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Introduction

Cell proliferation assays are a cornerstone of cancer therapeutic, developmental biology, and drug safety research.
Analysis of the sustained signaling pathways that underlie the progression of tumors, for example, accounts for
>12,000 manuscripts in PubMed, the majority of which use cell proliferation analysis to evaluate tumor cell growth.
However, there are a number of technical challenges associated with this seemingly simple activity: cell growth takes
time, which makes temporal monitoring and non-perturbing measurements important for high-quality results. Live-cell
analysis is ideally suited to this, providing valuable information without interfering with cell growth to ensure reliable,
reproducible, and comparable data. It enables the real-time quantification of living cells’ behavior using time-lapse
imaging, integrated image analysis, and on-the-fly data visualization for cell-based experiments over days, weeks, or
even months. In this way, the need for multiple assays with different end points is eliminated, allowing the continuous
collection of data without the risk of missing a key biological event. The noninvasive nature of this technology makes it
complementary to methods such as flow cytometry and multimode microplate readers and can be used in combination
using label-free or specialized labeling approaches to expand into more complex assays.
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In this application note, we illustrate how proliferation assays using the Incucyte® Live-Cell Analysis System
in conjunction with fit-for-purpose software tools and non-perturbing reagents enable kinetic quantification
of cell proliferation. This can be performed at microplate scale, for both non-adherent and adherent cell
cultures, in mono- and co-culture. Additional assay strategies will be introduced to generate measurements
of cell type-specific growth rates in co-cultures, including use of Incucyte® Nuclight Reagents to fluorescently

label nuclei and determine true counts of viable cells.

General Assay Principles of Incucyte® Proliferation Assays

Avariety of strategies for kinetic measurement of
proliferation are possible using the Incucyte® Live-Cell
Analysis System. Selection of label-free or fluorescent
assays depends on the specific scientific question being
asked and cell models studied. Continuous live-cell assays
for both adherent and non-adherent cells are possible as
cells stay stationary inside a standard tissue culture
incubator while the Incucyte® optics move. Incucyte®
Live-Cell Imaging and Analysis enables noninvasive,
label-free measurement of cell growth based on area
(confluence) or cell number (count) metrics, both of which
are generated via segmentation (masking) of high-quality
phase images. To resolve the challenge of quantifying
low-contrast cells that can be difficult to identify in phase
contrast images, Incucyte® Nuclight Reagents for live-cell
analysis can be used to fluorescently label nuclei.
Fluorescent Incucyte® images can then be acquired over
time and analyzed to generate nuclear counts and derive
doubling times in either mono- or co-cultures. Additionally,
Incucyte® Proliferation Assays can be multiplexed with
Incucyte® fluorescent reagents for cell health assessments.
These will not be covered in this application note, but more
information can be found on the Sartorius webpage here:
Apoptosis | Sartorius. Cell boundaries can be identified
using the Incucyte® Morphological Analysis, enabling cell
counting, and simultaneous assessment of cell death or
viability achieved by measuring the fluorescence intensity
originating from within the individual cell boundary.

We do recommend some optimization steps to ensure

high-quality results:

= Key to tracking proliferation is ensuring your cells are
healthy at the beginning of the assay and present in the
well at an appropriate density. This can be achieved by
pre-imaging your cells before the assay begins to visually
assess if they demonstrate the expected morphology and
are evenly distributed within the well.

= For growth assays, a lower starting confluency is
recommended, but if assessing both inhibition and
growth this may need to be higher. As part of pre-
optimization, we recommend testing several plating
densities so the most appropriate can be chosen on the
day. If conducting co-culture experiments, the expected
growth patterns of the individual cells may need to be
taken into consideration.

= Fornon-adherent cells, a biologically inert plate coating
is recommended (e.g., Poly-L-Ornithine [PLO]) to ensure
cells are lightly adhered to the plate to remain within the
field of view for the experiment.

Label-Free Analysis of Cell Proliferation

Label-free analysis is a non-perturbing and noninvasive

method, enabling the study of undisturbed cell populations.

