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Introduction

interplay between immune systems and cancerous cells, researchers can begin to identify aspects
of the immune system susceptible to the influence of tumors, while highlighting any weaknesses in
tumor immune evasion.

ancer immunology is a vital link in the chain of cancer research. By furthering understanding of the

¢..we will
With these aspects exposed, it is possible to harness this information to exp[ore some of
design therapies that can exploit weaknesses in tumor immune evasion the foundational

orcompensateforthefailings of theimmune system. These immunotherapies .
come in many forms and can require complex technology and methodology research into cancer

to design and produce. immunology, the
In this eBook on cancer immunology, we will explore some of the models rgqu:red for
foundational research into cancer immu'nology, the models required for epro_ratlon_and the
exploration and the techniques involved in both foundational research and technlques involved
the development of immunotherapies. Opening with a Technology News in both foundational
article, this piece gives an insight into five key types of immune therapy

being deployed in cancer research. Exploring each approach, its prevalence research and the
and stage of development, the article then goes on to address questions ) deve/OPm¢nt of
of efficacy in immunotherapeutic approaches to cancer. lmmunotheraples. 2

Next a White Paper on the hallmarks of cancer outlines the latest insights into each of these fundamental
features of oncology, exploring how these new insights are contributing to cancer research and highlighting
the key technologies that are supporting this research. This leads into two Report articles. The first describes
a 2D transwell and a 3D spheroid assay designed to quantitatively determine the invasive behavior of
glioblastoma. The second explores the isolation of spheroid-forming cells and the enrichment of cancer
stem-like cells, revealing insights into the evasion of apoptosis. These reports provide key examples of
techniques supporting the study of hallmarks of cancer — invasion and evasion of apoptosis.

Focusing in on the technologies involved, a Sartorius White Paper explores the “Ten applications of live-cell
analysis in immunology” highlighting the utility and versatility of the technique before a Review and Expert
Opinion dive into the biology of T cells and the use of developing techniques, such as CRISPR, to develop
CAR-T therapies.

A White Paper on the development of live-cell killing assays that use live-cell imaging and analysis then
provides the key updates in these approaches that are leading to fascinating insights into immuno-oncology.

Finally, an Application Note provides a practical example of the use of live cell imaging and analysis to better
study the cell cycle, improving the chances of identifying novel targets for immunotherapies.
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Digital Editor, Future Science Group,
Unitec House, 2 Albert Place, London, UK.
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How is cancer immunology being utilized
in the fight against cancer?
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€¢Developments
in the field over
the past 30 years
has allowed
immunotherapy
to establish
itself as a vital
pillar of cancer
treatment. 5)
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ancer immunology refers to the
immune system’s role in the
progression and development of
cancer. As with all disease, our bodies have
certain immune defenses intended to protect
us from tumor development. However, tumor
cells have developed ways to evade immune
surveillance, and can even create immunosup-
pressive tumor microenvironments to develop
without interference from the immune system.
For the last few decades, cancer
immunology research has focused on taking
what we know about our immune response to
cancer and cancer’s defense against this to
develop new treatments for cancer patients,
known as immunotherapy.

CANCER IMMUNOLOGY: WHAT IS
IMMUNOTHERAPY?

In general, cancer immunotherapy involves
using natural or synthetic substances to restore
or enhance the patient’s immune system,
allowing the body to ‘naturally’ fight off cancer.
Many patients view this as preferable over tradi-
tional chemotherapeutic methods, as it's
utilizing the body’s own resources rather than
using toxic chemicals to destroy the tumors.

The first US FDA approved cancer treatment
utilizing cancer immunology was the bacillus
Calmette—Guérin (BCG) vaccine, which was
approved for bladder cancer treatment back
in 1990. Since then, there have been huge
developments in the field of cancer immuno-
therapy and, as of December 2019, the FDA has
approved immunotherapy treatments for nearly
20 different cancer types.

Immunotherapies have already seen huge
successes in several cancer types, such as
in metastatic melanoma where combination
immunotherapy drugs are the only successful
treatment option. Researchers working in
the field believe that immunotherapy has the
potential to provide effective treatment for
every type of cancer.

IMMUNOTHERAPY TYPES
Immunotherapies currently in use for the

]

treatment of cancer can be broken down into
five main types: adoptive cell therapy, targeted
antibodies, cancer vaccines, immunomodu-
lators and oncolytic virus therapy.

ADOPTIVE CELL THERAPY

Adoptive cell therapy involves taking advantage
of the body’s natural defenses by usingimmune
cells (either isolated from the body or geneti-
cally engineered in the laboratory) to destroy
cancerous cells.

The form of this treatment that has experi-
enced the highest level of clinical success is
CAR-T Cell therapy. This involves isolating or
generating T cells and equipping them with
a synthetic chimeric antigen receptor (CAR).
These antibodies are then transfused back into
the body where they bind with the proteins on
the cancer cells surface and destroy them.

Some other applications of adoptive cell
therapies, which all follow the same general
principle as CAR-T, are; tumor-infiltrating
lymphocyte therapy, where naturally occurring
T cells that have already entered the patient’s
tumor are isolated, activated and expanded
in the lab before being reinfused back into
the patient; and engineered t cell receptor
therapy, where a patients T cells are harvested
and armed with new t cell receptors that target
specific cancer antigens.

There are only two types of adoptive cell
therapy currently approved by the FDA, and
both are a form of CAR-T therapy designed
to treat leukemiaand lymphoma. There are
currently many other adoptive cell therapies
under evaluation in clinical trials in the US, such
as mesothelin-directed CAR T therapy to treata
range of cancers including malignant mesothe-
lioma and breast cancer. Researchers are also
working on utilizing new cell editing techniques,
such as CRISPR, to heighten the effectiveness
of current and potential therapies.

TARGETED ANTIBODIES

Another type of immunotherapy is engineering
antibodies that are able to target cancer
antigens. This is considered a form of passive
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immunotherapy, as it involves targeting tumor
cells directly rather than the immune cells.

Traditionally, monoclonal antibody
treatment involved treating patients with
antibodies that would bind to cancer cells
and prevent them from growing, whilst
also sending signals to other immune cells
to stimulate the destruction of the tumor
cells. The first targeted antibody cancer
treatment was approved by the FDA in 1997
for Non-Hodgkin's lymphoma, though its
approved uses have since been expanded,
and since then 18 more therapies of this kind
have been approved, including necitumumab,
amonocolonal antibody used in conjunction
with chemotherapy drugs to treat previously
untreatable metastatic squamous non small
cell lung cancer.

In recent years, researchers have refined
this therapy type to produce antibody drug
conjugates. This involves treating patients
with antibodies loaded with anti-cancer
drugs, which are released into the body
upon binding with the cancer cell and act
to directly kill the cancer cell. This has been
successful so far, with 9 antibody-drug conju-
gates currently earning FDA approval.

CANCER VACCINES
Cancer vaccines generally utilize the same
principles as vaccines of viral or bacterial
infections, with the main difference being
that, unlike bacteria and viruses, cancer cells
are not ‘foreign’ and can quite closely
resemble healthy cells. Therefore, in order to
develop vaccines to prevent or fight cancer,
more sophisticated techniques must be used.
There have been areasonably high number
of successes in developing preventative
vaccines for cancers where development is
stimulated by viral infection. For example, it
has been discovered that HPV infection can
result in the development of cervical or head
and neck cancer and, in theory, developing
a vaccine against HPV should help protect
individuals both from the viral infection and
the consequential cancer development.
There are currently four preventative cancer
vaccines approved by the FDA, including
three to prevent HPV infection and one to
protect against hepatitis B infection, which
researchers have shown to be responsible for
the development of certain liver cancers.
Less success has been found in devel-
oping therapeutic cancer vaccines to target
specific tumor antigens. This is due to each
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individual’s tumor being unique with slightly
different antigens on each tumor cell.
However, there have been some successes,
and two therapeutic cancer vaccines are
approved by the FDA: BCG which stimulates
immune system to fight early-stage bladder
cancer and Sipuleucel-T, which targets
proteins on prostate cancer cells.

IMMUNOMODULATORS
Immunomodulators are molecules that
regulate the activity of the immune system.
Immunotherapies involving immunomodu-
lators utilize the molecules to enhance the
body's natural immune defenses to destroy
cancer cells. This field of immunotherapy is
the area that has seen the highest level of
success over recent years.

Immunomodulators can be divided into
four broad types: cytokines, messenger
molecules that regulate immune cell
maturation, growth and responsiveness;
agonists, molecules that activate pathways
and promote adaptive immune responses;
adjuvants, molecules that activate innate
immune pathways and enhance general
immune responses; and checkpoint Inhibitors,
which blockimmune checkpoints to enhance
immune responses against cancer cells.

There are currently 14 different immuno-
modulators approved by the FDA for the
treatment of a range of different cancer.
Immune checkpoint inhibitors have experi-
enced the highest success rates, with seven
of these approved therapies representing
immune checkpoint inhibitors alone. Thefirst
was approved only in 2015, demonstrating
how fast the field is developing. Furthermore,
several singleimmune checkpoint inhibitors,
including pembrolizumab and nivolumab,
have demonstrated success in treating awide
range of different cancer types, increasing the
overall value of the drugs.

ONCOLYTIC VIRUS THERAPY

For oncolytic virus therapy, cancer cells are
infected with certain viruses, known as
oncolytic viruses, which then attack and
destroy the tumor. Cancer cells themselves
have impaired antiviral defenses, leaving
them vulnerable to infection. Furthermore,
once the virus infects the tumor cell, the cell
explodes and releases the cancer antigens,
which can then go on to stimulate further
immune responses to destroy the remaining
tumor cells.
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Whilst there is currently only one form of
the therapy with FDA approval, a modified
herpes simplex virus to treat certain
melanoma patients, it is believed that
this treatment has the potential to be very
effective. Current clinical trials in the US are
evaluating the use of arange of other viruses
including measles, picornavirus and adeno-
virus to treat a range of different cancers in
this way.

HOW EFFECTIVE IS IMMUNOTHERAPY?
Whilst several trials have demonstrated very
high effectiveness in the treatment of
different cancer types, the level of effec-
tiveness for different immunotherapies are
extremely variable. Factors affecting the
effectiveness include the type and length of
treatment; biological characteristics of the
patient and the cancer, and lifestyle factors
such as diet and exercise.

To improve the effectiveness of immuno-
therapy, further study into cancerimmunology
isrequired, there have been increased efforts
to develop predictive biomarkers, which
would allow researchers to determine the
most effective therapy before administration.
Recently, there have considerable advances
in developing immunotherapy predictors,
including research that demonstrates
potential applications for artificial intelli-
gence, as well as the discovery of the role
the gut microbiota could play in predicting
immunotherapy response.

Developments in the field over the past
30 years has allowed immunotherapy to
establish itself as a vital pillar of cancer
treatment. Amongst many oncologists, there
is even a feeling that immunotherapy may
render chemotherapy obsolete in the future,
though others believe that a combination of
the two therapies will become the new ‘gold
standard’ treatment.

Regardless of what the future holds in
terms of the position of immunotherapy
in cancer treatment, we can be sure that
there is still a lot of research needed until
the true potential of cancer immunology is
determined.

DISCLAIMER

The opinions expressed in this Opinion are
those of the author and do not necessarily
reflect the views of Future Science Ltd.
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Revolutionary Insight Into Cancer Hallmarks
With Real-Time Live-Cell Analysis

Abstract

The seven hallmarks of cancer have now been firmly established after rounds of minor updates and revisions™, and we

can move to the next chapter of this critically important research area. Our understanding has already improved immensely
following the various breakthroughs over the past decade, and this has offered vital insight into new pharmacological
targets and treatment strategies. We have also seen huge strides made in the field of in vitro translational models and live-
cell assays in the last ten years, using both traditional 2D and advanced 3D cell culture systems.

We now have much more information regarding these hallmarks than was previously available, and are able to delve further
into exactly how they interact and influence each other. Much of this progress has been driven by technological advances,
enabling previously unachievable studies to be performed and, now, we are able to use these methods to collectively look at
multiple hallmarks in the context of each other, rather than in isolation.

We have previously discussed how the advent of purpose-built live-cell analysis instruments - such as the Incucyte® Cell
Analysis Systems (Sartorius) - has revolutionized the field for this research, offering the ability to observe and quantify
cancer cell biology over time, in a completely non-perturbing way. This whitepaper follows on directly from that review, and
discusses the research that is now underway thanks to our improved understanding of the hallmarks, as well as how the
latest technological advances are supporting this research.

The seven hallmarks of cancer

1. Selective proliferative advantage 5. Metabolic rewiring
2. Altered stress response 6. Immune modulation
3. Vascularization 7. An abetting microenvironment

4. Invasion and metastasis

Find out more: www.sartorius.com/Incucyte



1. Selective proliferative advantage

Continual unregulated proliferation is a fundamental ab-
normality to the development of cancers. As such, almost
every study of cancer cell biology includes measures of cell
growth and proliferation in one form or another. Live-cell
analysis, in both 2D and 3D formats (see Figure 1), has
become the ‘gold standard” method for these measure-
ments. This is due to the unique combination of morpho-
logical insights, full time-course data and non-perturbing
workflows that the approach provides. There are now over
725 research publications referring to the use of this tech-
nology, including a recent study looking at mammalian cell
growth dynamics during mitosis, which provides valuable
new information about the action of antimitotic cancer
chemotherapies”.

Cancer stem cells (CSCs) are responsible for tumor develop-
ment and relapse, and result from one or more significant

changes to cell signaling pathways that affect growth ligands,

their corresponding receptors or cytosolic signaling molecules.

Novel fluorescent reporters targeting stem cell transcription
factors can be combined with live cell analysis to assess the
spatial distribution of CSCs in cell models that retain tumor
microenvironmental and structural cues, and this same ap-
proach can also be used to monitor CSC plasticity and re-
sponse to therapeutics in real time®. Another critical property
of CSCsis self-renewal, and the signaling pathways involved
in this process have been extensively characterized using the
Incucyte® Live-Cell Analysis System®.

One of the current hot topics in this area is chemoresis-
tance, as this is a major hurdle in the treatment and ongoing
management of many cancer patients. Several cancers -
particularly glioblastoma and epithelial ovarian cancer

- currently have a poor prognosis due the rapid recurrence
of aggressive, chemoresistant tumors. A number of interest-
ing studies using live-cell analysis have been published
looking at how this resistance may be conferred by a sub-
population of CSCs which comprise only a small proportion
of the primary tumor, as well as the potential of combination
therapies to overcome this chemoresistance’.
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Figure 1: Growth of SKOV3 ovarian epithelial cancer cells as 2D cultures, 3D single spheroids and multi-spheroids.
[LEFT] To observe 2D growth, SKOV3 cells were seeded onto a clear, flat bottom, tissue culture-treated 96-well microplates at 1K cells/well, and
phase contrast images were acquired every 4h using the Incucyte® Cell-By-Cell Analysis Software Module. [Top left] Image of cells 1 day post-seeding;

[Bottom left] Time course showing the increase in confluence and cell count.

[CENTER] To generate 3D single spheroids, SKOV3 cells were seeded into ultra-low attachment (ULA) microplates at 5K cells/well and centrifuged
for 10 minutes at 100g. Spheroid formation and growth was monitored by acquisition of phase contrast and brightfield images using the Incucyte®
Spheroid Analysis Software Module every 6h. [Top center] Image of a single spheroid 5 days post-seeding; [Bottom center] Time course showing

increase in the largest brightfield object area.

[RIGHT] Multi-spheroid formation and growth was monitored by acquisition of phase contrast and brightfield images using the Incucyte Spheroid
Analysis Software Module every 6h. [Top right] Image of multi-spheroids on day 7 post-seeding; [Bottom right] Time course showing increase in

total brightfield object area.

2. Altered stress response

Cancer cells face a wide range of stresses - including exces-
sive signaling, DNA damage, hypoxia, nutrient starvation

2

and anticancer therapies - and have developed or adapted
a number of stress responses to ensure their survival and
propagation. Live-cell imaging is ideally suited to investigat-
ing these altered stress responses, as well as looking at how



these changes can be exploited in cancer therapies™®.

All tumors feature persistent mutations which are not
eliminated by the cells’ various DNA repair mechanisms
and, logically, many cancers have characteristic defects in
DNA repair pathways. But some malignancies - such as
leukemia, breast and pancreatic cancers - over-express
DNA repair proteins. Several recent studies have used
real-time analysis to look at the potential of over-expression
patterns as therapeutic targets'. This approach also natural-
ly lends itself to drug validation studies, providing an effec-
tive and convenient method to look at, for example,
synthetic lethality mechanisms®”.

The Incucyte® Live-Cell Analysis System is widely recog-
nized as a versatile tool for real-time multiplexed measure-
ments of proliferation, cell health and apoptosis™™ and can
be combined with numerous validated assay reagents

(e.g. caspase 3/7 substrates, annexin V labels or cytotoxicity
probes) to establish how cancer cells avoid the effects of
apoptotic stimuli® (Figure 2). Similarly, it can be used to
investigate the complex interplay between oncogenes and

tumor suppressors which lead to senescence™”.
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Figure 2: Cisplatin-induced DNA damage causes cell cycle arrest and apoptosis in MDA-MB-231 cells.

MDA-MB-231 triple-negative breast cancer cells expressing Incucyte® Cell Cycle Lentivirus were seeded into a 96-well plate at 3K cells/well in the
presence of Incucyte® Annexin V NIR Dye (1:200). Cells were incubated for 18h to allow adherence and then treated with cisplatin (3-200 uM).

Phase contrast and fluorescence images were acquired using the Incucyte® Cell-By-Cell Analysis Software Module every 2h for 48h. Images of cells
were segmented and classified to assess the percentage of apoptotic (annexin V-positive) cells, as well as cells in each stage of the cell cycle (cells
expressing only green fluorescence correspond to S/G2/M, while those expressing orange fluorescence only correspond to G1). [Top left] Time course
of cell count indicating that proliferation starts to reduce after 12h in the presence of cisplatin concentrations of 212.5 uM; [Bottom left] Apoptosis is
only observed after 24h in the presence of 200 uM cisplatin. Analysis of the cell cycle indicates a concentration dependent increase in the percent
cellsin S/G2/M after 12h [Top center], with a corresponding decrease in percent cells in G1 [Bottom center]. This data indicates that cisplatin concen-
trations up to 50 uM induce cell cycle arrest and inhibit proliferation, while the higher concentration of 200 uM induces arrest from 12-24h followed by
apoptosis after 24h. Therefore, at low concentrations, cisplatin treatment leads to early arrest as the cells attempt to activate DNA repair mechanisms,
whereas the damage to DNA is too great at higher concentrations, and apoptosis is induced.

