data
Collection Setup pane. Wait for the current time point

to be completed and take out the 96-well plate.

6. Verify the adherence and monolayer formation of the

cells under a light microscope.

7. Remove 20 pL from each well with a multichannel pipet. 1

8. Add 20 uL of compound solution or vehicle in the desired
wells. Prepare a layout with the specific conditions for

proper pipetting.

9. Incubate the plate for 15 min at 37 °C with 5% CO,. 2.

NOTE: A normal cell incubator is used for this incubation
step instead of a CEI device. Cell control (CC) wells are

vehicle-treated wells.

Thaw a vial of virus stock. In this example, ZIKV MR766
and ZIKV PRVABC59 are used.

Prepare virus dilutions at the desired MOI or dilutions in
assay medium in a 15 mL polypropylene tube.

NOTE: In this representative example, MOI 0.5, 0.1, 0.05,
0.01, 0.005, 0.001, 0.005, and 0.00005 are used.

Add 100 pL of virus dilution in the assigned wells of the
96 well plate. Add assay medium to the CC wells.

Decontaminate the employed virus containers.

Put the plate back in the CEIl device and continue
the measurements for 6 consecutive days by clicking
Resume Experiment.

NOTE: Virus control (VC) wells are vehicle-treated
infected cells, whereas in CC wells, assay medium is
added instead of virus dilution. If the cytotoxicity of the
compounds is evaluated, add 100 uL of assay buffer

instead of virus dilution.

7. Data analysis

End the experiment by clicking Finish and add optional
summary comments, such as information about
the specific experimental conditions in the appearing

window. Click OK when data collection is complete.

Select the desired frequency in the Graph pane where
the largest impedance difference between CC and VC is

measured at the end of the experiment.

1. To determine the best frequency, run a pilot
experiment with uninfected and infected cells and
choose the frequency that-at the time point where
the impedance of the infected cells has dropped

to its baseline level-leads to the largest observed
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impedance difference between the uninfected and
infected cells. In the case of A549 cells infected

with ZIKV, this is 16 kHz.

3. Toexportall the data in a spreadsheet format, make sure
all wells are selected in the Well Configuration pane

and click File | Export data | Graph data.

4. Normalize the data by subtracting the average VC
impedance value measured at the end of the experiment
from all the data points and dividing this by the average
CC impedance value of the last time point measured

before infection.

5. Plot the normalized data in the function of time to obtain

CEl profile graphs.

6. Calculate the normalized area under the curve (AUC,)

of each condition to determine parameters such as 50%

inhibitory concentrations (ICsq).

7. Calculate other useful parameters, such as ClITs, to, for

example, compare the infectivity of various virus strains.

Representative Results

In this article, the use of the CEI assay in ZIKV research is
described in detail. The workflow of this assay is illustrated
in Figure 1. We demonstrate the convenience of real-
time monitoring of ZIKV infection in a desired cell type,
as well as the evaluation of infection inhibition by an
antiviral compound. As an antiviral example, we use the
well-described peptide labyrinthopeptin A1 (Laby A1); we
refer to this as 'the compound', since its specific properties
are beyond the scope of this methods article and are
discussed elsewhere?0:21, Of note, the reproducibility of the
method is not discussed in the results section, since we

want to focus on the individual impedance profiles obtained

using the methodology. However, this has been described

previously1 9.

In the first set of experiments, we demonstrate the importance
of cell density optimization when performing CEI infection
assays (Figure 2). When too many cells are seeded, the
cell monolayer will have fully grown and be unable to further
spread across the CEIl electrodes. This leads to a smaller
difference between CC and VC, and thus a lower resolution,
decreasing the detection window of antiviral activity. This is
well exemplified in Figure 2E. For certain larger cell types,
such as U87 cells, seeding cells too densely might even
lead to complete detachment of the cell monolayer when
manipulating the plate, as demonstrated here (Figure 2F).

This is also observed microscopically.

Figure 2 also demonstrates that the assay is very useful for
performing cell susceptibility studies. It is clear from Figure
2A,B that the infection kinetics are highly dependent on the
cell type. Figure 2C demonstrates that U87 cells are only

susceptible to ZIKV infection at high MOls.