This makes it well suited to applications where label addi-
tion may lead to changes in cellular behavior over time,
particularly for primary tissues. Eliminating the need forany
manipulation of cells ensures that any observed activity at
the cellularlevel is a result of the test conditions, not the
label or labeling process.

Depending on the level of rigor required, confluence assays
can be a high value and valid approach, routinely used as a
surrogate for cell number! They are simple to implement
and can distinguish concentration-dependent effects

on proliferation. Cells in monoculture are seeded into

96- or 384-well plates and images collected over time.

Figure 1: Kinetic, Label-Free Analysis of Cell Proliferation
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Image analysis is performed using the Incucyte® Live-Cell
Analysis System with Base Analysis Software to achieve a
confluence mask, which identifies cell coverage in the well
(Figure 1A-C). To demonstrate the type of data that can

be quantified and graphed within the integrated software,
MDA-MB-231 cells were seeded at various starting densities
(1-20 K/well) and imaged using the Incucyte® over 4 days
(Figure 1D). The graph displays the proliferation over time
for this cell line. This method has been demonstrated to
successfully measure proliferation of multiple different
adherent and non-adherent cell types, for studying

cell type-specific effects of pathways including growth,
inhibition, and differentiation.? The ubiquitous functionality
of this approach makes it ideally suited to simple
proliferation assays as well as a quality control tool.

D. Quantification of Proliferation
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Note. A549 (A), SKBr3 (B), or MDA-MB-231 (C) cells were seeded in a 96-well plate, and images were collected and analyzed using the Incucyte®
Live-Cell Analysis System with Base Analysis Software. Shown are the original images (top row) and the generated confluence mask in yellow (bottom
row). The graph (D) shows quantification of various starting densities of MDA-MB-231 cells proliferating over time. Data shown as mean = SEM for

4 wells.
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If a true cell count is required, label-free cell counting can
be accomplished with the Incucyte® Cell-by-Cell Analysis
Software Module, which utilizes proprietary image acquisi-
tion strategies and algorithms to identify individual cells in
high definition (HD) phase-contrast images. As before, cells
are seeded in 96- or 384-well plates and images collected
using the Cell-by-Cell Software Module for either adherent
or non-adherent cell types. Image analysis generates a
mask to identify individual cells (Figure 2A and C), which
can then be counted.

Figure 2: Kinetic, Label-Free Cell Counting
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The graphs show the inhibitory effect on proliferation of

a cytotoxic reagent camptothecin (10 uM) or a cytostatic
reagent cycloheximide (1 uM), which was added to the

well post-plating (Figure 2B and D). Both reagents result

in a similar inhibition of cell proliferation. Parameters of
individual cells can also be quantified using the Cell-by-Cell
Software Module such as area, eccentricity and, if a label is
introduced, fluorescence within the cell boundary.

B. Quantification of Proliferation
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Note. A549 (A) or SKOV3 (C) cells were seeded in a 96-well plate, and images collected and analyzed using the Incucyte® Live-Cell Analysis System
with Cell-by-Cell Analysis. Shown are the original images (left column) and the generated segmentation mask in yellow (right column). The graphs
(B and D) show quantification of proliferation in the presence of vehicle, a cytotoxic reagent camptothecin (10 uM), or a cytostatic reagent

cycloheximide (1 uM) over time. Data shown as mean = SEM for 4 wells.

To furtherinterrogate your cells without labeling and
maximize your label-free analysis with advanced machine
learning, the Incucyte® Advanced Label-Free Classification
Analysis Software Module can be added to the Incucyte®
Cell-by-Cell Analysis Software Module, expanding

the automated identification and quantification of
morphological changes. Using HD phase-contrast
images, you can specify label-free cells of interest based

on their morphology—such as apoptotic cells—and quantify
them in real-time. See Morphological Analysis | Sartorius.