3. Vascularization

Despite their self-renewal capabilities and differing stress
responses, tumors are not immune to the effects of hypoxia,
and so require a blood supply to grow beyond a few
millimeters in size. Angiogenesis - the sprouting of new
vasculature from existing vessels - is therefore key to tumor
growth and development.

Live-cell analysis is ideally suited to following the prolifera-
tion, clustering and differentiation of endothelial cells that
occur during vascularization - as well as the critical func-
tions of fibroblast and pericyte stromal cells1®*”. Using

advanced cell models, it is possible to dissect these pro-
cesses, yielding critical morphological information and
insights into the sequence of events®. A range of chemical
and physical stimuli have been characterized using this
approach, including classical growth factors (e.g. VEGF,
FGF?), established anti-angiogenic therapies (e.g. bevaci-
zumab) and novel angiogenic regulators - such as
HSP70-1A%, piezol” and melflufen® Scratch wound studies
on human vascular endothelial cells (HUVECs) are also
commonly used to probe the signaling pathways involved
in cell migration (Figure 3).

Approaching this same topic from the opposite direction,

a number of studies have used Incucyte® Live-Cell Imaging
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and Analysis to study the effects of hypoxia in both tumors
and healthy cells. One particularly interesting analysis
looked at the uptake and efficacy of colloidal gold nanopar-
ticles -which are increasingly being used as drug delivery
vehicles and radiation dose enhancers - and identified that
hypoxia significantly reduced the toxicity of the nanoparti-
cles compared to normoxic conditions in HelLa and

MCF-7 cells®. Another looked at the accumulation of
intracellular H,S in clear cell renal cell carcinoma (ccRCC),
combining live-cellimaging, ATP assays and flow cytometry
studies to suggest that inhibition of H.S production could
be an attractive new therapeutic target for ccRCC?*.
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Figure 3: Bevacizumab inhibits VEGF-driven vascularization in a HUVEC/fibroblast angiogenesis model.

HUVECs pre-labelled with green fluorescent protein (GFP) were thawed and co-cultured with human dermal fibroblasts on a 96-well assay plate for
2 days. Either VEGF alone or VEGF (4 ng/mL) in the presence of bevacizumab (a clinical anti-VEGF antibody) were then added. Vascular tube forma-
tion was monitored kinetically using live cell analysis, with images acquired and analyzed for tube length and number of branch points every 12h for 10
days. Media and test agents were replaced every 2-3 days. Representative images for media control [Top left] and VEGF- treated wells [Bottom Left]
taken at 192h. VEGF induced tube formation in a time- [Top center] and concentration-dependent [Bottom center] manner, yielding an EC,, value of
0.9 ng/mL. Bevacizumab, elicited time- [Top right] and concentration-dependent [Bottom right] inhibition of VEGF-driven tube formation, with an

IC,, value of 1.0 ng/mL.

4. Invasion and metastasis

The ability to invade surrounding tissues and seed
secondary sites is a defining feature of malignancy. Split
into distinct phases - invasion of the extracellular matrix,
escape into the vasculature, survival in circulation, seeding
of secondary sites and adaptation of the new
microenvironment - invasion and metastasis is a broad and
complex subject area, and is further complicated by the
intrinsic heterogeneity of tumors”. There are a number of
Incucyte assays that can be used to dissect the sequential
steps and genetic origins of metastasis, including ‘scratch
wound’ migration and invasion assays®* (Figure 4),
chemotaxis experiments®, and growth and colonization
studies™ Combining these live-cell assays with 3D cell
culture models has also provided valuable information
which might otherwise be overlooked® (Figure 5).

Elucidating the various signaling pathways involved in each
step of invasion and metastasis is essential to understanding
these processes™. For example, a panel of Incucyte® Cell
Migration and Invasion Assays - combining over-expres-
sion, shRNA knockdown and pharmacological inhibition
studies - has been used to characterize a novel signaling
pathway regulating cell migration and metastasis in liver,
lung, colon, and breast cancer cell lines™*. This technology
can also be used to investigate how the invasion and me-
tastasis process is affected by chemotherapy drugs™ and to
screen for potential therapeutics to reduce the risk of sec-
ondary tumor formation or relapse® (Figure 5). Colonization
of the secondary tumor site can also be followed using
real-time imaging of co-culture invasion assays to identify
the various mechanisms by which invading cancer cells re-
model the extracellular matrix to enable rapid proliferation®.




HT1080 Figure 4: Kinetic monitoring and quantification

of 2D tumor cell metastasis.

Scratch wound migration, 2h To determine the invasive and migratory prop-

; : ; erties of tumor cells in 2D, HT1080 cells were
seeded onto Matrigel® coated Incucyte®
Imagelock 96-well Plates for 24h, and scratch
wounds were created using an Incucyte®
96-well Woundmaker Tool. Migration studies
were conducted in full media, while invasion
was measured through a sandwich of Matrigel®.
[Top] HD phase contrast images collected
every 2h revealed distinct cell morphology
between HT1080 cell migration (fibroblastic
morphology) and invasion (spike-like filopodia
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Figure 5: Effect of cell signaling inhibitors on spheroid invasion.

To elucidate treatment effects of cell signaling inhibitors on spheroid invasion, U87-MG cells were seeded in a round bottom ULA 96-well plate

(2,500 cells/well) and allowed to form 3D spheroids prior to treatment with cytochalasin D (300 nM) or PP242 (30 uM). Spheroids were subsequently
embedded in Matrigel® (4.5 mg/mL) to induce invasion and incubated in an Incucyte® Live-Cell Analysis System for 162 h, with data collection at 6h
intervals. [Top] brightfield images (4x magnification) taken 4 days post-treatment show the effects of cytochalasin D/PP242 on spheroid invasion.
[Bottom left] Bar chart representing the area under the curve analysis of the whole spheroid (Black) and invading cell area (Teal) at O - 162h post-
treatment. Cytochalasin D and PP242 reduced overall spheroid size by 90 % and 80 % respectively. [Bottom center] Data normalization (96 h post-
treatment) revealed that only cytochalasin D effectively inhibited the invasive phenotype. [Bottom right] Subtraction of the invading cell area from the
whole spheroid area provided a measure for spheroid proliferation, and showed the anti-proliferative rather than anti-invasive properties of PP242.



5. Metabolic rewiring

There are various ways that the metabolism of cancer cells
can be rewired’ to provide selective advantages, such as
increased uptake of glucose, amino acids or nitrogen,
opportunistic nutrient acquisition, use of glycolysis and
TCA cycle intermediates, or altered gene regulation.
Characterizing these aberrant metabolic activities can
provide greater insight into tumor progression, as well as
potentially offering new therapeutic targets.

Investigating how this reprogramming of the metabolic
pathways occurs is a priority for researchers looking to
target these activities, and long-term, live-cell studies are
proving vital. The rewiring of both metastatic breast cancer
and malignant melanoma have both been looked at using
this approach®, with a further study also looking at how
alterations to metabolic activity affect characteristics such
as invasion” and chemoresistance®.

Abnormal nutrient uptake and usage is another area
currently garnering a lot of interest, due to the obvious
potential to ‘starve’” tumors. Figure 6 shows how the
glutaminase blocker CB-839 can be used to effectively
‘starve’ the triple-negative breast cancer cell line
MDA-MB-2310f ATP, leading to a sustained, concentration-
dependent decrease inhibition of ATP levels. In another
recent example, raltime apoptosis assays were used to
demonstrate that endothelial cells infected with Kaposi's
sarcoma-associated herpesvirus become glutamine
‘addicted’ - similar to many cancer cells - and that
glutamine starvation leads to apoptosis®. Live-cell imaging
has also been used to monitor and quantify the effects

of NAD depletion - a proposed therapeutic strategy -

on proliferation, motility and cell death®.
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Figure 6: Inhibition of glutaminase selectively attenuates ATP levels in triple-negative breast cancer (TNBC).
The TNBC cell line MDA-MB-231and receptor-positive breast cancer cell lines MCF-7 and ZR-75-1 (all stably expressing Incucyte® CytoATP Lentivirus
or Incucyte® CytoATP Non-Binding Control Lentivirus) were seeded at 8K cells/well, and cellular changes in ATP were quantified using the Incucyte®

ATP Analysis Software Module.

The glutaminase blocker CB-839 causes a sustained, concentration-dependent decrease inhibition of ATP levels in MDA-MB-231 cells [Top left],
whereas only a transient reduction was observed in MCF-7 cells [Top center]. In contrast, little or no effect was observed in ZR-75-1 cells [Top right].
Concentration response curves taken at 15h [Bottom left] and 72h [Bottom right] support the observation that CB-839 causes sustained decrease

of ATP levels in MDA-MB-231 cells.



6. Immune modulation

The immune system’s constant surveillance for developing
cancer cells clearly plays a role in tumor suppression and
eradication, but this also places selective pressures on
these cell populations. This can lead to so-called ‘cancer
immunoediting’, providing a selective advantage to variants
which can ‘escape’ the innate and adaptive immune
responses. This has become an increasingly hot topic over
the last five years, particularly the interactions between
cancer cells and natural killer or cytotoxic T cells.

However, it has become clear that this is an over-simplification
of the tumor-host immunological interactions, and many
cancer cells may evade immune destruction by actively
disabling immune system components. The Incucyte®
Live-Cell Analysis is proving a valuable tool for investigating
the behaviors of immune cells - such as innate immune
response®, T cell activation, clustering and chemotaxis -

both independently and in co-culture with tumor cells using
2D and 3D immune cell killing and phagocytosis studies®
(Figure 7, 8). The system’s unique design, where the optical
path moves around the static cell plate, allows non-perturb-
ing imaging studies on a wide range of cell types, including
non-adherent cells (e.g. white blood cells).

Anumber of new reagents - including nuclear-targeted
fluorescent probes (e.g. Incucyte® Nuclight Reagents) for
labeling tumor cells and pH-sensitive dyes for tracking inter-
nalization - are now being widely used in combination with
the Incucyte® Live-Cell Analysis System to create time-lapse
movies. This strategy has been particularly helpful in elucidat-
ing the physical interaction between immune and cancer
cells, as well as the resulting morphological changes. This
technology is also now a proven frontline technology for de-
veloping new immunotherapies, such as CAR-T?, checkpoint
inhibitors® T cell activators®, monocytes and macrophages
stimulators™, cancer vaccines” and oncolytic viruses™.

Figure 7: Blockade of CD47 ‘don’t eat me’ signal by monoclonal antibodies induces phagocytosis

of target tumor cells.

Primary mouse bone marrow derived macrophages (BMDM) were seeded into a 96-well plate

at 10K cells/well. CCRF-CEM acute lymphocytic leukemia cells were labelled with the Incucyte®
pHrodo® Red Cell Labelling Kit, and incubated with anti-CD47 (clone B6H12, 0-5 pg/mL) or
isotype control IgG1 (0-5 pg/mL) for 30 minutes prior to addition to BMDM assay plates

(15K cells/well). Phase contrast [Top] and fluorescence-blended [Bottom] images show increased
fluorescence within the cytoplasm of BMDM in the presence of CCRF-CEM (anti-CD47, 5 ug/mL)
over time. [Right] The time course demonstrates that the presence of anti-CD47 led to an increase
in fluorescence intensity as the pH-sensitive label is moved into an acidic phagolysosome, indicat-
ing that live CCRF-CEM cells have been engulfed. This increase in fluorescence was not observed

in the presence of the non-binding control antibody (teal line).
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Figure 8: Herceptin-induced, antibody-dependent cell-mediated cytotoxicity (ADCC) of breast cancer multi-spheroids.

BT474 cells expressing Incucyte® Cytolight Green Lentivirus (2K cells/well) were seeded onto a layer of basement membrane extract (Matrigel®,

>4.5 mg/mL) and multi-spheroids were formed for 3 days. Peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood and added to
the multi-spheroids in the presence of either anti-Her2 (trastuzumab, O-1 ug/mL) or activation cytokines (anti-CD3 and IL-2, both 10 ng/mL). Phase
contrast, brightfield and fluorescence images were acquired every 6 h for 10 days. Blended brightfield and green fluorescence images of trastuzumab-
treated spheroids in the absence [Top left] and presence [Bottom left] of effector PBMCs show that spheroids are smaller with lower fluorescence
intensity in the presence of effector cells, as the green-expressing target cells lose viability. [Right] Time course shows a trastuzumab concentration-
dependent decrease in green fluorescence, indicating a reduction in the number of viable target cells.



/. An abetting microenvironment

Tumors do not grow in isolation, and there is continuous
communication between cancerous and stromal cells
throughout all stages of carcinogenesis. There is still much
confusion - and several conflicting theories - around how
this microenvironment influences tumor growth but, over
the past decade, tumors have increasingly been seen as
complex organs. When viewed from this perspective, the
biology of a tumor can only be understood by studying the
individual specialized cell types within and around it.

Live-cellimaging has been used to analyze the function of a
wide range of biomatrices and important tumor-associated

cells - including stroma™*, fibroblasts®, endothelia®* and
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Figure 9: Temporal effects of fibroblasts on tumor multi-spheroid morphology.

MDA-MB-231 cells were seeded in flat bottom 96-well plates on a bed of Matrigel® (>4.5 mg/mL) in
mono-culture (1,000 cells/well), or co-cultured with normal human dermal fibroblasts (NHDFs, 1:1
ratio, 1,000 cells/well) and multi-spheroids allowed to form for 3 days. Depth of focus brightfield
(BF) images were captured every 6 h for up to 10 days, using the Incucyte® Spheroid Analysis Soft-
ware Module. BF images compare mono- and co-culture conditions over 3 days (6 days post-cell
seeding). Note the temporal impact of NHDFs on spheroid morphology. In the presence of NHDFs,
MDA-MB-231 multi-spheroids instantly exhibited a more stellate invasive phenotype. These stellate
protrusions were only observed 3 days post-formation in the mono-culture model. Bar chart shows
the Total brightfield Object Area of MDA-MB-231in mono- or co-culture, illustrating the impact of

NHDFs on multi-spheroid size over time.

pericytes®. This technology is also allowing researchers to
observe spatial and temporal cellular interactions of co-cul-
ture tumor models in real time (Figure 9), providing unprec-
edented insights into dynamic changes in the tumor micro-
environment, as well as highlighting previously overlooked
therapeutic targets. For example, Incucyte® co-culture inva-
sion assays have helped to elucidate the role of cancer-as-
sociated fibroblasts in cancer cell invasion driven by extra-
cellular matrix remodeling®. In another co-culture study, the
system was used to demonstrate the transfer of microRNAs
between cellsin in vitro models of osteosarcoma and ovari-
an cancer®.
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Summary

We have made significant progress in our understanding of
the seven hallmarks of cancer in recent years, and are now
starting to look to the potential of what we can do with this
information in future research. While each hallmarkis well
defined individually, we now need to explore new models
that will allow us to piece these features back together and
analyze them as a whole, in order to gain more context
around their biological relationship.

One of the key factors dictating the rate of progress has
been the availability of suitable investigative tools; from
biochemical assay reagents and sequencing chemistries to
patient-derived primary tissue samples, 3D cell culturing
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ABSTRACT

Invasion is a hallmark of cancer and therefore in vitro invasion assays are important tools in cancer research. We aimed to describe in vitro
2D transwell assays and 3D spheroid assays to quantitatively determine the invasive behavior of glioblastoma stem cells in response to the
chemoattractant SDF-1a. Matrigel was used as a matrix in both assays. We demonstrated quantitatively that SDF-1« increased invasive behavior
of glioblastoma stem cells in both assays. We conclude that the 2D transwell invasion assay is easy to perform, fast and less complex whereas
the more time-consuming 3D spheroid invasion assay is physiologically closer to the in vivo situation.

METHOD SUMMARY
We describe 2D transwell invasion assays and 3D spheroid invasion assays for the investigation of effects of the chemoattractant SDF-1a on
human glioblastoma stem cells in vitro in a quantitative manner using image analysis. In both in vitro invasion assays, Matrigel was used as the
matrix that glioblastoma stem cells invade. The 2D assay is easy to perform, fast and less complex whereas the 3D assay models the in vivo
situation more closely.

KEYWORDS:
2D transwell invasion assay e 3D spheroid invasion assay e cancer cell e cellular invasion e glioblastoma stem cells

Invasive behavior is a hallmark of cancer and a major reason why the disease is hard to eradicate, causing poor patient prognosis [1-3].
Invasive cancer cells migrate through the extracellular matrix (ECM), enabled by the secretion of proteases to degrade the ECM and
alterations in the cytoskeleton [4-6].

Multiple in vitro assays and models are available to study cellular migration and invasion, such as the scratch assay, 3D bioscaffolds
and microfluidic co-cultures [3,7-11]. Frequently used invasion assays are the transwell invasion assay (2D invasion assay) [3,8,12,13] and
the spheroid invasion assay (3D invasion assay) [5,12,14-16]. The latter two types of invasion assays are discussed in this article. Both
types of in vitro invasion assays are relatively easy to perform, fast, reproducible and cheap. Although the 3D invasion assay is more
complex than the 2D invasion assay, it is physiologically more relevant because it represents the in vivo situation in solid tumors more
accurately. In 3D invasion assays, cancer cells not only invade through a matrix, but are also affected by other cancer cells in their direct
surroundings. Cancer cells need to change and modify their surrounding environment in order to invade, which is also the case in the in
vitro invasion assays [1,17]. In vitro invasion assays are generally preferred over in vivo invasion experiments using fluorescently-labeled
cells and intravital imaging in animal models because of ethical concerns and the high costs of animal models. Furthermore, the in vitro
invasion assays are more controllable, more flexible and easier to modify [1,18,19].