In the second set of experiments, the versatile use of
the CEI infection assay is highlighted using various ZIKV
strains at different MOIs and in the presence of a well-
described antiviral compound (Figure 3). These experiments
are performed with A549 cells, a model commonly used in
flavivirus research??:23. This cell line has also been used
in other studies that have demonstrated its suitability in CEIl
assay524. First, infection kinetics by a representative ZIKV
strain of the African lineage MR766, are compared to those of
the Asian lineage PRVABCS59. Figure 3A demonstrates that
both strains have comparable CEI patterns, with PRVABC59
having slightly slower CPE-inducing properties. This is also
reflected by the CITsg values (Figure 3B). This interesting

|16

parameter was first introduced by Fang et al."® and takes into
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account the kinetics of CEl measurements. It is defined as the
time needed to reduce impedance by 50% as compared to

the cell control.

Next, the cells were infected with three different MOls of either
ZIKV MR766 or PRVABC59, in the presence or absence
of various compound concentrations, and the impedance
profiles were monitored. As can be observed from Figure
3C-H, certain compound concentrations inhibit or delay the

impedance drop caused by ZIKV infection. This is also

reflected when the AUC values are calculated. The CEl assay
results also demonstrate visually that the antiviral activity
depends on the MOI and on the time point of potency
evaluation. AUC,, calculations can be used to determine IC5g
values, as demonstrated in Figure 3l. Finally, Figure 3H
shows that CIT5g values can also be used to determine
and compare compound potencies. Inactive compounds or
compound concentrations are characterized by CEl profiles,

AUC, and CIT5q values comparable to those of VC.

D-1 CEl plate washing

Cell seeding

l 4h incubation in incubator; 37°C

l 18-24h incubation in CEl instrument; 37°C

DO | Compound incubation |

ZIKV infection

D3-6 Data export

-
I Data analysis !
e = = — 1

l 15 min incubation in incubator; 37°C

l 3-6 days incubation in CEl instrument; 37°C

Figure 1: Schematic overview of the assay's workflow. The timeline and different handling and incubation steps of the

CEl assay are depicted here. Abbreviations: CEI = cell-based electrical impedance; ZIKV = Zika virus; D = days. Please click

here to view a larger version of this figure.
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Figure 2: Normalized CEI profiles of ZIKV-infected cells at different densities. (A,D) A549, (B,E) HEL 299, or (C,F) U87

cells were seeded at (A-C) 15,000-20,000 ("optimal") or (D-F) 75,000 ("suboptimal") cells per well in a 96-well CEl plate.

After 24 h of impedance monitoring, the cells were infected with tenfold MOI dilutions of ZIKV MR766. Impedance was further

monitored for 5 consecutive days. CEl profiles (mean + range of two technical replicates) of a representative experiment

are shown. Abbreviations: CEl = cell-based electrical impedance; MOI = multiplicity of infection; ZIKV = Zika virus; Norm =

normalized. Please click here to view a larger version of this figure.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com March 2023 -193 - €65149 - Page 7 of 12


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/65149/65149fig02large.jpg

jove

A

CEl profiles MR766 vs PRVABC59

2.0

Norm. impedance
B

0 20 40 B0 BO 100 120 140 160
Time {h)

MR766 MOI 0.001

Horm. Impadance

T T T
0 20 40 60 B0 100 120 140 160
Tirme (h)

D MRT766 MOI 0.01

MNorm, Impadance

T T T
020 40 60 BD 100 120 140 160
Tima {h)

E MR766 MOI 0.1

Horm, Impadance

— T T T T T 1
0 20 40 60 B0 100 120 140 160

Time (h}
ZIKV inhibition
100
80 .."%
S %
5 %] L]
= Tl
E a0
# |
20
- +/
H hy
- - T |
001 0.1 1 10 100
[Laby A1] (M)

=

—-— CC
- WC

— 82
- 28
08
03
01

- 01

om

- 01
-+ 001
0.00°

|
- 0.001

MOl

Laby &1 (uh)

Ly A1 {ub)

Laky A1 {ub)

<]
=
1

CIT5; MR766 vs PRVABCS9
150
#
4
o
= 100
- 2
i
& 5 -
s
o
o
o
0.001 0.01 01
Mol

PRVABCS3 MOI 0.001

2.0

15

2

£ 10

g

Eo.s

=
e

0 20 40 €0 B0 100 120 140 160
Tima (h)
G PRVABCS9 MOl 0.01

MNorm, Impadance

MNorm, Impadance

g
=

]
& E
(=] [*]
2
[:4
S

g
=

@

o

-
in

0 20 40 60 BO 100 120 140 160
Time [}

PRVABCS9 MOI 0.1
20

-

0 20 40 60 B0 100 120 140 160
Time (h}

Compound ClTg,
> >

150 |

o
L0001 001 04 0001 00 04 |
MO MRTES MO PRVABCED

- MRTEE
03 PRVABCSS

I
gy

o o
2 2
Laby A1 (M) Laby A1 (M)

=
o
Laby A1 (uM)

(N
coome
Dot m ot P
Laby A {ubl)

Figure 3: Normalized CEIl profiles of A549 cells after infection with two ZIKV strains and inhibition by an antiviral

compound. (A) Adherent A549 cells were infected with various MOIs of either ZIKV MR766 or ZIKV PRVABC59, and

impedance was monitored continuously. Mean + SD of three technical replicates of a representative experiment is shown.