Continuous Live-Cell Proliferation for Non-Adherent Cells

Confluence and Cell-by-Cell Analysis is also suitable for
analysis of non-adherent cell types. To investigate the
effect of seeding cell density on primary T cell proliferation,
isolated human peripheral blood mononuclear cells
(PBMCs) were seeded at various cell densities (20-50 K/
well) on PLO-coated flat bottom 96-well plates. Cells were
grown in the absence or presence of T cell activators anti-
CD3 (100 ng/mL), IL-2 (10 ng/mL) and HD phase-contrast
images were captured on an Incucyte® Live-Cell Analysis
System. Images were analyzed for phase confluence (%)

as a measure of cell proliferation. The kinetic graph
(Figure 3A) demonstrates little or no proliferation under
basal conditions (teal lines) but rapid proliferation in the
presence of activators (grey lines), which is seeding

cell density-dependent. The confluence in unstimulated
PBMCs can be seen to drop over time due to the possible
presence of phagocytes. The plate view (Figure 3B)
displays confluence data over time using various
activation cocktails.

Figure 3: T Cell Proliferation Is Seeding Density-Dependent
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Note. T cells demonstrate little or no proliferation under basal conditions

Automated 96-Well Continuous Analysis
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but proliferate (A) when activated (e.g., by IL-2, anti-CD3, anti-CD28).

Plate graph of change in confluence time-course reveals seeding density-dependent differences under various activation regimes (B).
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Use of Fluorescence Labeling to Track Proliferation

Not all biology questions can be addressed using

label-free techniques, so another common technique

is to label cellular features using fluorescent tags.

= Cells can be labeled with fluorescent dyes, for example
Incucyte® Nuclight or Cytolight Rapid Dyes. These offer
a simple, short-term approach, but signals can diminish
over time as cell division occurs.

= Alternatively, stable expression of fluorescent proteins
such as Incucyte® Nuclight or Cytolight Lentivirus
provides a more robust, long-term approach but
requires cell manipulation such as transduction.

= Finally, fluorescently tagged antibodies—for example
Incucyte® Fabfluor Reagents—can be used for selective
labeling in a mixed population of cell types based on
surface protein expression.

Combining fluorescent labeling with live-cell imaging can
aid in the analysis of cellular responses by providing visual
monitoring to count individual cells and monitor growth
and is a common technique for tumorigenic studies.**
Nuclear counts can be performed using Incucyte® Nuclight
Reagents. Incucyte® Nuclight Rapid Dye is a cell-permeable
DNA stain that specifically stains nuclei in cells, using a

Figure 4: HT-1080 Nuclight Cell Tri-Culture
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mix-and-read protocol. Alternatively, Incucyte® Nuclight
Lentiviruses are compatible with convenient transduction
protocols and provide homogenous expression of a
nuclear-restricted fluorescent protein in your choice of
primary, immortalized, dividing, or non-dividing cells,
without altering cell function and with minimal toxicity.
Loss of viability is indicated by a loss in fluorescence when
fluorescent protein passes out of the nucleus as nuclear
membrane integrity is lost. These reagents are ideal for
generating stable cell populations or clones using
puromycin or bleomycin selection.

When using co-culture models, identification of each cell
type allows the determination of specific effects. The data
(Figure 4) shows a tri-culture of HT-1080 cells expressing
different fluorescent markers and the ability to track all
three populations using the Incucyte® SX5 Live-Cell
Analysis System in combination with the Incucyte®
Cell-by-Cell Software Module. A similar approach can be
used to create more advanced co-culture models; for
example, immune cell killing assays using labeled target
cells with non-labeled effector cells to track the
proliferation of the target cells over time.

C. Proliferation
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Note. HT-1080 fibrosarcoma cells stably expressing Incucyte® Nuclight Green, Orange, or NIR Lentivirus were monitored for 72 hours. Representative
images taken at 48 hours, with and without the label-free Incucyte® Cell-by-Cell Analysis mask (A, B), automatically identify the entire population of
cells and quantify percentages of green-, orange-, or NIR-expressing cells (C, D).
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High Throughput Compound Testing Using Incucyte® Nuclight

Green HT-1080 Cells

High throughput compound testing is essential for
efficiently advancing promising compounds through
the drug discovery pipeline. To examine the ability of the
Incucyte® Live-Cell Analysis System to meet this need,
cell proliferation was measured over time in a higher
throughput format. To assess many pharmacological
agents simultaneously, 16 literature-standard compounds
(Table 1) were applied to Incucyte® Nuclight Green
HT-1080 cells in a 384-well plate (Figure 5). An 11-point
concentration response curve was constructed for each
compound (Figure 6). Of the 16 compounds tested, the
rank order of potency for inhibition of cell proliferation
was: doxorubicin = staurosporine = camptothecin >
mitomycin C > cycloheximide = RITA > PD-928059 >
FAK inhibitor 14 = cisplatin > 10-DEBC = chrysin =
compound 401. The compounds TAME, PAC-],
KU-0063794 and FPA-124 had little or no effect on cell
proliferation under the conditions of the experiment.