In this article, we describe the in vitro 2D transwell invasion assay and the 3D spheroid invasion assay in detail with the use of
a brain tumor patient-derived glioblastoma stem cell (GSC) line. GSCs have been used instead of differentiated glioblastoma cells,
because they have a higher invasive potential than differentiated glioblastoma cells [20,21]. The presence of cell surface protein LICAM
and the intracellular PI3K/AKT and Notch signaling pathways are involved in the highly elevated invasive potential of GSCs compared
with differentiated glioblastoma cells [21,22]. Therefore, GSCs are a suitable cell type to demonstrate cellular invasion. GSCs as well
as differentiated glioblastoma cells express CXCR4, a specific receptor for the chemoattractant SDF-1a, which we found to be highly
expressed in hypoxic peri-arteriolar GSC niches in glioblastoma patient samples where GSCs are maintained in the tumors and protected
from chemotherapy and radiotherapy because of their quiescence [23—-285]. Interactions between SDF-1a and CXCR4 have been reported
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Figure 1. Schematic overview of the 2D transwell invasion assay. CXCR4-positive GSCs in Matrigel-containing medium are placed in the top wells
(inserts) in the presence or absence of chemoattractant SDF-1« in the medium in bottom wells. Invaded GSCs accumulate at the bottom surface of the
insert membrane (blue arrow). After 72 h, cells on the bottom surface of insert membranes are fixed and the membrane is cut out of the insert. The
membrane is mounted on a microscopic slide, followed by imaging and quantification of DAPI-positive GSCs using image analysis. Scale bar = 100 um.
DAPI: 4',6-diamidino-2-phenylindole; GSC: Glioblastoma stem cell.

to be involved in cellular invasive behavior in glioblastoma [26—-29] and the SDF-1a—CXCR4 axis enables invasion of CXCR4-positive
glioblastoma cells into SDF-1a-rich niches and transformation into GSCs [23—-25].

In the 2D and 3D invasion assays, Matrigel is used as a matrix. In this study we aimed to quantitatively determine the invasive
cellular behavior of CXCR4-expressing GSCs in the presence and absence of SDF-1a. In addition, we aimed to assess the advantages
and disadvantages of both types of in vitro invasion assays.

NCH421k GSCs [30,31] were a generous gift from Christel Herold-Mende (Heidelberg University, Heidelberg, Germany) and were cultured
as non-adherent 3D spheroids in Neurobasal™ medium (Gibco, Life Technologies, CA, USA) containing 1% penicillin/streptomycin (Sigma,
MO, USA), 1% L-glutamine (Sigma), 2% B27 (Gibco), 0.08% bFGF (Gibco), 0.01% EGF (Gibco) and 0.01% heparin (Sigma) at 37°C in a 5%
CO; incubator.

The method of the transwell invasion assay is described step by step, to be performed chronologically to reproduce the experiment.
NCH421k GSCs growing as 3D spheroids were mechanically resuspended to obtain single cells. Transwell invasion assays as shown in
Figure 1 were performed using inserts with 8.0-um pores (Corning Life Sciences, NY, USA). NCH421k GSCs (80,000 cells/insert) were
used that express CXCR4 as described elsewhere [12,24]. Cells were mixed in 0.5 mg/ml Matrigel (Corning) and plated in inserts in a total
volume of 50 wl, and the inserts were then placed in 24-well plates (Corning). After incubation for 30 min at 37°C in a 5% CO, incubator,
50 ul complete Neurobasal medium was added to the inserts to obtain a total volume of 100 wl. For the experimental condition, 600 pl
complete Neurobasal medium containing 10 ng/ml SDF-1a (catalog #: 300-28A; Peprotech, NJ, USA) was added to the bottom wells.
As a control, complete Neurobasal medium without SDF-1a was added to the bottom wells. After 72 h, invaded cells that accumulated
on the bottom surface of the insert membranes were fixed with 4% paraformaldehyde (Merck, Darmstadt, Germany) for 20 min at room
temperature, washed with 1x phosphate-buffered saline (PBS; Gibco) for 10 min and the cell nuclei were stained with the DNA dye 4',6-
diamidino-2-phenylindole (DAPI; Sigma) for 5 min, followed by a washing step with 1x PBS for 10 min. After removing the cells and
Matrigel out of the inserts with cotton swabs, the membranes were cut out from the inserts with a scalpel and mounted on microscopic
slides using Prolong Gold mounting medium (Life Technologies, CA, USA) for quantification of invaded DAPI-positive cells (Figure 1).
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Figure 2. Schematic overview of the 3D spheroid invasion assay. After spheroid preparation in U-bottomed 96 wells, single GSC spheroids are
transferred into 24-wells and embedded in a drop of Matrigel. The spheroids are covered with Neurobasal medium in the presence or absence of
SDF-1a. After 72 h of incubation at 37°C, images of the spheroids are captured and the GSCs that invade from the spheroid into the Matrigel-containing
medium are quantified using image analysis.

GSC: Glioblastoma stem cell.

Images of the membranes were captured using a Nikon Eclipse Ti-E fluorescence inverted microscope and the NIS-Elements AR 4.13.04
software (Nikon, Tokyo, Japan). The total number of cells in ten individual fields per condition was counted using image analysis and
the Imaged software [32,33]. Three experiments were performed, each in triplicate.

Image analysis was performed using Imaged software and the following tools: — Analyze — Cell counter. Cells were counted by
clicking on all DAPI-positive nuclei (Figure 1).

In order to determine whether invasion of GSCs is affected by cell proliferation during the transwell invasion assays, transmembranes
were stained using the proliferation biomarker Ki67. After fixation of the cells with 4% paraformaldehyde, cell membranes were perme-
abilized using PBS containing 1% bovine serum albumin and 0.1% Triton-X for 30 min at room temperature. Afterward, transmembranes
were incubated with anti-Ki67 antibodies conjugated with fluorescein isothiocyanate (Miltenyi Biotec, CA, USA; catalog number: 130-117-
691) in a dilution of 1:50 in PBS at room temperature for 1 h. After one washing step with PBS, transmembranes were stained with DAPI
for 5 min, followed by a washing step with 1x PBS for 10 min. Transmembranes were cut out of the inserts and mounted on microscopic
slides using Prolong Gold mounting medium for quantification of invaded DAPI-positive and Ki67-positive cells. Images of the trans-
membranes were taken using a Nikon Eclipse Ti-E inverted microscope and the NIS-Elements AR 4.13.04 software. The total number
of cells in ten individual fields per transmembrane was counted using image analysis and Image J software [32,33]. Three experiments
were performed, each in triplicate.

The method of the spheroid invasion assay is described step by step, to be performed chronologically to reproduce the experiment.
NCH421k GSCs were seeded in complete Neurobasal medium containing 4% methylcellulose in U-bottomed 96-well plates with 3000
cells/well (BD Biosciences, CA, USA). The 4% methylcellulose was prepared as follows: 6 g of pure methylcellulose powder (Sigma, cat-
alog # m-0512) was autoclaved and dissolved in 250 ml pre-heated complete Neurobasal medium (60°C) for 20 min using a magnetic
stirrer. Then 250 ml complete Neurobasal medium (room temperature) was added, to a final volume of 500 ml, and this solution was
mixed for 2 h at 4°C. The final stock solution was aliquoted and cleared by centrifugation (5000xg, 2 h, room temperature). Only the
clear highly viscous supernatant — approximately 90-95% of the stock solution — was used for the spheroid invasion assay. The cells in
U-bottomed 96-well plates were centrifuged at 850 x g and 31°C for 90 min and incubated at 37°C in a 5% CO, incubator for 72 hto form a
single spheroid of similar size in each well. Spheroids were transferred into 24-well plates (Corning) and embedded in 6.0 mg/ml Matrigel
(Figure 2). After 30 min of incubation at 37°C in a 5% CO, incubator, spheroids were covered with complete Neurobasal medium con-
taining SDF-1a (10 ng/ml). As a control, complete Neurobasal medium without SDF-1a was used to cover the spheroids. Microscopical
images were captured after 72 h using a Nikon Eclipse Ti inverted fluorescence microscope and NIS-Elements AR 4.13.04 software. The
number of GSCs that invaded from the spheroids into the Matrigel was determined using image analysis and the NIS-Elements soft-
ware (Figure 2) [32,33]. GSC spheroids with a minimum diameter of 40 um were considered as spheroids [11]. Three experiments were
performed, each in triplicate.
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Figure 3. 2D transwell invasion data of CXCR4-positive NCH421k glioblastoma stem cells. GSCs that accumulated on the bottom surface of the insert
membranes were imaged at 72 h. DAPI staining was used to show cell nuclei. In the presence of the chemoattractant SDF-1« in bottom wells, a
significant increase in the average number of invading GSCs was observed as compared with the control condition without SDF-1a. Bars represent the
mean number (+ standard error of the mean) of invading NCH421k GSCs after 72 h of incubation in control conditions (empty medium) or in medium
containing 10 ng/ml SDF-Ta.

Scale bar =100 um. ***p < 0.001.

DAPI: 4',6-diamidino-2-phenylindole; GSC: Glioblastoma stem cell.

Data was processed in Excel 2013 (Microsoft, WA, USA) and GraphPad Prism 6 (GraphPad, CA, USA) for statistical analyses using one-
way analysis of variance; p-values lower than 0.05 were considered to indicate significant differences.

Transwell invasion assays were performed using CXCR4-positive NCH421k GSCs in Matrigel-containing medium in inserts in the pres-
ence or absence of the chemoattractant SDF-1a in the bottom wells. Imaging of DAPI-positive GSCs on the bottom surface of insert
membranes was performed at 72 h (Figure 3). Our data demonstrate a significant (sevenfold) increase in the average number of invad-
ing GSCs in the presence of SDF-1a (Figure 3B & C) as compared with the control condition, where empty medium was added to the
bottom wells (Figure 3A & C). Only cells that had accumulated on the bottom surface of insert membranes were included as no cells
were found in the bottom wells.

In the 3D invasion assay, spheroids of CXCR4-positive NCH421k GSCs were embedded in Matrigel and covered with medium with or
without SDF-1a (Figure 4). At 72 h, imaging was performed and the number of GSCs that invaded out of the spheroid was quantified.
Our data demonstrate that the presence of SDF-1a resulted in a 1.8-fold higher number of GSCs invading from the spheroid into the
Matrigel-containing medium (Figure 4B & C), as compared with the control condition (Figure 4A & C).

To determine whether or not proliferation of GSCs is affected during invasion assays, antibodies against the proliferation biomarker Ki67
were used to detect proliferating cells on the membrane of inserts in 2D transwell invasion assays (Figure 5A). Our data demonstrate
that proliferation of NCH421K GSCs was not affected; the percentage of Ki67-positive GSCs did not differ between control conditions and
the wells where SDF-1a was added (Figure 5A). In the 3D spheroid invasion assays, we assessed that cells that invaded out of spheroids
were always single cells and not clusters of cells (Figure 5B), confirming that GSC proliferation did not take place during invasion.
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Figure 4. 3D spheroid invasion data of CXCR4-positive NCH421k glioblastoma stem cells. GSC spheroids were embedded in a drop of Matrigel that
was covered with empty medium (A) or medium containing SDF-1a (B). (C) Higher numbers of GSCs invaded from the spheroid in the presence of
SDF-1a as compared with the control condition. Bars represent the mean number (+ standard error of the mean) of invading NCH421k GSCs after 72 h
from the spheroids into the Matrigel in control conditions (empty medium) or in medium containing 10 ng/ml SDF-1a. Scale bar = 100 um.

*p < 0.05.

GSC: Glioblastoma stem cell.

Taken together, our data indicate that SDF-1a attracts CXCR4-positive GSCs in 2D transwell invasion assays and induces invasion
of CXCR4-positive GSCs into the Matrigel in 3D spheroid invasion assays. Proliferation is not affected during invasion of GSCs in either
type of in vitro invasion assay.

In this article, we describe two quantitative assays for the evaluation of GSC invasion in vitro — the 2D transwell invasion assay and
a 3D spheroid invasion assay — and assess the advantages and disadvantages of each.

Our data demonstrate that both in vitro invasion assays are feasible experimental methods to investigate the cellular invasive behavior
of cancers with invasive properties, such as glioblastoma. As an example, we demonstrate that CXCR4-positive GSCs are attracted
toward SDF-1a in bottom wells in the 2D transwell invasion assays (Figure 3) and in Matrigel-containing medium around spheroids in
the 3D spheroid invasion assay (Figure 4). GSCs invaded out of spheroids as single cells (Figures 4 & 5B), as reported in our previous
study [12]. We also demonstrate that cell proliferation is not affected in either type of in vitro invasion assay (Figure 5). This is in line with
studies that reported the ‘go or grow’ hypothesis, which states that cancer cells either invade or proliferate, because cellular invasion
and proliferation do not occur simultaneously [34,35].

The major advantages of the 2D transwell and 3D spheroid invasion assays for the in vitro evaluation of GSC invasion are that they
are technically easy to perform, relatively cheap and reproducible [3]. They can also be applied to other types of cancer (stem) cells and
are now also used for drug testing, to determine whether drugs can inhibit the invasive behavior of cancer (stem) cells and their spheroid
formation ability [36—41]. Chemotaxis, such as attraction between CXCR4 and SDF-1a, can be studied in an accurate manner using both
assays [12]. In both assays, the presence of SDF-1a clearly results in increased invasive behavior of CXCR4-positive GSCs (Figures 3 &
4). Another advantage of 2D transwell and 3D spheroid invasion assays is that qualitative data are obtained by imaging (differences in
numbers of invading GSCs can be clearly observed microscopically) and quantitative data are obtained using image analysis, which is
relatively easy to perform and accurate at the same time. Alternatively, a quantitative microscopic analysis has been described for the
3D spheroid assay in which the distance of invading cells from the spheroid or invasive area is determined [15,42].

Both in vitro invasion assays can be performed in more complicated experimental settings by using multiple cell types — for example,
CXCR4-positive GSCs in the inserts and SDF-1a-producing cells in the bottom wells, such as mesenchymal stem cells (MSCs) that
are known to infiltrate glioblastoma tumors and are major SDF-1a producers [24]. Compared with experiments with exogenous SDF-1a
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Figure 5. Proliferation of NCH421k glioblastoma stem cells was not affected during invasion assays. In the 2D transwell invasion assay, Ki67 staining
was performed on GSCs that accumulated on the bottom surface of insert membranes to detect proliferating GSCs in transwell invasion assays.
Imaging was performed after 72 h. (A) No differences were found between the percentages of proliferating Ki67-positive GSCs in control conditions and
in the presence of SDF-1« in bottom wells. (B) NCH421k GSCs that invaded out of the spheroid in 3D spheroid invasion assays were single cells, which
confirms that invading GSCs are not proliferating. Bars represent the mean number (+ standard error of the mean) of invading NCH421k GSCs in the 2D
transwell invasion assay after 72 h of incubation in control conditions (empty medium) or in medium containing 10 ng/ml SDF-1a. Scale bar = 25 pum.
GSC: Glioblastoma stem cell.

present in the bottom wells, such experiments are both more biologically relevant (because SDF-1a is produced by MSCs in GSC niches
in vivo) and cheaper (fewer reagents are needed because MSCs produce SDF-1a). However, it should be noted that MSCs produce a
plethora of chemokines, not only SDF-1a [12,43]. Thus, to determine whether the obtained effect was caused by MSC-secreted SDF-
1o, control experiments need to be performed using selective CXCR4 inhibitors like plerixafor [44]. In the 3D spheroid invasion assays,
spheroid co-cultures of different fluorescently-labeled cell types can also be used to study cancer cell invasion into the 3D matrix [14]. A
disadvantage of these two invasion methodologies is that the tumor microenvironment is not accurately reproduced [3,8]. More advanced
and expensive in vitro 3D invasion methods are now available, such as 3D microfluidic co-culture systems that allow the construction of
a 3D tumor microenvironment, real-time cell tracking, evaluation of interactions between different cell types, mimicking of blood flow and
studies of phenomena such as cell proliferation and invasion [3,8,11,45-47]. The most true-to-nature systems are the 3D tumor organoids,
in which the tumor complexity (i.e., tumor structures including blood vessels, stroma, ECM) is intact and tumor heterogeneity is present.
Organoids can be used for drug testing as well for the investigation of phenomena such as cellular invasive behavior [48-55]. In future
research, we aim to introduce 3D tumor organoids as a model to study glioblastoma invasion and interactions between glioblastoma
cells/GSCs with other cell types in the tumor microenvironment, but both 2D transwell invasion assay and 3D spheroid invasion assay
will continue to be used as well because of their own advantages. The 2D transwell invasion assay is a faster method and is less complex
than the 3D spheroid invasion assay. However, it is more expensive than the 3D invasion assay because of the costs of inserts. Therefore,
we suggest that the 2D transwell assay is applied first to determine whether the hypothesized chemoattractant-receptor interactions
are involved in the process of cellular invasion. Afterward, cellular invasion can be studied using the more time-consuming 3D spheroid
invasion assays that are more complex and closer to the in vivo situation. A limitation of the present study is that both in vitro invasion
assays have been performed with the use of a single GSC line only. The application of this protocol to additional patient-derived GSC
lines in the future may enable the optimization of this methodology for individual cell lines.
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Besides the SDF-1a—CXCR4 axis, various other signaling axes are involved in the invasive behavior of GSCs, such as the intracel-
lular PI3K/AKT and Notch signaling pathways [21,22]. In addition, proteases such as matrix metalloproteinases (e.g., MMP-2, MMP-9
and MMP-13), membrane-type matrix metalloproteinases and cathepsins, which degrade the ECM, are also involved in increased cancer
cell invasion [5,6,56—58]. Pro-invasion soluble factors secreted from non-cancerous cells such as endothelial cells and immune cells in
the tumor microenvironment [25,56,59-61] have also been reported to be involved in the invasive behavior of GSCs.