(B) CIT5q values were calculated based on the CEl profile of A and compared. Mean + SD of three technical replicates

performed is shown. (C-H) Adherent A549 cells were treated with various compound concentrations and subsequently

infected with a specific MOI of either ZIKV MR766 (C-E) or ZIKV PRVABC59 (F-H). Impedance was continuously monitored.

Mean * range of two technical replicates of a representative experiment is shown. (I) To compare compound inhibition

against different ZIKV strains and dilutions, the AUC,, was calculated, and inhibitory percentages were determined by
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subtracting all conditions by the CC AUC,, and dividing by the VC AUC,,. (J) The CITsqg values of the experiment shown in

C-H were calculated to compare the different ZIKV strains and MOI. Mean = range of two technical replicates is shown.

Abbreviations: CEI = cell-based electrical impedance; MOI = multiplicity of infection; ZIKV = Zika virus; Norm = normalized;

CIT5q = time at which impedance decreased by 50% relative to untreated control; AUC = area under the curve; CC = cell

control; VC = virus control. Please click here to view a larger version of this figure.

Discussion

This article describes the use of the CEl assay in ZIKV
antiviral research. The assay has the benefit of real-time
monitoring and can therefore be used to evaluate the
kinetics of ZIKV infection and antiviral inhibition with selective
compounds. The data obtained with this method allows for
an objective and visual observation of the virus-induced CPE

and the potency of a potential antiviral compound.

Since CEl is a very sensitive method, great care must be
taken when performing this cellular assay. It is crucial that
precise pipetting is performed to avoid pipetting variation
as much as possible. Moreover, other factors that might
influence experimental outcomes, such as cell number and
used viral stock, must be kept constant between experiment
repetitions. These are factors that highly influence the kinetics
of cell growth and infection and could therefore lead to

variation in calculated CITsg values and/or other parameters.

When performing the CEl assay in the presence of (potential)
antiviral compounds, it is important to determine if they
influence the impedance of the cells in the absence of a
virus. The technique is so sensitive that impedance changes
might be measured well below the compound's cytotoxic

concentrations 9.

Although only ZIKV data are shown in this article, the assay
can be easily applied to other cytopathogenic (flavi)viruses,
with only minimal optimization effort, such as optimal CEI

monitoring frequency determination. Adaptations of the CEI

assay have been employed with various human and animal
viruses, such as chikungunya, influenza A, and human and
equine herpesviruseSZ5'26’27'28. Here, it is also used as a
simple method for the quantification of viral titers or for the
identification of antiviral compounds. These studies used real-

time cell analysis, an alternative CEl method.

The use of the CEI technology is limited to adherent cell
types, as the assay's principle relies on the properties of
adherent cells to spread across the electrode-embedded
wells. Well surface coatings such as fibronectin can be used
to improve cell attachment?®. The methodology has some
other drawbacks, the first related to its cost. Apart from the
investment in the CEl monitoring device and accompanying
hard- and software, the consumables are also somewhat
expensive. Further, since the protocol requires monitoring
viral infection for several days, one 96-well plate per week can
be evaluated. Together with the high cost, this limits the use

to low- to medium-throughput settings.

Because of these throughput issues, the technology is
unsuitable for antiviral screening settings. However, it is
highly appealing in initial experimental phases, for example,
when evaluating cell susceptibility for the study of ZIKV
infection in a certain disease-related setting. The technology
is also useful with transfected or knockout cell lines to
easily observe changes in infection kinetics, for example,
in the presence or absence of certain entry receptors. This
is interesting when investigating the involvement of cellular

factors in ZIKV infection. Further, in later preclinical phases,
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when a certain lead candidate has been selected, the CEl
assay can be used for further in-depth characterization of a
selected compound. CEI biosensors can also be modified by
immobilizing certain biorecognition elements, such as virus-
specific antibodies, for the detection of viruses'8. Altogether,

this highlights the versatile use of CEl in a virology setting.
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