Table 1: Drugs Identified in Literature as Relevant
to Cell Proliferation

Drug

Description

Doxorubicin

Chemotherapy drug, intercalates DNA®

Camptothecin

Alkaloid inhibits topoisomerase, causing DNA damage®

Staurosporine

Potent alkaloid inhibitor of protein kinase®

Mitomycin C

Chemotherapy drug, alkylates DNA’

Cycloheximide

Protein synthesis inhibitor®

(Reactivation of p53 and induction of tumor cell

RITA apoptosis) a small molecule, binds p53°
PD-98059 MAPK1 | 2inhibitor
Cisplatin Chemotherapy drug acts through crosslinking DNA"
FAK inhibitor14 Selective inhibitor of focal adhension kinase”
10-DEBC Selective inhibitor of Akt”
Chrysin A flavonoid observed to inhibit growth in cancer cells*
Tert-Amyl methyl ether; a gasoline additive with
TAME ) ) s
suspected toxic effects upon inhalation
(Procaspase activating compound-1), a small-molecule
PAC-1 ) o
activator of procaspase-3 to caspase-3
KU-0063794  Specific inhibitor of mMTORC1 | 2"
FPA-124 Akt inhibitor®
Compound 401 Inhibitor of DNA-dependent kinase and mTOR"

Figure 5: 384-Well Microplate View of Incucyte® Nuclight Green HT-1080 Cell Proliferation

With 16 Different Compounds
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Note. 11-point concentration-response curves in
duplicate (different colors, high to low concentrations
left to right). Columns 15 and 16 are vehicle (0.5%
DMSO) and CHX (3 pM) controls, respectively. Note
the potent concentration-dependent inhibition of cell
proliferation for certain compounds (e.g., Row J, Row
M, Row O), and weaker effects | inactivity of others
(e.g., Row A, Row P). Abscissa: Time (O-72 hours),
ordinate: Fluorescent Object Count per well (0-3800).



Figure 6: Concentration Response Curves
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Note. Concentration-response curves for a selected set of literature standard inhibitors of cell proliferation in Incucyte® Nuclight Green HT-1080 cells.

Abscissa: -log M [compound], ordinate: Maximum Nuclear Count (per mm?). Each point represents the average data from two wells from a single
384-well compound plate. The lines of best fit are a 4-parameter logistic equation and can be calculated using Incucyte® Integrated Analysis Software.

Discussion and Summary

The experiments described in this application note

demonstrate:

1. Label-free solutions for assessing either cell confluence
or cell count providing a validated assay for tracking
cell proliferation for both adherent and non-adherent
cell types.

2. The introduction of fluorescent labels enables kinetic
proliferation assays based on direct, true cell (nuclear)
count to be performed in both mono- and co-culture
models.

3. Proliferation assays can be run in microplates (96-well
and 384-well) with high precision and reproducibility.
In 384-well plates, a mix and read assay is exemplified
whereby full concentration-response curves of 16
standard antiproliferative agents were compared. In
a single Incucyte® Live-Cell Analysis System, 6 x 384-
well plates can be monitored providing > 2000 wells of
parallel data acquisition.

Additionally, all data and time points can be verified by
inspecting individual images and/or time-lapse movies.
Cell morphology observations provide additional validation
and insight into mechanistic differences between
treatments or conditions.

We conclude that our label-free image analysis solutions
and non-perturbing fluorescent reagents in combination
with easy to use software tools provides a powerful
solution for kinetic cell proliferation measurements and
pharmacology assays.
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