In conclusion, both 2D transwell invasion assays and 3D spheroid invasion assays are accurate and reproducible in vitro method-
ologies to study GSC invasion and are also applicable to other types of cancer. We conclude that the 2D transwell invasion assay is
faster and less complex and is therefore more suitable for the initial experimental determination of specific chemoattractant receptor-
mediated cellular invasion, which can then be studied using the more time consuming and complex 3D spheroid invasion assay that is
physiologically closer to the in vivo situation than the 2D transwell invasion assay.

The described in vitro invasion assays are excellent experimental tools for translational research to increase our understanding of
glioblastoma biology and to facilitate the development of novel therapies that inhibit invasion of GSCs. The methodological principles
are not exclusive for glioblastoma and can also be applied to other types of cancer (stem) cells. In addition, novel therapies designed
on the basis of these methodologies can work synergistically with current therapeutic approaches such as chemotherapy, radiotherapy
and/or immunotherapy.
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ABSTRACT

Isolation of spheroid-forming cells is important to investigate cancer stem cell (CSC) characteristics. However, conventional tumor spheroid culture
methods have not proven suitable because the aggregated spheroids generally maintain their original heterogeneity and harbor multiple cells with
various characteristics. Here we cultured spheroids using a polydimethylsiloxane microwell-based method and a limiting dilution protocol. We then
isolated and enriched for CSCs that formed single cell-derived spheroids from gastric cancer cell lines. Cells from the microwell demonstrated higher
self-renewal, increased expression of stem cell markers and resistance to apoptosis compared with spheroid cells made by the traditional method. This
novel approach allows efficient cancer stem cell isolation and represents a step forward in cancer stem cell studies.

METHOD SUMMARY

This microwell-based spheroid culture method provides the following advantages over the traditional spheroid culture platforms: it is ready for
co-culture without direct cell-to-cell contact; allows easy growth medium changes in the device due to the shear-free structure; and provides
unlimited throughput, given that 361 cell spheroids can be obtained from a single device.

KEYWORDS
cancer stem cells « gastric cancer * spheroids

Cancer stem cells (CSCs) have been hypothesized to drive tumor initiation, metastasis and chemoresistance. The American Association
for Cancer Research defines CSCs as subpopulations of cells within a tumor that possess the capacity for self-renewal and that differ-
entiate into heterogeneous lineages of cancer cells that constitute a tumor [1] . Emerging evidence suggests that CSCs contribute to
disease recurrence after completion of initial treatment [2] .

To form spheroids, candidate cells are seeded in culture dishes under special nonadherent conditions in serum-free medium. This
approach has been used to isolate gastric CSCs in most studies [3, 4]. Many studies have reported that the capability of CSCs to form
spheroid structures is acquired in various solid tumors [5—9] . Hanging drop culture, surface topology, microwells and microfluidic devices
have all been developed as techniques for studying the formation of aggregated multicellular spheroids [10-13]. Nevertheless, these
methods have not proven suitable for isolation of specific cells from a heterogeneous cell population because the aggregated spheroids
generally maintain their original heterogeneity and harbor multiple cells with various characteristics [14].

Here, we used a limiting dilution protocol [15] in concert with a microwell-based spheroid culture plate to isolate spheroid-forming
single cells. Spheroid-forming cells were selected by their capacity for anchorage-independent growth. The selected spheroid cells prolif-
erated without forming agglomerates or cell-to-cell contacts. The ability of a single cell to generate a spheroid is considered indicative of
self-renewal ability and is therefore consistent with a CSC phenotype [7] . Using gastric cancer cell lines, we isolated single cell-derived
spheroid cells. These spheroids were clear and round and were composed of tightly bound cells; moreover, they were not isolated by the
traditional culture method. We also examined whether these cells exhibited distinct stemness gene expression or apoptotic resistance
properties compared with spheroid cells isolated by the traditional culture method.

MATERIALS & METHODS

Cell lines & culture conditions

The human gastric cancer cell lines SNU-638 and SNU-484 were obtained from the Korean Cell Line Bank (Seoul, Korea). Cells were
maintained in RPMI-1640 medium (HyClone, MA, USA) supplemented with 10% FBS (HyClone), 25 mM 4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid (HEPES; Invitrogen, CA, USA), 25 mM NaHCO, (Invitrogen), and 1% penicillin/streptomycin (HyClone). Cells were
grown at 37°C in a humidified incubator with 5% CO, until the monolayers reached confluence.
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For traditional 3D tumor spheroid culture, 500 cells were seeded onto each poly 2-hydroxyethyl methacrylate (PolyHEMA)-coated (to
prevent attachment) 24-well plate as previously described [3,16].

The ‘C-Well’ microwell plate (Incyto, Chonan, Korea) was made of polydimethylsiloxane (PDMS), had 361 microwells, and was 29
x 29 mm?. Each well had an inner diameter of 500 pm and a depth of 500 pm. Seeding density was calculated as number of cells per
volume for single cell occupancy in each microwell. For microwell-based spheroid culture, 5 x 10° parent cells were seeded onto the
microwell, which was placed in a 60-mm petri dish (SPL, Pocheon, Korea). After 30 min, the medium was refreshed to remove any cells
that had landed outside the microwells. We confirmed the spheroid that derived from a single cell with microscopic observation. For
spheroid culture, serum-free RPMI-1640 medium containing 1% B-27 supplement (Invitrogen), 10 ng/ml human recombinant fibroblast
growth factor-basic (Invitrogen), 20 ng/ml human recombinant epidermal growth factor (Invitrogen), 10 mM HEPES (Invitrogen), and 1%
penicillin/streptomycin (HyClone) was used. The medium was changed every 4 days. After 2 weeks, spheroids were examined using an
Olympus CK40 optical microscope (Olympus, Tokyo, Japan) and images were captured with a Canon EOS 600D CCD Camera (Canon,
Tokyo, Japan). For the second passage, spheroids were dissociated into single cells using trypsin-EDTA and mechanical disruption
with a pipette. The resulting cells were then suspended in spheroid culture medium and plated onto a new microwell to allow spheroid
reformation.

On day 14 of culture, the spheroids were stained using a fluorescence-based live/dead cell viability assay kit (Invitrogen) according
to the manufacturer's instructions. The medium was replaced with medium containing ethidium homodimer-1 and calcein AM, after
which the cells were incubated overnight at 37°C. Spheroids were examined using an Olympus DP 71 microscope (Olympus) and
an LSM 700 laser scanning microscope (Zeiss, Oberkochen, Germany) to evaluate cellular viability.

Total RNA was prepared using TRIzol (MRC, OH, USA) according to the manufacturer’s instructions. For quantitative RNA analysis, 1 ug
of total RNA was reverse transcribed using M-MLV reverse transcriptase (Invitrogen) to produce cDNA. Amplification was performed in
a CFX Real-Time PCR Detection System (Bio-Rad, CA, USA) using iQ SYBR Green Supermix (Bio-Rad). For quantitative real-time PCR
analysis, the expression level of each mRNA of interest was normalized to the GAPDH mRNA expression levels. The following primer
sequences were used:

0OCT4: forward 5-GCAGCGACTATGCACAACGA-3', reverse 5-CCAGAGTGGTGACGGAGACA-3"; SOX2, forward 5'-CATCACCCACAG-
CAAATGACA-3', reverse 5-GCTCCTACCGTACCACTAGAACTT-3'; NANOG, forward 5-~AATACCTCAGCCTCCAGCAGATG-3', reverse 5-TGCGT-
CACACCATTGCTATTCTTC-3'; GAPDH, forward 5-CAGCCTCAAGATCATCAGCAATG-3', reverse 5-TCATGAGTCCTTCCACGATACCA-3'.

For western blot analysis, parent cells were harvested from cells plated at 70—80% confluence. To collect whole cell extracts, parent and
spheroid cells were lysed using PRO-PREP™ (iNtRON Biotechnology, Seongnam, Korea) according to the manufacturer’s instructions.
Protein concentrations were determined using the BCA assay (Bio-Rad), after which 30 ug of protein was loaded onto an 8% SDS-PAGE
gel. After electrophoresis was carried out, the resolved proteins were transferred to a polyvinylidene difluoride membrane. The membranes
were blocked in PBS with 0.1% Tween-20 and 5% nonfat milk for 1 h. After incubation at 4°C overnight with primary antibodies, goat anti-
mouse (Bio-Rad) or goat anti-rabbit (Santa Cruz Biotechnology, TX, USA) secondary antibodies conjugated with horseradish peroxidase
were added to the membranes at a 1:5000 dilution and incubated for 1 h at room temperature. Immunoreactive bands were detected using
the ECL Western Blot Detection system (Amersham Biosciences, CA, USA); images were captured using a Chemi-Doc imager (Bio-Rad).
The following concentrations were used for primary antibodies: anti-OCT4, 1:1000 (Abcam); anti-SO0X2, 1:1000 (Cell Signaling); anti-NANOG,
1:1000 (Cell Signaling); and anti-beta-actin, 1:10,000 (Sigma Aldrich).

Spheroid cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min. The fixed cells were permeabilized with 0.3% Triton
X-100 in PBS for 30 min and then blocked in 5% BSA in PBS for 1 h. Next, the cells were incubated with PE Mouse Anti-Human CD44 (BD
Pharmingen, CA, USA) or PE Mouse Anti-Human CD54 (BD Pharmingen) in blocking solution for 1 h according to the supplier’s instruc-
tions, after which the cells were washed three times with PBS-T. Nuclei were stained with Hoechst 33342 (Thermo Fisher, MA, USA) and
the slides were mounted in mounting medium (Dako). Cells were analyzed on an LSM 700 laser scanning microscope (Zeiss).

Spheroid cells were stained using an annexin V-FITC apoptosis detection kit (BD Pharmingen) according to the supplier’s instructions.
The stained cells were analyzed using a FACSCalibur machine (BD Biosciences, CA, USA) and gated according to forward scatter and
side scatter to analyze similar cell populations. Annexin V-positive and Pl-negative cells were considered early apoptotic cells, while
annexin V-positive and Pl-positive cells were considered necrotic cells.
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Figure 1. Figure 1. Microwell-based chip
approach for generating single cell-derived
spheroids. (A) lllustration of the microwell-
based spheroid culture chip. The chip was
made of polydimethylsiloxane and had

361 microwells in a 29 x 29 mm2 area.

Each well size was 500 pm (inner diameter)
x 500 pm (depth). (B) Magnified cross-
sectional image of the microwell-based chip
(vertical axis, 10x magnification, scale bar
=500 pm). (C) Schematic illustration of the
microwell-based and traditional spheroid
culture methods. Growth medium can be
readily changed in the microwell due to the
shear stress-free structure. (D) Sequential
microscopic images of spheroid cells from
SNU-638 and SNU-484 cells cultured by the
microwell-based, nonadherent 96-well culture
plate and traditional spheroid culture methods.
Representative phase contrast images from
day 1 to day 14 are shown of spheroids

(40x magnification, scale bar = 100 pm).

Microwell
plate

96well
plate

Traditional
methods

© © 0 0.0 00 0000000000000 000000000 0000000000000000000000000000
© © 0 0 00 000000000000 0000000000 00000000 0000000000000 0O0CO0COCIOCOCOE O

Soft agar colony-formation assay

Soft agar assays were constructed in 60 mm dish. Briefly, 5 x 103 cells were resuspended in 2 ml with final concentration of 1x media
containing 0.3% agarose (Amresco, OH, USA), and then paved on a 2-ml base layer containing 0.6% agar. The plates were incubated for
14-21 days at 37°C, 5% CO, condition, then stained with 0.01% crystal violet, 10% methanol solution for 1 h (Sigma). Assays were repeated
atotal of three times.

Xenograft model

Xenograft studies were approved by the Institutional Animal Care and Use Committee (IACUC) of Korea University College of Medicine
(IACUC approval No. KOREA-2017-0108). 6-week-old male nude mice were purchased from Orient Bio Animal Center (Seongnam, Korea).
Nude mice were injected with a suspension of parent of spheroid cells subcutaneously into the flank.

Statistical analysis

Data are expressed as means + standard deviations. At least three experiments were performed independently for each type of exper-
iment to ensure reproducibility. Statistical differences among the experimental groups were evaluated by analysis of variance, followed
by Student’s t-test. p-values less than 0.05 were considered statistically significant.

RESULTS & DISCUSSION

Single cell-derived spheroids isolated using microwell-based culture method with gastric cancer cells

Due to the disadvantages of traditional 3D spheroid screening culture methods, we performed a limiting dilution protocol using a microwell
spheroid culture chip to isolate spheroid-forming single cells from mixed populations. The microwell-based chip was made from PDMS
(Figure 1A). In Figure 1B, the side of the small wells on the microwell was magnified ten times, enabling the consistency of the chamber
shape to be observed. Figure 1C displays a schematic diagram of the culture process and of the process of spheroid isolation from single
cells without shear stress. By using a microwell, cell loss was minimized when changing the culture medium. To test the effectiveness
of spheroid isolation using the microwell, we used the chip with SNU-638 and SNU-484 cells. On the microwell, several cells formed round
spheroids with clear boundaries; these spheroids are hereafter referred to as single cell-derived spheroids (SS; Figure 1D, top). SS#1 had
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Figure 2. Isolation of single cell-derived
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clear boundaries, were compact, and were tightly adhered to each other, hindering the distinction of individual cells from each other.
However, a small portion of these two populations of gastric cancer cells formed irregular spheroids with poor cell-to-cell adhesion by
the traditional 3D tumor spheroid culture method; these spheroids are referred to as tumor spheroids (TS; Figure 1D, bottom). Approxi-
mately two- to three-fold more TS#1 spheroids were formed compared with the spheroids formed from the microwell. We hypothesized
that the TS#1 spheroids were composed of mixed cell populations that formed agglomerates and irregularly shaped spheroids lacking
self-renewal ability. In addition, SS#1 spheroids could be detected in the microwell but not on the nonadherent 96-well plates (Figure 1D,
middle). The use of the microwell enables precise single-cell seeding and also enables the exclusion of cells under shear stress from
agglomerates. Next, we compared the self-renewal capability of spheroids isolated from the traditional method with that of spheroids
isolated from the microwell-based culture method.

Single cell-derived spheroids show self-renewal ability & uniformity

We measured the numbers and diameters of spheroids isolated from both methods to examine the self-renewal potential of each spheroid
type. SS#1 spheroids were separated into single cells and seeded at the same concentration on a new microwell. Divided single cells
from SS#1 spheroids proliferated on SS#2 spheroids in the same clear, round forms (Figure 2A). The percentage of spheroid-forming
cells in the second passage increased from 1.4 to 21.1% (five to 76 in 361 microwells) for SNU-638 cells and from 54 to 96.1% (195 to 347
in total 361 microwells) for SNU-484 cells (Figure 2B). The increased number of spheroids with clear boundaries in the second culture
passage provides definitive evidence for the self-renewal capacity of these spheroids. It also indicates that the spheroids were enriched
with CSC properties.

In addition, examination of the SS#2 results showed that the spheroids formed from the microwell were more uniform in size compared
with spheroids formed from nonadherent surface-coated 96-well plates. The average diameters of SS#2 spheroids from SNU-638 and
SNU-484 cells were 155.6 and 179.5 pym, respectively (Figure 2C). However, the majority of the spheroids from 96-well plates remained
small, with mean diameters of 67.3 and 79.2 um in the two cell lines, respectively. Spheroid uniformity is critical for obtaining reproducible
experimental results, since size affects cellular characteristics [17]. Therefore, applying the microwell-based culture method to spheroid
isolation was advantageous for long-term culture approaches, since it could be performed in shear-stress free conditions and produced
uniform spheroids.
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Many studies have demonstrated that CSCs are characterized by the upregulation of three stem cell-specific transcription factors, OCT4,
SO0X2 and NANOG [3,18]. We thus examined whether the spheroids expressed genes that have been postulated to play key roles in CSCs.
The transcription levels of SOX2 and NANOG in SS#2 spheroids were four- and ten-fold higher than those in the parental cells, respec-
tively (Figure 3A). However, the levels in TS#2 spheroids were not significantly increased compared with the levels in the parental cells.
Also, OCT4 transcription was not detected in either TS#2 or SS#2 spheroids. Consistent with these results, the protein levels of SOX2 and
NANOG, but not OCT4, were increased in SS#2 spheroids (Figure 3B). These data suggest that among those three genes, SOX2 and NANOG
are the key factor conferring ‘stemness’ characteristics in spheroid-forming ability as previous studies reported [19,20]. Furthermore,
higher expression levels of those genes in SS#2 than TS#2 demonstrate that our novel method isolated more homogeneous spheroid
cells with stem-like characteristics.

In gastric cancer, CD44 was first identified as a potential gastric CSC marker [7,21]. Also, LGR5 and D54 have been reported to act as
a gastric CSC marker [22—-24]. To assess the expression level of those markers, we performed immunocytochemical staining of TS#2
and SS#2 spheroids. CD44 and CD54 expression were remarkably up-regulated in SS#2 spheroids compared with TS#2 spheroids from
SNU-638 cells (Figure 3C). There was no significant difference between SS#2 and TS#2 spheroids derived from SNU-484 cells. LGR5
was not detectable in both cell lines (data not shown). These results suggest that more cells in SS#2 spheroids than in TS#2 spheroids
have stem cell-like properties.

The above results suggested that the derived spheroids are composed of mixed cell populations, including non-CSCs, as previously
reported [25]. To test this hypothesis, the percentages of dead and apoptotic cells in both TS#2 and SS#2 spheroids were measured using
a live/dead cell viability assay kit and an annexin V-FITC apoptosis detection kit, respectively, according to the manufacturers’ instruc-
tions. These assays revealed that TS#2 spheroids included more dead cells than SS#2 spheroids; these results held true for spheroids
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derived from SNU-638 cells and in spheroids derived from SNU-484 cells (Figure 4A). FACS analysis showed that approximately 40% of
the cells in the TS#2 spheroids were apoptotic and necrotic (Figure 4B). By contrast, the SS#2 spheroids were composed of less than
25% apoptotic and necrotic cells. Taken together, our results indicate that the cells in the SS#2 spheroids were more resistant to apoptosis
than those in the TS#2 spheroids.

We next investigated anchorage-independent growth by assessing colony formation on soft agar, which is the gold standard assay for
cellular transformation in vitro [26]. For SNU-638-derived spheroids, the SS#2 spheroids formed softer agar colonies compared with the
TS#2 spheroids (Figure 4C). However, neither SS#2 nor TS#2 spheroids derived from SNU-484 cells formed colonies, despite extended
periods of time in culture (data not shown). In addition, we tested the tumorigenicity of isolated spheroid cells in vivo. The SNU-638 cell
line did not show tumorigenic ability in both parent and spheroid cells, until 8 weeks from injection despite one million cells injected (data
not shown). The spheroids from the SNU-484 cell line developed into a larger size of tumor than the parental cells (data not shown).
Therefore, the latent population among the cells could be identified with a simple culture material.

In this study, we used a limiting dilution protocol integrated with a microwell-based spheroid culture chip to isolate spheroid-forming
cells from a single cell. Various 3D, multicellular, spheroid-forming methods, such as the hanging drop assay and the use of hydrogels,
have been employed to evaluate CSCs [10—12,27]. However, due to the rarity of CSCs, these methods are hindered by poor single-cell
seeding and low throughput [28]. In these methods, it is also difficult to change the culture medium for long-term culture without signif-
icant cell loss during passage. Additionally, these methods may result in the formation of spheroids containing many cells that are not
CSCs. Arecent report showed that CSC-like cells protect non-CSCs from anoikis and also promote tumor growth [25]. As spheroid bodies
themselves display marked cellular heterogeneity, experiments using spheroids should be interpreted as studies of mixed cell popula-
tions, not as purified CSCs [29]. Therefore, we propose that forming spheroids from a single cell on a microwell-based culture chip is the
most suitable approach for isolating and evaluating CSCs.

This is the first study demonstrating that single cell-derived spheroids from gastric cancer cells can be isolated using an elasto-
meric microwell-based culture method. We also showed that spheroids from the microwells have larger populations of cells with stem
cell-like properties compared with spheroids formed by conventional tumor spheroid culture methods. The microwell-based spheroid
culture method provides the following advantages over the hanging drop method and the other developed spheroid culture platforms:
an extended culture period of 10—30 days due to easy medium changes; ready for co-culture without direct cell-to-cell contact [30]; easy
generation of size-controlled cell spheroids; easy growth medium changes in the device due to the shear-free and stress-free structure
[31]; ready application to various cell types; and unlimited throughput, given that 361 cell spheroids can be obtained from a single device.
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Moreover, the microwell mimics the in vivo environment and contains CSC-secreted factors [32]. One recent study reported that round
spheroids showed a signature of high mRNA expression for secreted molecules, which activate cell cycle-related signaling pathways
and their downstream transcriptional regulators [33]. This finding supports the idea that the microwell is more effective at mimicking the
in vivo environment by sharing the medium. Therefore, we hypothesize that round spheroids may be acquired only in a microwell, but not
in independent 96-well plates (Figure 1D). Additionally, the microwell facilitates independent CSC growth and avoids agglomeration with
non-CSCs. Taken together, our microwcell-based spheroid culture method is an efficient and suitable approach for isolating spheroid cells
with stem-like characteristics on the single-cell level.
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Abstract

The main in vitro methods for immunologists to analyze cells of the immune system are flow cytometry, PCR and various
forms of ELISA (e.g, ELISPOT). Together, these techniques allow measurement of different cell populations at the molecular
and functional level (“immuno-phenotyping”) and quantification of immune responses, for example, cytokine release. While
these platforms are extremely powerful, they provide little insight into morphology and the spatial interactions of cells.
Moreover, as ‘end-point” measures, they are not well suited to report on changes in biology over time.

Overrecent years, real-time live-cell analysis has become an enabling research method forimmunologists, addressing many

of the limitations described above. Here, we review 10 functional bio-assay “applications” that illustrate the breadth, depth
and value of this approach.
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What is Live-Cell Analysis?

Live-cell analysis is the real-time quantification of behavior

from living cells using time-lapse imaging (hours to weeks).

The technique comprises:

1. Acquisition of images repeatedly from the same cells
over time

2. Maintenance of the cells in a stable physiological
environment that is unperturbed throughout
the experiment

3. Image analysis and data visualization on the fly to
provide a real-time view of dynamic changes in the
biology (Figure 1)

Culture

Endpoint
(e.g., plate readers,
flow cytometry)

Continuous
(e.g., Incucyte® Live-Cell
Analysis System)

Cell health, morphology and
plate uniformity
(e.g., proliferation, maturation)

Purpose-built live-cell analysis systems, such as Incucyte®
Live-Cell Analysis Systems (Sartorius), can automatically
gather, analyze, and display images and time-course data
from over 2000 parallel experiments (e.g., 6 x 384-well
micro-plates). The system resides within a standard cell
incubator, and uniquely, the optical path moves (rather
than the cell plate) so that high quality images of non-
adherent cells can be captured without disturbing them.
A suite of optimized live-cell reagents, protocols and
software modules complete the ‘integrated solution’,
such that live-cell analysis is turnkey and accessible to
the everyday scientist.

Manipulate Assay

Single time point

Response
1
Response

T T 1 T
Time Time

Kinetic assay
(e.g., shape change,
phagocytosis)

Monitor effect of treatment
(e.g., differentiation, drug
treatment)

Figure 1: Workflow, QC and cell health. Comparison of continuous live-cell analysis and endpoint workflows. For live-cell analysis, images and data are
collected in real time from within the cell incubator, throughout the culture, manipulation, and kinetic assay phases.



Applications in Immunology

Live-cell analysis is applicable to both the generalized
biology of immune cells, such as proliferation, activation,
differentiation, surface protein dynamics and cell heath, as
well as more specialized functions including cytolysis
(immune cell killing), phagocytosis, NETosis and chemo-
taxis. The approach is amenable to all types of immune cells,
including T cells, B cells, macrophages, neutrophils, as well
as dendritic cells, and can be used with monocultures,
co-cultures and more advanced 3D cell models.

1. Proliferation and Counting

Immune cells can be enumerated non-invasively with
live-cell analysis in a number of different ways. First, area
measurements (% confluence of phase contrast images)

can be used as a good proxy of the number of cells (Figure 2).
At least up to 80% confluence, this metricis a robust
indicator as evidenced by a high correlation with direct cell
counting (Sceptre, Millipore) and ATP luminescence mea-
surements. This correlation can weaken in densely packed
cultures, orif individual cell areas change over time. Alterna-
tively, fluorescent labels can be used, such as nuclear-
targeted fluorescent proteins (e.g, Incucyte® Nuclight
Lentivirus) or non-perturbing dyes (e.g., Incucyte® Cytolight
Rapid Dye). Nuclear counting provides an accurate measure
of cell number even when cells are packed in, and fluorescent
labels can be used to identify different cells in co-cultures.

Confluence, 24 h

Confluence, 72 h

Phase count, 24 h Phase count, 72 h

In a recent development, label-free cell counts can be
obtained using new image segmentation tools (Incucyte®
Cell-by-Cell Analysis). Metrics, such as size and eccentricity,
are calculated at the individual cell level for all the cells in the
field of view and displayed using ‘dot plot’ tools that are
similar to those used in flow cytometry. This powerful
technique provides accurate cell counts and greater insight
into the distribution of single cell parameters in the popula-
tion. Whichever method is applied, the assays yield full time-
course data, valuable morphological insight, and can be
miniaturized to 96- and/or 384-well formats providing
sufficient throughput for industrial discovery purposes.

2. Identification and Immuno-Phenotyping
Fluorescently-labeled antibodies (Abs) to CD-surface
markers are widely used in flow cytometry for identifying and
classifying immune cells (“immuno-phenotyping”). At least
15 discrete subtypes of human T cells have been described
based on these profiles (e.g, CD4+, CD8+, etc.). Methods
have now been developed for live-cell analysis using the
same principal. Rather than using directly-labeled Abs, the
preferred approach is to conjugate the anti-CD Ab to an
isotype matched fluorescent Fc-targeting Fab fragment
(e.g. Incucyte® Fabfluor-488 Dye). This can be done with a
simple one-step mix protocol. A non-perturbing background
fluorescence suppressing dye is used in the assay to help
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Figure 2: Assessment of cell proliferation. Images show Ramos B cells with either confluence phase masking or individual cell masking using
Incucyte® Cell-by-Cell Analysis Software Module at 24 and 72 h post-platings. Analysis of images by either method enables the production of

proliferation plots (right column) with similar growth profiles.



improve the 488 nM fluorescent signal window. The
Fabfluor-488 labeled Ab and suppressor are then added
directly to the cells, and only cells that express the surface
marker will fluoresce. Subsets of cells can then be readily
identified and quantified over time.

In the simplest immuno-phenotyping application, the per-
centage of marker positive cells (e.g, CD4+, CD8+) can be
determined and morphological attributes can be associ-
ated with different subsets. Changes in the proportions of
cells over time can be measured. More useful, perhaps, is
the possibility to observe the interactions between cell
subsets in the culture—for example, in a PBMC-based
immune-cell killing assay, the physical interactions of
CD8+ cytotoxic T cells with their tumor targets can be
visualized (Section 5).

3. Activation and Differentiation

Differentiation and activation of immune cells are critical
steps in the development of immunity and the immune
response. Cells are expanded and primed for their effector
functions via receptor signaling pathways, which culminate

A.
Vehicle, 1h

CXCL81nM,1h

Vehicle, 4 h CXCL81nM,4h

Figure 3: Quantification of neutrophil activation. Freshly isolated human

in gene expression, differentiation, and phenotypic
changes. Live-cell analysis is well suited to studying the
complex and dynamic nature of these events. In a simple
case, we assessed chemokine-induced activation of human
neutrophils (Figure 3). Cell-by-cell analysis techniques
demonstrated time- and concentration-dependent
changes in area, shape (eccentricity) and the surface
expression of CD11b (integrin aM, part of the complement
C3 receptor—quantified using a Fabfluor-488/Ab complex)
in response to CXCL8. The time courses of these changes
were similar (O-6 h) and the EC,  values for the increase in
eccentricity and CD11b expression were 0.63 nM and 0.22
nM, respectively. CXCL8-induced activation was attenu-
ated by an anti-CXCLS8 antibody.

In a further illustration, we probed stimuli-induced differen-
tiation of human THP-1 monocytes to macrophages. In both
control (untreated) and stimulated THP-1 cells, no changes
in the ubiquitous cell surface marker CD45 were observed
throughout the 3 d time-course of the experiment. CD45
can be considered a stable ‘'housekeeping’ protein in this
regard. THP-1 cells showed little expression of CD11b, CD14
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neutrophils were seeded (40K/well) in Matrigel® (50 pg/mL) coated 96-well

plates and treated with increasing concentrations of CXCL8 in the presence of Fabfluor-488 labeled CD11b antibody (1 ug/mL). Images were captured
every 30 min (20X) and analyzed using Incucyte® Cell-by-Cell Analysis Software. Images (A and D) show the change in morphology and CD11b expres-
sion induced by CXCL8 (1 nM). Morphology was quantified as a change in eccentricity and CD11b expression as mean intensity. Data demonstrates a
rapid, concentration dependent increase in eccentricity with CXCL8 with an ECso of 0.63 nM (B and C), in combination with an increase in CD11b
expression with and ECso of 0.22 nM (E and F). Data shown as mean of at least 3 separate donors + SEM.
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(an endotoxin receptor), and CD40 (a co-stimulatory
protein) for up to 72 h under control conditions. All three
CD markers could be upregulated to different extents over
12-72 h with specific differentiation agents, i.e,, vitamin D3,
IFNy + mCSF, IFNy + LPS, Phorbol Myristate Acetate
(PMA). Most notably, PMA upregulated CD11b and CD40,
but not CD14, while vitamin D3 increased expression of
CD1lb and CD14 in a time-dependent manner (Figure 4).
Vitamin D3 did not upregulate CD40. From close inspec-
tion of the cell images, only PMA produced a marked
change in morphology, yielding large, flattened, adherent
“macrophage-like” cells. Only those cells treated with PMA
were able to phagocytose pHrodo®-labeled apoptotic
Jurkat cells (Section 6).

Together, these data illustrate how temporal changes in
surface protein markers, morphology, and function can be
associated using a single method, and highlight character-
istic response profiles to individual differentiation stimuli.

Undifferentiated

HD Phase

CD11b-Fabfluor 488

3 80 - %80

o -~ CD40 o

< -~ CDI1b <

§60'+CD14 560-

o o

3 40 3 40 -

< <

C C

$ 201 $ 201

G G

£ besssssissssssstissesess  E

o 0 o 0 T — —
Z 0 24 48 72 Z 0 24 48 72

Time (h) Time (h)

4. Health and Apoptosis

The applications above can also be duplexed with
apoptosis or cell health readouts using fluorogenic dyes
that are optimized for live-cell analysis. For example,
cellular apoptosis can be measured both via externalized
phosphotidyl-serine (Incucyte® Annexin V Dye) and
Caspase 3/7 activity (Incucyte® Caspase 3/7 Dye; Zhang,
etal,1997; Cen, et al, 2008; Daya, et al, 2010). Cell
impermeant DNA binding fluoroprobes (e.g., Incucyte®
Cytotox Red Dye) can be used to detect loss of integrity
of the cell membrane. The real-time readout of live-cell
analysis provides insight into the time-course of apop-
tosis, cell death, and their relationship to cell proliferation
in dividing cultures (Artymovich and Appledorn, 2014).
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Figure 4: Multiplex cell surface marker, phagocytic activity, and proliferation measurements plus visualization of morphology to study differentiation.
THP-1 monocytes were exposed to media (undifferentiated), vitamin D3 or PMA in the presence of Incucyte® Fabfluor-488 Dye complexed to CD11b,
CD14 or CD40. PMA showed a marked change in cell morphology (HD phase contrast images) compared to media alone or vitamin D3 treated cells.
The kinetic graphs highlight differential and time-dependent surface protein expression in response to the various treatments. Interestingly, PMA, but
not media or vitamin D3, yields a decrease in cell proliferation (confluence) and concordant increase in phagocytic potential as measured by
efferocytosis of apoptotic Jurkat cells labeled with pHrodo® Red Cell Labeling Kit for Incucyte®.



5. Immune Cell Killing (Cytolysis)

Cytotoxic T cells (CTLs), natural killer (NK) cells and certain
neutrophils have the ability to kill infected or malignant
cells. While the killing mechanisms may differ (e.g., release
of cytokines, cytotoxic granules or ROS, Fas/FasL interac-
tions), ultimately these immune defenders inactivate
unwanted cells through cell lysis. Cytolysis assays typically
involve measuring the release of either a pre-loaded
detector (e.g, Crbl) ora cellularenzyme (e.g., LDH) from

the dying target cells. If apoptotic mechanisms are involved,

biochemical assays for annexin V or caspase 3/7 activation
may be employed. The key challenges are: (1) high back-
ground signals; (2) discriminating contaminating signals
that may arise from the effector (killing) cells; and (3)
knowing when to measure the killing end point.

Live-cell analysis offers a number of approaches to cytolysis
measurement. Most simply, target cells can be labeled with
a fluorescent protein (e.g, RFP), and as they are lysed,
monitored foraloss in red fluorescence. For example,
THP-1 cells were stably transfected with a nuclear targeted
RFP and plated on 96-well plates. Addition of pre-activated
PBMCs (anti-CD3/IL-2, 72 h), caused a rapid and time-
dependent lysis of the THP-1 cells and ultimately a
complete loss of the RFP signal. The rate of cytolysis was
dependent on the number of PBMCs (ratios 1:1to 1:10).

The cytolysis signal was validated by inspection of the cell

Day O

Day4
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Day O Day4
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images, showing membrane disruption, loss of motility and
shrinkage of the target cell. Asimilar assay principle can be
applied to killing of tumor spheroids. In Figure 5, Incucyte®
Nuclight Red A549 tumor cells were formed and grown as
3D spheroids in ultra-low attachment plates for 3 days prior
to the addition of PBMCs. Over time the PBMCs lysed the
spheroids and ablated the red fluorescence signal.

This format can be extended to directly measure apoptosis
of the target cells in the second fluorescence channel
(McCormack, et al, 2013). Providing that the effector cells
are smaller than the target cells, any apoptotic signal arising
from the PBMCs can be excluded by size gating of the fluo-
rescent objects. To illustrate this, CD8+ cytotoxic T cells were
co-cultured on 96-well plates with Incucyte® Nuclight Red
AB49 cells in the presence of Incucyte® Caspase 3/7 Dye

(5 mM). The T cells were activated within the co-culture to
kill via the addition of anti-CD3/IL-2. In this example, it took
approximately 48 h for the T cell-killing to commence—a
concomitant rise in (size-gated) apoptotic nuclei (green
Caspase 3/7 labeling) and fall in red cell number (cytolysis)
was observed verifying apoptotic-mediated cell death.

These methods are exceptionally useful for characterizing

the phenotypic effects of checkpoint inhibitors, CAR-T cells,
bi-specific antibodies, and other immune-based therapies.
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Figure 5: Impact of activated PBMCs on tumor spheroid proliferation. A549 tumor cells stably expressing Incucyte® Nuclight Red Lentivirus were
seeded in a round bottom ULA 96-well plate (2,500 cells/well) and allowed to form spheroids for 3 d. Once formed, spheroids were co-cultured with
freshly isolated PBMCs (E:T, 2.5:1) in the presence or absence of an Anti-CD3 and IL-2 antibody cocktail (10 ng/mL of each). Incucyte® HD phase and
fluorescence images compare the effect of PBMCs on spheroid proliferation in the absence (non-activated, top panel) and presence (activated,
bottom panel) of Anti-CD3 and IL-2 antibodies. Note the marked loss of fluorescence intensity in spheroids in the presence of activated PBMCs. Time
course plot shows spheroid cytotoxicity quantified as a loss of fluorescence intensity over time. Data were collected over 7 d at 6 h intervals. Each data

point represents mean = SEM, n = 3 wells.



6. Phagocytosis and Cell Clearance

Phagocytosis is a specific form of cellular endocytosis by
which microorganisms (e.g., microbial pathogens) and
unwanted cells (e.g, foreign, dying) are inactivated and
removed from the body. The professional phagocytes of
the immune system are macrophages, neutrophils,
Kuppfer cells, microglia and immature dendritic cells.
Assays for phagocytosis typically require the detection
of a fluorescent label on the microorganism or cell as it
isinternalized. To be useful, it is important to distinguish
between phagocytosis and non-specific cellular uptake
and/or surface-bound, non-internalized label. Live-cell
analysis methods have been developed using pH-sensi-
tive dye labels (e.g, pHrodo®) that are conjugated to
bacterial wall proteins or target cells. When the protein
ortarget cell is phagocytosed and enters the acidic
environment of the phagosome, the resulting increase
in dye fluorescence is measured over time.

In the first example, the phagocytosis of Escherischia coli

by mouse J774.1 macrophages was measured by adding
pHrodo®-green labeled E. colibioparticles. Intracellular

30

fluorescence increased over time (24 h) as the bioparticles
were internalized (Figure 6). In control experiments, no fluo-
rescence was observed in either the absence of bioparticles
or if non-phagocytic cells (e.g., Ab49) were used (data not
shown). The signal could be ablated by inhibitors of phago-
cytosis including cytochalasin D and latruculin A. From
close inspection of the cellimages and time-lapse movies,
the fluorescence signal was restricted to the cytoplasm
(presumably phagolysosome). Moreover, the engulfment
of bioparticles via the formation of phagocytic cups in the
cellmembrane could be clearly observed.

To exemplify phagocytosis of mammalian cells (“efferocy-
tosis”), we characterized anti-CD47 antibody-mediated
engulfment of CD47+ CCRF-CEM T-lymphocytes by mouse
bone-marrow derived macrophages. CD47 is a transmem-
brane “don’t-eat-me” signaling protein that enables tumor
cells to evade clearance by neighboring phagocytes.
Blocking CD47 allows phagocytes to identify and clear
tumor cells and is a promising new approach forimmuno-
therapy. Anti-CD47 Ab (0.04-5 mg mL), but not IgG-
control, produced time- and concentration-dependent
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Figure 6: Kinetically monitor and quantify phagocytosis. Temporal visualization of J774A.1 mouse macrophages phagocytosing pHrodo® Green E. coli
Bioparticles® for Incucyte® over 4 h. Images (A) verify the presence of fluorescent punctate (phagosomal) labeled structures in the cytosol but not in
the nucleus. J774A.1 mouse macrophages were also exposed to increasing concentrations of pHrodo® Green S. aureus Bioparticles® for Incucyte®.
Note that phagocytosis is bioparticle quantity-dependent (B). Viable T lymphoblast cells CCRF-CEM were labeled with the pHrodo® Red Cell Labeling
Kit for Incucyte® and exposed to either anti-CD47 monoclonal antibody or IgG isotype control. The anti-CD47 antibody binds to the ‘don’t eat me’
signal on CCRF-CEM cells to promote macrophage mediated phagocytosis. In the presence of anti-CD47, target cells were engulfed by bone marrow-
derived macrophages, increasing the fluorescent signal and producing a concentration-dependent effect (C). The presence of isotype control IgG had
no effect on engulfment at all concentrations tested.



engulfment of CCRF-CEMs (30 min-6 h, Figure 6C).
Apoptotic CCRF-CEM cells (camptothecin, 10 mM) were
also engulfed. In both cases, the signal window was large,
and engulfment could be verified by visualization. This
functional assay is amenable to screening for novel CD47
modulators and modifiers of cellular phagocytosis.

7. NETosis

NETosis is a specialized form of programmed cell death
and one of several mechanisms by which the body defends
against infection. When neutrophils encounter invading
pathogens, they release a mixture of antimicrobial proteins
and chromatin to trap and degrade microbes. Live-cell
analysis can be used to automatically visualize and quantify
these extracellular traps, or NETs, in real time using a fluo-
rescent DNA-binding reagent (Gupta, et al, 2017).

When neutrophils are treated with NETosis inducing stimu-
lants (e.g., PMA, ionomycin), a rapid rise in fluorescence
occurs, which appears as a cloud or halo of degraded DNA
outside of the cell boundary (Figure 7). Degradation of the
nuclei and loss of cell motility is observed. By duplexing

this measurement with either phosphotidylserine (PS)
externalization or reactive oxygen species (ROS) detectors,
different mechanisms of NETosis can be elucidated. Reall
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time data analysis is also helpful in determining the most
appropriate time-points for complementary biochemical
analyses, such as the presence of extracellular myeloperoxi-
dase (MPQO) in the NETs. Gupta concluded that live-cell
analysis is “a powerful tool to assess neutrophil physiology
and NETosis, as well as to swiftly develop and test novel
neutrophil targets”.

8. Chemotaxis

Chemotaxis is the directional movement of cells in
response to a chemical stimulus and is an essential
component of immune responses. Neutrophils, monocytes,
T cells, macrophages and microglia are all drawn toward
pathogens and inflammatory stimuliin this way. Chemotaxis
can be measured with live-cell analysis, using specialized
Incucyte® Clearview 96-Well Plates (e.g., Taylor, et al, 2016;
He, et al, 2018). These novel transwell consumables incor-
porate precision, laser-drilled pores in each well for cells to
move through. Unlike traditional Boyden chamber transwell
assays, cells can be visualized and quantified as they move
toward the chemoattractant. As with the earlier applica-
tions, this approach affords the full time-course of biology
with morphological insight. As another upside, considerably
fewer (5-to 10-fold less) cells are required compared to
Boyden chambers.
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Figure 7: Quantification of NETosis. Freshly isolated human neutrophils were treated with PMA (100 nM) in the presence of
Incucyte® Cytotox Green Dye (250 nM) and CellROX® Deep Red (5 uM, Thermo Scientific). Phase and fluorescence images
show (A) the transient production of reactive oxygen species (ROS, red, 0-2 h), decondensation of nuclei (30-60 min) and
increase in extracellular DNA (green, > 1h). PMA produces a rapid, transient increase in ROS production (red area), with
subsequent (post-1h) NETosis production (green area, B). DPI, a known ROS inhibitor, induces attenuation of NETs in a
time- and concentration-dependent manner (C).



9. Viral Infection

Measuring the infectivity and replication of viruses in
mammalian cells in vitrois critical to our understanding

of viral disease and for screening new anti-viral drugs,
vaccines, and immune-cell adjuvants. In contrast to tradi-
tional plaque assays and focus-forming assays, live-cell
analysis can automatically quantify viral spread and replica-
tion over time by counting the number and extent of cells
infected with fluorescent protein (e.g.,, GFP)-tagged viral
constructs. Viral titers can be determined accordingly.

This approach has been published for a range of viruses
including Foot and Mouth Disease, Chikungunya, and
HCMV (Forrest, et al, 2014; Stevenson, et al, 2014; Tulloch,
etal, 2014; Herod, et al, 20164, b; Stewart, et al, 2015;
Joubert, et al, 2016). Oncolytic viruses have also been
analyzed in this way (Berghauser, et al, 2015). The images
and time-lapse movies provide insight into the spread of
the virus, and for cytopathic viruses, the degree of
bystander cell death via apoptosis | necrosis can be
measured. One interesting advantage of the live-cell
analysis workflow is that once the virus or replicon is added
to the cells, the assay does not require the cell plates to
leave the cell incubator. Thus, even highly infectious viruses
can be safely analyzed in appropriate biocontainment facili-
ties without exposing the operator to potential hazard.

10. Antibody Internalization
Monoclonal antibodies (mAb) and antibody-drug conju-

gates (ADCs) are widely used to target immune cells,

A

particularly in immuno-oncology and auto-immune
diseases. A key property of these biologics is the extent

and rate of internalization into different cells, which governs
their efficacy, safety and pharmacodynamic profile.

Live-cell analysis can be used to quantify Ab internalization
measurements in an industrialized 96-well format. Internal-
ization of the Ab into the acidic lysozyme is detected using
a pH-sensitive fluorescent label along similar lines to the
phagocytosis measurements (Section 6). Labeling is
realized via an Fc-binding fragment (Incucyte® Fabfluor-pH
Dye) single step, no wash protocol that provides efficient,
high throughput sample preparation. To illustrate this, six
commercially available CD71 (transferrin receptor) Abs
were labeled with Incucyte® Fabfluor-pH Dye, serially
diluted (1:2, 4.6-10,000 ng mL") and added to HT-1080
osteosarcoma cells. Three of the Abs produced a large
internalization signal with detection <50 ng mL", while

the other three were internalized weakly with signal only
visible at higher concentrations. A mean Z" value of 0.82
was calculated from control wells indicating a microplate
assay with high precision and robustness (Figure 8).

The demonstration that different Abs to the same surface
protein have distinct internalization profiles highlights the
importance of such measurements. Increasingly, quantify-
ing and comparing the internalization rates of different
Ab-drug candidates and production batches will become
a critical step in the biopharmaceutical selection and
optimization process.
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Figure 8: Screening test Abs for internalization. Six different CD71 antibodies,
including one clone from two different suppliers (clone 1a and 1b), were tested
head-to-head in HT-1080 cells. The antibodies were labeled with Incucyte®
Fabfluor-pH Red Dye prior to addition to cells, and the internalization signal
captured every 30 min over 12 h (10X magnification). Plate views taken from
Incucyte® Live-Cell Analysis System show clear positive and negative control
responses in column 11 and 12 with a concentration-dependent response for
each antibody across two plates (A). Head-to-head analysis of antibody data
shows a range of responses across these clones (B) control responses at 12 h
display a clear positive response. All data shown as mean of eight wells.



Summary and Perspective

From the ten examples described, live-cell analysis is
applicable to a wide range of generalized and specialized
immune cell measurements. A key and common feature
is that the cells remain unperturbed throughout the
duration of the experiment. As such, the method readily
lends itself to coupling with other analytical techniques.
For example, the supernatants from cells in live-cell
analysis experiments can be sampled and measured for
analytes such as cytokines, and cells can be lifted at the
end of the experiment and probed using flow cytometry,
PCR and/or other methods.

The ability to study immune-cell biology over time in
a completely non-perturbing way addresses a major
limitation of most other assay approaches that
provide only single time point measures. The deep
biological insight and validation provided through
cellimages and time-lapse-movies, along with
enhanced productivity through automated image
capture and processing, positions live-cell analysis as
a powerful approach for the study of immune cell
biology.
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Recently, two chimeric antigen receptor (CAR) T cell therapies were approved based on their remarkable
efficacy in patients with hematological malignancies. By contrast, CAR-T cell therapies results in solid tu-
mors have been less promising. To develop the next generation of T cell therapies a better understanding
of T cell receptor (TCR) biology and its implication for the design of synthetic receptors is critical. Here,
we review current and newly developed forms of T cell therapies and how their utilization of different
components of the TCR signaling machinery and their requirement for engagement (or not) of human
leukocyte antigen impacts their design, efficacy and applicability as cancer drugs. Notably, we highlight
the development of human leukocyte antigen-independent T cell platforms that utilize the full TCR com-
plex as having promise to overcome some of the limitations of existing T cell therapies.
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The immune system is a sophisticated defense system that protects our body against pathogens and abnormal or
malignant cells. T cells represent a key component of this system by eliminating cancerous and pre-cancerous cells
through their ability to discriminate between ‘mutated self” and ‘self’. This function of T cells is contingent upon
the recognition of tumor-associated antigens by the T cell receptor (TCR) [1,21. Importantly, af-TCRs recognize
their cognate tumor antigens only when presented on human leukocyte antigen (HLA) molecules. Upon binding,
the TCR catalyzes a broad signaling program that results in T cell activation, proliferation, target cell lysis, effector
cell differentiation and, ultimately, adaptive immune protection against future relapse (3. The unique properties
of T cells, combined with their amenability to genetic engineering and ex vivo expansion, make T cells attractive
cancer therapeutics. Here, we discuss the signaling of the natural TCR and the functional differences of various
engineered T cell platforms, including adoptive transfer of tumor-infiltrating T cells (TILs), chimeric antigen
receptor (CAR)-T cells and HLA-restricted and non-restricted engineered TCR-T cells.

TCR structure & signaling

The TCR is an octameric complex that mediates both antigen recognition and signal transduction [4,5]. In the most
common type of T cells, the heterodimer of TCR-a and TCR- recognizes the peptide-HLA on the surface of other
cells. These antigen recognition domains are embedded into a complex of various CD3 signal-transducing subunits,
which form hetero- and homo-dimers at a fixed stoichiometry (CD3y/CD3¢e, CD38/CD3e and CD3g/CD3t)
and initiate T cell activation (Figure 1A) (6,7). The functional split between the antigen recognition and signal
transduction components is a principle shared with other immune receptor complexes including the B cell receptor,
NK cell receptors and Fcy receptors [8]. Diversity of the TCR-aff sequences is the result of somatic recombination
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Figure 1. The of T cell receptor. (A) The of T cell receptor (TCR) is composed of the antigen-binding TCR-af dimer and the

signal-transducing CD3y/CD3¢, CD35/CD3¢ and CD3¢/CD3¢ dimers. Each CD3 chain harbors its own specific ITAM sequences (grey boxes).
The CD3e and CD3¢ subunits also contain basic-rich sequences (green boxes). In addition, CD3e contains a proline-rich sequence (PRS) (pink
boxes), while CD3y harbors a double leucine motif (yellow box). In the resting state, these docking sites are shielded, which blocks
binding of signaling molecules and keeps the TCR silent. (B) In the peptide-HLA-bound state, the quaternary structure of the TCR
changes. In this state, the cytoplasmic tails of the CD3 subunits get phosphorylated by Lck, which is recruited by CD4 (shown in purple) in
CD4* T cells and or CD8 (not shown) in CD8* T cells. ITAM phosphorylation facilitates ZAP70 binding, which leads to further
phosphorylation of the CD3 signaling complex and recruitment of more canonical, downstream signaling effectors. (C) More adapter
molecules are recruited to the TCR by other signaling domains outside of the ITAMs. For example, the CD3e PRS binds to the adaptor
proteins Nck1, Nck2, Numb, Eps8L1 and related proteins. The double leucine motif of CD3y binds to AP1 and AP2. GRK2 and CAST have
been reported to interact with the basic-rich region of CD3e.

ITAM: Immune-receptor tyrosine-based activation motif.

in the thymus during T cell development of the 7RAC and TRBC gene loci, encoding TCR-a and TCR-B,
respectively [9,10). Therefore, the TCR-af repertoire is winnowed during development to ensure appropriate
recognition of HLA while pruning out potentially self-reactive TCR specificities [11].

Surface expression of the TCR is highly dependent upon the regulated, stepwise assembly of the TCR complex
and its export from the endoplasmic reticulum (ER). Shielding of ER retention signals in the CD3 subunits by
the other subunits of the TCR is critical for the translocation of the receptor complex to the T cell surface [12].
Interactions of polar residues in the transmembrane domains of the TCR-af and CD3 subunits ensure the correct
stoichiometry and stability of the octameric TCR complex [5,12,13].

The TCR-0f chains themselves have short intracellular domains without signaling function. This necessitates
the usage of the invariant CD3y, CD38, CD3e and CD3¢t proteins for intracellular signal transduction 8,14,15].
The cytoplasmic tails of CD3y, CD38 and CD3e subunits each contain a single immune-receptor tyrosine-based
activation motif (ITAM), while the CD3¢ units contain three ITAMs, summing to ten ITAM motifs in the full
TCR, the most among all receptors (Figure 1A) [8,16). The multiplicity of ITAMs on the TCR has functional
consequences. For example, multiple ITAMs increase the probability of T cell activation following TCR ligation
and may be the reason for the exquisite sensitivity of T cell activation to be triggered by as few as two peptide-HLA
molecules on the surface of target cells (17-19]. The ITAMs within the different CD3 subunits are not redundant or
interchangeable. Mice with T cells in which the CD3 complex contained ten ITAMs of a single ITAM sequence,
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in lieu of the normal ITAM diversity, had impaired T cell development and reduced surface TCR expression [20].
Likewise, in humans, genetic deficiencies in one or more of the invariant CD3 subunits have also been associated
with aberrant thymic cellularity and peripheral T cell deficiency [21].

The TCR exists in two biochemically different states. In the absence of peptide-HLA stimulation, binding of
cholesterol to the transmembrane region of the TCR-B keeps the TCR in a resting, inactive state that is not
accessible to post-translational modifications of the CD3 subunits [15,22]. Conformational changes upon ligand
binding shift the TCR to an active state making the CD3¢ PRS and ITAM tyrosines accessible to phosphorylation
by the Src family kinases Fyn and Lck, and triggering of downstream signaling (Figure 1B) [22-28].

The coreceptors CD8 or CD4 stabilize the interaction of the TCR with peptide-HLA-I and peptide-HLA-II
complexes, respectively, and help to recruit additional Lck molecules to the TCR complex (Figure 1B) [29,30]. The
involvement of the coreceptors, although not required for CD3 phosphorylation, increases the TCR sensitivity for
ligand-mediated activation [31,32]. Double-phosphorylation of the CD3 ITAMs recruits ZAP70, a central mediator
of TCR signals, via its tandem SH2 domains (Figure 1B) [33,34]. Both humans and mice with mutations in ZAP70
lack T cells or have severely dysfunctional T cells (35,36]. Recruited ZAP70 is then further phosphorylated by Lck,
which enables downstream signaling pathways via phosphorylation of LAT and SLP76 [37-39. The LAT/SLP76
signalosome’ is upstream of several important signaling pathways, including the Erk, NF-AT and NFkB cascades.

Besides ITAMs, other unique motifs in the intracellular domains of CD3y, CD38, CD3€ and CD3¢ are crucial
for homeostasis, signaling and function of the TCR complex. For example, the proline-rich sequence (PRS) in
CD3e is required for the recruitment of the adaptor proteins Nckl and Nck2 that are involved in early TCR
signaling and coupling of the TCR to the cytoskeleton (Figure 1C) [26,28,40]. The PRS is also critical for the binding
of the adaptor protein Numb to promote TCR degradation as well as recruitment of Eps8L1 and the related proteins
Eps8L2, Eps8L3 and Eps8 (Figure 1C) [41,42]. Studies with knock-in mice further highlight the importance of the
PRS motif. Substitution of the two central prolines of the CD3€ PRS by alanines greatly reduced TCR-mediated T
cell proliferation, tumor lysis and proximal ITAM phosphorylation [43). In CD3y, a unique double leucine motif
is critical for the binding of the adaptors AP1 and AP2 which mediate TCR internalization after phosphorylation
of an upstream serine (Figure 1C) [44]. Moreover, basic-residue rich sequences (BRS) in CD3e and CD3¢ form
complexes with acidic phospholipids in the membrane to control TCR signaling [45-47]. It has been hypothesized
that this interaction partially embeds the cytoplasmic tails of CD3e and CD3¢ in the T cell membrane thereby
shielding them from kinases and retaining them in a ‘closed’ state [46-49). In CD3e specifically, the BRS may also
interact with GRK2 and CAST, a protein linked to IL-2 production by T cells (Figure 1C) [50,51].

In addition to the well established concept that the cytoplasmic tails of the CD3 subunits are required to trigger
the TCR signaling cascade, there is also evidence that the extracellular domains of certain subunits can contribute
to TCR signaling. Mutations in the extracellular domain of CD3¢, which are proposed to lock the TCR in a resting
state, reduce T cell proliferation and activation [52,53].

At the macromolecular level, upon peptide-HLA binding, the TCR complex and other signaling co-receptors
undergo a dramatic reorganization within the T cell membrane to form an immunological synapse [54]. The synapse
is characterized by a ‘bullseye’ surrounded by concentric rings of segregated membrane proteins and intracellular
signaling effectors. The degree to which the membrane reorganizations are required for full T cell activation is an
area of debate [55]. Regardless, it is clear that clustering, internalization and spatial organization of the TCR are all
critical steps to generate a ‘signalosome’ in support of robust T cell activation [56,57).

T cell therapies for cancer

The isolation of TILs and re-administration to patients after reinvigoration and expansion with IL-2 was one of
the earliest approaches to harness the potential of T cells to eradicate cancer [s8]. Later, an increased understanding
of TCR structure and function opened opportunities for the design and introduction of engineered TCRs and
synthetic antigen receptors into T cells isolated from peripheral blood. In the following sections, we discuss and
compare various T cell immunotherapeutic approaches. An overview of these platforms is depicted in Figure 2.

TIL therapy

The transfer of TILs for the treatment of melanoma dates back to the 1980s [58,59]. A proportion of TILs recognize
tumor-associated antigens with their natural TCR. However, various immune evasion mechanisms hijacked by
cancer cells frequently render TILs dysfunctional (60). These include soluble factors or cell surface ligands with
immunosuppressive function that create an inhibitory microenvironment for T cells inside tumors.
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Figure 2. Comparison of T cell therapy approaches. TILs and TCR-T cells utilize all endogenous TCR components and recognize tumor
antigen in the context of HLA. TAC, AbTCR and TRuC™ T cells utilize the TCR, but recognize tumor antigens independently of HLA. CAR-T
cells bypass the TCR and signal through the CD3¢ chain as the only TCR subunit paired with a costimulatory domain, in orange, which is
most commonly CD28 or 4-1BB. Tumor antigen binding, which can be a scFy, single-domain antibodies or Fab fragments, are displayed in

red.

AbTCR: Antibody-TCR; TAC: T cell antigen coupler; TCR: T cell receptor; TIL: Tumor-infiltrating T cell; TRuC™: TCR fusion construct.

To harness TILs for cancer therapy, they have to be removed from the suppressive tumor milieu and ex vivo
reinvigorated by a complicated expansion process. Small fragments of the surgically resected tumor are digested with
proteolytic enzymes to obtain a single cell suspension. The suspension is cultured in high-dose IL-2 to stimulate
selective expansion of TILs. Expanded TILs are tested for tumor reactivity and, if reactive, entered into a rapid
expansion protocol using anti-CD3 and IL-2 to achieve therapeutically effective autologous cell doses for adoptive
T cell transfer of cancer patients [61]. Unlike lymphokine activated killer (LAK) cells, which lyse tumors irrespective
of HLA restriction, expanded TILs retain restriction to the patient’s HLA [62,63]. To date, TIL therapy has been
most successful in melanoma, a cancer type with one of the highest known somatic mutation rates and a source for
neo-antigen specific T cells [64]. Overall response rates are in the range of 30 to 50% and frequently associated with
improved overall survival [65,66]. More recently, encouraging clinical responses were also reported in patients with
metastatic cervical cancer. A high disease control rate of 85% was observed with three complete and nine partial
responses among 27 evaluated patients [67].

While the clinical responses are encouraging, technical challenges may limit the broader applicability of the
adoptive transfer of TILs [68]. Isolation of TILs is not possible for all tumors. To produce enough TIL product,
the therapy is limited to tumors with strong T cell infilerates [69]. Even if enough cells can be manufactured,
limited anti-tumor reactivity of the pre-existing T cell repertoire may curb the antitumor response. Recent work
has been done to shorten the expansion time of TILs to generate better quality T cells. Still, isolation and expansion
of TILs remains a cumbersome and time-consuming process that requires several weeks [65,70,71]. These caveats
withstanding, several companies are taking on the task to commercialize TILs for cancer therapy.

Engineered TCR-T cell therapy

With the advancement of new gene transfer methods, such as safer viral vectors, peripheral T cells can be engineered
to express TCR-at and TCR-f chains, so-called TCR-T cells, that most commonly recognize predefined tumor-
associated peptides derived from differentiation, oncofetal or cancer-testis antigens [72-74]. Peripheral T cells isolated
from the blood of the patients are a more readily accessible source of T cells than TILs. HLA-presented peptides are
an attractive class of targets because of their tumor-specific expression and the ability to target both cell surface and
intracellular proteins. Since the establishment of a proof-of-concept with MART-1 TCRs in melanoma, defined
TCRs against a number of other antigens, including gp100, MAGE-A3, MAGE-A4, WT-1 and NY-ESO-1 have
been studied in clinical trials [72,75-80]. NY-ESO-1 TCR-T cells are among the most widely tested and have achieved
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impressive response rates in melanoma and synovial sarcoma [76,81]. Based on these successes, NY-ESO-1 TCR-T
cell trials have been expanded to patients with multiple myeloma, lung, esophageal, breast and bladder cancer [76,82].

While the response rates look promising, TCR-T cell therapies are not without problems. In studies with T
cells that target MART'1 or gp100, on-target/off-tumor toxicity in eyes and ear were reported [75]. In other cases,
affinity maturation of the TCR, needed to increase its potency, resulted in unexpected cross-reactivity with other
peptide self-antigens (72,76,78]. In one study with an affinity-matured MAGE-A3 TCR, two patients died due to
cardiogenic shock. Follow-up experiments revealed that unlike the original TCR, the affinity-matured version
not only recognized MAGE-A3 peptide presented on HLA-A*01 but also cross-reacted with an unrelated peptide
derived from the striated muscle-specific protein titin, also presented on HLA-A*01 (83]. In another study, T cells
carrying a different MAGE-A3 TCR recognizing a peptide on HLA-A*0201 induced neurotoxicity in three patients
due to cross-reactivity with a peptide derived from MAGE-A12, which unlike MAGE-A3, is expressed at low levels
in the brain. Two patients died after falling into a coma [78]. In addition to affinity-maturation, mispairing of the
engineered TCR-at and TCR-B with endogenous TCR-f and TCR-a can potentially cause off-target binding and
unpredictable specificities (84]. To avoid this issue, TCR domain swapping, the expression of TCRy and TCR$
subunits in af T cells or transfer of hybrid receptor units comprising murine constant and human variable TCR
regions have been investigated [85,86]. Collectively, the above cases illustrate that pre-defined TCRs need to be
optimized very carefully and adequate cross-reactivity screens be implemented for their characterization.

Although new technologies may help to improve the preferential pairing of TCR-a and TCR-f chains in the
engineered TCR, HLA restriction remains an issue. Most are directed against antigens presented in the context
of HLA-A*0201, which in the USA is limited to 27-47% of patients depending upon ethnicity [87,88]. Moreover,
immune evasion via loss or downregulation of HLA molecules or of other elements necessary for antigen presentation
is a common mechanism of escape from endogenous T cell responses in human cancers that can also limit the
success of TCR-T cell and TIL therapies [89,90].

CAR-T cell therapy

CARsare synthetic antigen receptors, which recognize their target antigen independent of HLA. The first-generation
of CARs are commonly comprised of an antibody-derived binding domain fused with a hinge and transmembrane
domain to intracellular elements of CD3¢ or the FceR1y chain [91]. T cells transduced with first-generation CARs
targeting a wide variety of antigens (e.g., CAIX, CD19, CD20, CEA, GD2, Her2, PSMA and others) were capable
of lysing tumor cells, expanding 77 vitro and producing cytokines but did not demonstrate clinical benefit in patients
with hematological or solid tumors [92-102].

To bolster the activity of CAR-T cells, so-called second-generation CARs were developed with an additional
costimulatory domain fused to the intracellular domain of CD3¢ (Figure 2) [103]. The addition of the costimulatory
domains, most commonly derived from CD28 or 4-1BB/CD137, engage the PI3-kinase subunit p85 or TRAF2,
respectively, and couple the CAR to PI3K or NFkB signaling pathways. As a result, CAR-T cells exhibit increased
cytokine production, enhanced tumor eradication, and prolonged persistence [104-112].

Second-generation CAR-T cells have shown clinical efficacy in several clinical trials for patients with acute
lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma where they have induced complete remission
rates of 80-90% and 40-50%, respectively [113-124]. Based on these impressive results, two CD19-targeted CAR-T
cell therapies were recently approved by the US FDA for these indications [125].

However, CD19-targeted CAR-T cell therapies are often associated with severe adverse effects. Frequently, the
activation of CAR-T cells upon target engagement results in elevated levels of circulating inflammatory cytokines,
onset of fever, hypotension, or hypoxia, known as cytokine-release syndrome (CRS) [126-128]. While CRS can be
clinically managed by blockade of IL-6 signaling and glucocorticoids, the cause of neurological toxicities, such as
seizures, aphasia, or cerebral edema are less well understood [126-128]. In some cases, neurotoxicity and CRS have
been fatal. Despite initial high response rates, long-term follow-up of patients also has shown that in some of these
patients responses may not be as durable or complete as initially hoped [129]. In other cases, loss of CD19 antigen
expression has limited the durability of response [130]. Despite their successes in hematological malignancies, the
performance of CAR-T cells as a monotherapy in solid tumors has been disappointing [131-134. CAR-T cells likely
require additional intervention in solid tumors for efficacy. A recent presentation of an ongoing Phase I study
for a mesothelin-targeted CAR in combination with PD1 blockade and local delivery to the tumor site reported
promising results with seven partial responses and three complete responses among the 27 patients treated [135].
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The choice of costimulatory domain in the second-generation CAR-T cell has divergent impacts on the ther-
apeutic potential and safety of the CAR-T cell. In a study comparing the two clinically approved CAR designs,
stimulation through a CD28¢ CAR resulted in faster and higher amplitude changes in downstream signaling
events, which correlated with an effector T cell-like phenotype and function [136]. In contrast, 4-1BBg CAR T
cells preferentially expressed T cell memory-associated genes and exhibited sustained anti-tumor activity against
established experimental tumors [136]. Clinical experience generally follows these findings as CD19 CAR-T cells
with 4-1BB costimulatory domains seem to have delayed expansion kinetics and longer persistence compared with
those containing a CD28-derived domain [122,124,157,138].

While the addition of co-stimulatory domains significantly improved CAR-T cell activity and persistence, CARs
by design are limited to the signaling domain of the CD3¢ subunit and thus lack important subunits of the native,
octameric TCR. These contribute additional ITAMs of the CD3¢, CD3y and CD38 subunits that may not be
redundant to the CD3g ITAMs, as well as the CD3e basic-rich region that enables docking of GRK2 and CAST,
and the CD3e PRS that recruits to Nck, Numb and Eps8L1 and related proteins to the TCR [20).

Non-HLA-restricted TCR-based therapies

To address the limitations of CAR-T cells and HLA restriction of TCR-T cell therapies, several new platforms that
endow the full TCR complex with antibody-derived binding domains have recently emerged. These approaches
combine the advantage of an HLA-independent antibody binding domain with the broad and controlled signaling
power of the entire TCR complex resulting in a potentially better safety profile and higher activity against solid
tumors.

The T cell antigen coupler (TAC) is a synthetic modular fusion protein comprising a tumor antigen-specific
scFv and an anti-CD3e binding scFv recombinantly fused to an N-terminally truncated version of CD4 or CD8
(Figure 2) [139). Upon target engagement, TACs can activate CD3¢ and thereby co-opt endogenous TCR signaling.
In preclinical studies, TAC-T cells induced robust cytokine production and cytotoxicity 7z vitro [139). When tested in
solid tcumor models, TAC-T cells outperformed CAR-T cells with increased anti-tumor activity and lower cytokine
release, suggesting that engagement of the full TCR circuitry does not require an extra costimulatory domain for
efficacy [139].

The antibody-TCR (AbTCR), also called ARTEMIS, presents an alternative way to engage the whole TCR
signaling complex independently of HLA. This platform combines an Fab domain derived from an antibody
with the heavy and light chains fused independently to portions of the TCRy and TCRS subunits (Figure 2).
Compared with T cells expressing a CD19-specific CAR, AbTCR-T cells using the identical CD19 binder released
less cytokines but showed comparable tumor inhibition in a patient-derived xenograft leukemia model [140]. Like
TAC-T cells, AbTCR-T cells function in the absence of costimulatory domains [140]. The AbTCR concept has been
also extended to TCR-mimicking antibody binders as illustrated by the fusion with an antibody binding moiety
that recognizes an a-fetoprotein derived peptide complexed with HLA [141).

Recently, we have published a novel way to redirect T cells in an HLA-independent manner using recombinant
fusion of antigen binding domains to CD3 subunits, which are invariant and obligate components of the TCR
complex. The fusion of anti-CD19 scFv to different TCR subunits, including TCR-$, CD3y and CD3e can
effectively reprogram an intact TCR complex to recognize tumor surface antigens without the requirement for
HLA matching (Figure 2) [142). TCR fusion construct (TRuC") variants become a functional component of the
natural TCR complex and can harness the entire TCR signaling cascade to trigger a potent anti-tumor response
without requiring an exogenous costimulatory domain. CD19-specific CD3e-based TRuC-T cells had more potent
anti-tumor efficacy in leukemia and lymphoma animal models compared with second-generation CAR-T cells [142].
Importantly, TRuC-T cell anti-tumor activity was achieved with significantly lower cytokine release than respective
CAR-T cells potentially translating into a better safety profile (142]. Compared the other non-HLA restricted
technologies, the flexible design of TRuC platform offers further advantages. Most importantly, the generation of
functional TRuC receptors is not restricted to a specific TCR subunit which provides the opportunity to engineer
dual targeting TRuC-T cells. For example, binders with different antigen specificities can be tethered to CD3y
and CD3e, respectively, and upon integration into the TCR can simultaneously target two tumor antigens thereby
addressing heterogeneous tumor antigen expression and prevent immune escape due to loss of antigen. This may
be particularly important in effectively treating solid tumors.
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Functional consequences of T cell engineering

Engineered T cells can now be divided into three classes: CAR-T cells that employ of all the TCR subunits only
CD3¢ as a surrogate TCR-derived signal, engineered T cells that utilize the entire TCR complex in an HLA-
dependent fashion and TRuC-, TAC- and AbTCR-T cells that utilize antibody-like binding to engage the entire
TCR in an HLA-independent fashion.

Poor in vive efficacy and lack of persistence of first-generation CAR-T cells illustrated that the CD3¢ chain
alone was not sufficient to recapitulate the signaling complexity triggered by the full TCR complex 97,99,100]. The
addition of a costimulatory domain in the second-generation CAR significantly improved the anti-tumor activity
and persistence of CAR-T cells, but with the cost of deleterious production of cytokines resulting in CRS. The
increased potency of the second-generation CAR also has drawbacks for many groups investigating novel CAR
targets and construct designs. A combination of supraphysiological surface expression, aggregation due to hinge
selection and the propensity for scFvs to oligerimize often results in tonic signaling that limits efficacy at best or
drives constitutive activation, T cell exhaustion and additional toxicities at worst [143-146]. Tonic signaling in CARs
drives low-level phosphorylation of the CD3t ITAMs and recruitment of adaptor molecules like TRAF2, in the
case of 4-1BB-containing CARs [147].

Approaches to temper the activity of the CAR is currently under investigation by several groups. In one instance,
the reduction of I'TAM multiplicity in a CD19-targeted 28t CAR by removal of the two most membrane distal
ITAM tyrosines skewed T cell differentiation toward less differentiated T cell subsets, enhanced anti-tumor efficacy
and increased persistence of the CAR-T cells [148]. These data mirror early experience with murine surrogate CD19
CAR models where deletion of the first and last ITAM tyrosine was required to avoid CAR T cell apoptosis [149].
Similar to ITAM engineering, inactivation of two CD28 subdomains that are tied into apoptotic and differentiation
downstream pathways also increased the persistence of CD28¢ CAR-T cells [150). There are also attempts to harness
the TRAC locus for improved CAR expression. Inserting the CAR gene into the TRAC locus not only disrupts the
endogenous TCR-a gene and prevents assembly and translocation of the TCR to the cell surface, it also enables the
control of CAR expression by the endogenous TCR-a promoter resulting in a reduced expression of CARs relative
to strong promoters, such as EF-1a, used in viral vectors. The more homogenous and moderate CAR expression
facilitates dynamic CAR surface expression upon antigen encounter and reduces T cell exhaustion that eventually
results in enhanced CAR-T cell activity [151].

In contrast to CARs, which seem to require more engineering efforts to find the appropriate balance of activation
and inhibition of downstream signals, the TCR contains several autoregulatory mechanisms that are integral to its
structure and function. These mechanisms include regulation of expression, degradation, subcellular localization
and regulation of the internalization of signaling and non-signaling TCR subunits [152]. In the cell membrane, the
activity of the TCR is regulated by its quaternary structure in which the resting TCR is kept in an autoinhibited
state, while ligand-binding switches the TCR to an activated state [15,22]. This self-regulated control is missing in
the CARs and could potentially explain the common phenomena of tonic signaling in the absence of antigens.
Further, the 10 ITAM motifs contained within the entire TCR complex enhance the translation of antigen binding
into activation on a populational level [19]. ITAM multiplicity and CD3 diversity is required for the recruitment
of certain signaling intermediates and ultimately the catalyzation of effector functions. For example, low ITAM
multiplicity can induce cytokine production but is not sufficient to mediating Vav1 interaction, Notch1 recruitment
and Myc-dependent proliferation [(153]. Interestingly, T cells that utilize the entire TCR secrete less cytokines than
CAR-T cells [139,140,142]. In contrast to CAR-T cells, TCR-engineered T cells can also persist in patients with solid
tumors for more than a year and acquire a polyfunctional, stem cell memory T cell phenotype [154,155]. It is therefore
possible that T cells require the more comprehensive and controlled signaling of a complete TCR complex for
maximally therapeutic activity against solid tumors.

Conclusion

To date, clinical trials with CAR-T cell therapies outnumber trials with TCR-T cell therapies, and two CAR-T
cell therapies have meanwhile received regulatory approval for their stunning successes in some hematological
malignancies [61,156,157]. Nevertheless, the translation of CAR-T cell therapies to solid tumors has been difficult.
Surprisingly, TIL-based therapies scem to have lower rates of adverse events while at the same time being more
efficacious against solid tumors than CAR-T cell therapies. This discrepancy may reflect a different capacity of
engineered T cells to engage the entire TCR signaling machinery compared with the signaling molecules engaged
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by the CARs. Unfortunately, the two main modalities of treatment that engage the full TCR, TIL and TCR-T
cells, have large-scale production and preclinical development challenges that may limit their applicability.

Here, we define a new emerging class of T cell therapy that combines the advantages of CAR-T cells with those
of TIL and TCR-T cell approaches while mitigating their limitations. Unlike TIL and TCR-T cells, non-HLA
restricted TCR-based therapies are able to treat a broad selection of patients due to the use of antibody-like antigen
engagement. Second, unlike CAR, they have the ability to harness the remarkable and intrinsic properties of
TCR complex to modulate therapeutic T cell activity. Taken together, non-HLA restricted TCR-based platforms
(e.g., TRuC-, TAC- and AbTCR-T cells) closely follow the activation and autoregulatory paradigm of native TCRs
while maintaining HLA-agnosticism. Whether these new modalities can endow new T cell therapies with safer,
more effective treatments for solid tumors remains to seen with further preclinical development and results from
future clinical trials.

Future perspective

T cell therapies are becoming increasingly complex as investigators augment the persistence, function and safety of
engineered T cells. Most strategies to improve CAR-T cells are primarily predicated on a design that can leverage
only a fraction of the TCR signaling complexity. Platforms that employ the self-regulatory signaling machinery
inherent to the natural TCR may be able to better harness what has evolved as a broad, effective and highly
controlled response by T cells against malignant cells. The new approaches discussed in this review will deepen our
knowledge about what is required for successful T cell therapy.

Executive summary

The T cell receptor

e The T cell receptor (TCR) is an octameric complex containing variable TCR for antigen recognition and invariant
CD3 subunits responsible for signal transduction.

e The CD3 molecules contain ITAMs that are nonredundant and critical for T cell development and function.

e There are other non-ITAM domains within CD3 subunits important for T cell signaling and function.

Tumor-infiltrating T cell therapy

e Tumor-infiltrating T cells (TILs) have been successful against solid tumors with low toxicity.

e Delivery of TIL to patients can be hampered by limited access to tumor tissue, low numbers of isolated TILs, poor
expansion and long expansion times.

TCR-T therapy

e TCRs can not only target cell surface antigens, but also a broad repertoire of intracellular antigens not accessible
to antibody-based binders.

e Both ‘on target’ and ‘off target’ toxicities have been seen with several TCR-T cell therapies.

e Careful optimization of predefined TCRs is required to reduce off-target toxicities.

e Requirement for human leukocyte antigen (HLA) reduces the size of treatable patient populations.

CAR-T cell therapy

e CD19 CART cells have had great success in hematological malignancies.

e Improvement of CAR-T cell performance in solid tumors is an area of active research.

Non-HLA restricted TCR-based therapeutics

e Therapies that engage the entire TCR for signaling and T cell activation but are not restricted to HLA for antigen
recognition.

e These therapies have lower cytokine release and do not require an additional costimulatory domains for efficacy.

Functional consequences of TCR engineering

e All subunits of the TCR are required for a broad and controlled T cell activation.

e The use of the CD3t chain as the only TCR signaling domain in CAR T cells is not sufficient for a comprehensive T
cell response requiring additional engineering.

e Addition of costimulatory domains to CARs enhances effector functions and persistence of cells but still does not
completely replicate normal TCR-derived signals.

Conclusion

e Newer generations of CARs require additional engineering to reduce toxicities and improve persistence of CAR-T
cells in solid tumors.

e More recent HLA-independent approaches that harness the signaling power of the full TCR have the potential to
be safer and more efficacious in solid tumors.
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Empowering chimeric antigen receptor T-cell therapy

with CRISPR

Xuanzhu Zhou*"

ver since the first chimeric antigen
E receptor T- (CAR-T) cell therapy,

Kite Pharma’s Yescarta® for
treating non-Hodgkin lymphoma, was
approved by the US FDA in October 2017,
numerous CAR-T-cell therapies for a variety
of cancer types have been granted Investi-
gational New Drug clearance and entered
clinical phases. CAR-T therapy researchers
are now fueled with enthusiasm and
optimism, aiming to declare cancer a curable
disease.

WHAT IS CAR-T-CELL
THERAPY?

CAR-T-cell therapy involves using engineered
T cells expressing tumor antigen-specific
CARs for targeting cancer cells. A basic CAR
consists of three parts: one extracellular
antigen recognition domain, one transmem-
brane domain and one intracellular signaling
domain. The antigen recognition domain is
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optimal ‘off-the'shelf’
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typically a single-chain variable fragment
derived from a monoclonal antibody against
tumor-associated cell surface antigens. The
transmembrane domain of a CAR is
commonly from CD28, which provides
stability to the CAR. The intracellular signaling
domain is generally comprised of a
CD3( structure, costimulatory molecules
and/or cytokine expression cassettes, for
enhanced downstream signaling and T-cell
function [1].

AUTOLOGOUS VERSUS
ALLOGENEIC CAR-T THERAPY
Depending on the source of the T cells,
CAR-T therapy can be classified into two
categories: autologous or allogeneic. In
autologous CAR-T-cell therapy, T cells
derived from a patient are engineered as
‘living drugs’ to recognize and attack the
patient’s own cancer cells. This patient-
specific treatment involves the collection,
preservation, shipment, genetic
engineering and readministration of T cells
from and into the same patient [2].
Currently, the two CAR-T-cell therapies
approved by the FDA (Yescarta and
Novartis’ Kymriah®) are both autologous
therapies. Despite the promising results
shown in treating certain forms of hemato-
poietic malignancies, autologous therapy
also has its limitations. Not only is it time
consuming (which can be extremely
critical for late-stage cancer patients), but
it also comes with astonishing price tags
(US$373,000 for Yescarta and US$475,000
for Kymriah) [3]. In addition, it is not always
possible to collect and manufacture
enough functional T cells from patients
who may already be lymphopenic due to
previous treatments or their disease
status.

To overcome the limitations of autol-
ogous CAR-T-cell therapy, some researchers
have moved on to developing allogeneic
CAR-T cell therapy, which involves
engineering T cells isolated from healthy
donors to target patients’ tumor-associated

antigens in order to defeat cancer. This
allogeneic approach is able to bypass the
limitations of autologous cell therapy, as
T cells from healthy donors are easier to
collect and can be engineered with a more
controlled and streamlined manufacturing
process. However, it poses several other
risks to the patients. Because the allogeneic
T cells have been isolated from foreign
donors, patients may face graft-versus-
host disease resulting from human
leukocyte antigen mismatch mediated by
the donor’s T-cell off receptor (TCR-a3) and/
or host-versus-graft treatment rejection due
to the patient’s T-cell human leukocyte
antigen mismatch [4]. The most promising
strategy to date to circumvent these issues
is to couple the power of genome editing,
especially the revolutionary CRISPR/Cas9
genome editing technology, with CAR-T
engineering.

HOW IS CRISPR/CAS9 USED
INDEVELOPING ALLOGENEIC
CAR-T THERAPY?

One essential decision to make in
designing CAR-T cells is to choose the
correct DNA template for CAR expression.
An ideal DNA template has the following
qualities: allows flexible insert sizes,
inserts at target sites with high efficiency,
is highly specific with no off-target
insertion, has low cellular toxicity and can
be obtained easily and rapidly. Tradi-
tionally, viral vectors are used for the
delivery of CARs due to their high trans-
duction efficiency. The most commonly
used viral vector systems are y-retroviruses,
lentiviruses, adenoviruses and adeno-
associated viruses [5]. However, when
using viral vectors, there are always
concerns regarding their integration into
the wrong genome location, which may
lead to the onset of other diseases [6]. With
the maturation of CRISPR/Cas9
technology, it is now possible to insert
large genes at specific genetic sites in T
cells for CAR-T engineering without using
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viral vectors, minimizing off-target integra-
tions [7].

In 2013, CRISPR/Cas9 technology was
first described as a powerful eukaryotic
cell genome editing tool, which can create
precise double-stranded breaks (DSBs) at
a predefined target DNA site and lead to
gene mutation. Now, it is widely used in
both research and clinical studies. There
are two essential components of CRISPR
technology: a guide RNA (gRNA) designed
for recognizing the protospacer adjacent
motif sequence on target DNA, and a Cas9
protein that exerts endonuclease function
for creating DSBs. The DSBs will trigger
two distinct mechanisms for repair. One
mechanism is through the nonhomologous
end joining (NHEJ) repair pathway, which
introduces mutations to the DSB sites,
leading to gene knockout. The other DSB
repair mechanism is homology-directed
repair (HDR), which enables the donor
DNA templates to be accurately inserted
at the break sites for gene knock-in [8].
By employing CRISPR HDR pathway,
researchers are able to precisely insert a
CAR expression cassette into T cells without
using viral vectors.

MULTIPLEX EDITING

WITH CRISPR/CAS9 FOR
PREVENTING ALLOGENEIC
CAR-T SIDE EFFECTS

Taking advantage of the multiplex gene
editing capability of CRISPR/Cas9, potential
safety issues associated with allogeneic
CAR-T therapy can be addressed simulta-
neously during CAR insertion. For example,
to prevent graft-versus-host disease, the
general approach is to knockout the
expression of TCR-of of the donor T cells.
TCR-af3 heterodimer function requires the
expression of both a- and p-chains [9]. In
order to disrupt TCR-af3 donor T-cell
expression, the a-chain can be knocked out
by using CRISPR gRNA specific to the gene
encoding TCR-a, TRAC. Eyquem et al.
showed that, by targeting CAR insertion to
the TRAC exon, CAR expression can be
placed under the control of endogenous
transcriptional regulation, leading to
sustained T-cell function and delayed cell
exhaustion [10]. Host-versus-graft rejection
can also be resolved by knocking out
B,-microglobulin, part of major histocom-
patibility complex class | molecules, using
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CRISPR to prevent surface alloantigen
presentation [11]. Moreover, multiplexing
additional gRNAs targeting immune inhib-
itory receptors, such as PD-1 or LAG-3, has
shown potential benefits in enhancing the
antitumor activity of CAR-T cells [12-14].
Exploration of other potential CRISPR/Cas9
gene targets for multiplex editing is of
greatest interest now for developing the
optimal ‘off-the-shelf’ allogeneic CAR-T
cells.

KEY CONSIDERATIONS FOR
EMPLOYING CRISPR/CAS9
HDR PATHWAY FOR T-CELL
ENGINEERING

CRISPR/Cas9 delivery format: use
ribonucleoprotein system for optimal
delivery

To eliminate the chance of introducing any
foreign DNA and inducing insertional
mutagenesis, it is best practice to deliver
the CRISPR/Cas9 system in the form of
ribonucleoprotein, a complex formed by
incubating Cas9 protein and gRNA
together [15]. Purified Cas9 proteins, as
well as other Cas proteins (e.g., Cpf1) are
readily available from different vendors.
Chemically synthesized full-length gRNA
(about 100 nucleotides long) is preferred
over in vitro transcribed gRNA, which has
been shown to induce strong innate
immune responses. Another important
factor to consider when choosing a gRNA
provider is its purification method. High-
purity synthetic gRNA purified via HPLC is
recommended, with a higher ratio of full-
length gRNA products and homogeneity
leading to a higher editing efficiency and
consistency.

HDR DNA donor template format: ssDNA
versus dsDNA

The major concern with regard to gene-
edited CAR-T cells is off-target integration
[16], which is predominantly influenced by
the HDR donor template format. The HDR
DNA donor template requires one
homology arm (typically around 500 bp)
on each side of the gene insert flanking
the DNA cut site. Traditionally, dsDNA was
widely used due to its ease of production
via PCR amplification, whereas producing
long ssDNA was almost impossible.
However, dsDNA donors are associated
with high off-target integration rates, as

2

they can be inserted via not only the HDR
pathway but also the error-prone NHEJ
process. Incorporation through NHEJ
could result in duplication of the homology
arms at gRNA target sites, integration at
off-target sites or even random insertion
to endogenous DSBs that have occurred
naturally [17-19]. When compared with
dsDNA, ssDNA demonstrates significantly
improved editing specificity and reduces
off-target integration. A recent study
published by Roth et al. in Nature demon-
strated that ssDNA templates have similar
gene knock-in efficiency but significantly
reduced off-target integration (by over
20-fold) compared with dsDNAs in T
cells [20]. These characteristics make
ssDNA the ideal template for CRISPR-
based gene insertion and replacement.
Recent technology breakthroughs have
made long ssDNA encoding large genes,
up to 3 kb orlonger, commercially available
to expedite the development of safer CAR-T
cells.

Other factors to consider may include
the possibility of increasing HDR efficiency,
as HDR predominantly occurs at the S/G2
phase of the cell cycle. Several methods have
been developed to upregulate HDR, including
suppressing NHEJ and activating HDR using
chemical and genetic approaches, cell cycle
manipulation to prolong the S/G2 phase
and colocalization of CRIPSR ribonucleo-
protein and ssDNA donor to targeted DSBs
via covalent bonding.

FUTURE PERSPECTIVE

From autologous to allogeneic CAR-T cells,
from treating liquid tumors to solid tumors,
the development of CAR-T-cell therapy is
marking a new era in immunotherapy.
Using a CRISPR/Cas9-mediated, locus-
specific HDR pathway for CAR insertion
and ssDNA as an HDR template in T-cell
engineering holds great promises in devel-
oping safer and more effective ‘off-the-
shelf’ CAR-T-cell products as a universal
treatment solution.
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The Evolution of Immune Cell Killing Assays
Using Live-Cell Analysis

How Enhanced Data Analytics and Translational Models
Can Provide New Biological Insights

Introduction

In the ongoing battle to understand cancer and develop new therapeutic strategies, researchers are exploring the role of the
patient’s own immune system in defending the body against tumors. A critical component of this anti-cancer response is the
ability of certain immune cells, such as cytotoxic T and natural killer cells, to induce malignant cell death through the process
of immune cell killing (ICK). Modeling ICK in vitro is therefore of paramount importance.

There are multiple techniques traditionally used to assess ICK, such as flow cytometry and biochemical readouts. While these
are valuable tools, they derive measurements from single time point analyses and do not characterize dynamic cellular
interactions, limiting the biological insights that can be gained. Therefore, to develop a more comprehensive understanding
of ICK, researchers are seeking new assays which can provide complementary information to supplement current workflows.

Scientists have a particular need for methods that can capture, visualize, and quantify the dynamic changes associated with I[CK.
Additionally, as increasingly translational models become more widely used, researchers require flexible ICK assays that can
be applied to 3D tumor spheroids as well as adherent and non-adherent 2D co-cultures. This white paper demonstrates how
the technique of real-time, live-cell analysis has evolved to meet these changing requirements of immuno-oncology research.

Find out more: www.sartorius.com/incucyte



Assessing Immune Cell Killing in Cancer Research: The Key Challenges

Given the complexity of ICK researchers often face
numerous challenges when modeling this process in vitro.
One key difficulty is the inability to determine cell-specific
cytotoxic signals in co-culture models due to global well
measurements. For example, with techniques that measure
enzyme release (such as the LDH and GAPDH release
assays), it is not possible to determine whether signals
derive from the death of tumor orimmune cells within

the co-culture model. To address this challenge, the 51 Cr
release assay can be employed to isolate cell-specific
signals. However, background signals can still limit the
conclusions drawn from this assay as many cancer cells
do not effectively take up or retain the chromium label *?

Even with the most reliable analysis of tumor cell
cytotoxicity, such aggregate measures of cell death cannot
reflect the subtleties of the complex cellular interactions
involved in ICK. Different T cell subsets, for instance, can
have distinct functional roles when inducing tumor cell
death?’ Researchers exploring these differences in behavior
will need to study the morphological characteristics of the
activated immune cells and their spatial relationship with
cancer cells. However, methods traditionally used to assess
ICK are non-image based and often require cell lifting.
Therefore, scientists looking to gather phenotypic and
spatial insight into this dynamic process will need to
employ complementary techniques.

Alongside the difficulties in obtaining reliable and
comprehensive data, traditional assays also lack the
temporal resolution required to fully characterize the
process of ICK. Since most methods assess parameters at
a single pre-determined endpoint, it is not possible to gain
insights into dynamic changes in biology.” An additional
concern is the variability in cell maturity and health at the
point of data collection, which can limit the quality and

reliability of results. Moreover, when a problem is identified,
troubleshooting to determine the cause can involve
repeated experimental runs that consume valuable
material and can take significant time.

The Growing Need for Flexibility and Multiplexing

As cell culture models become more complex, the
challenges associated with measuring ICK become
significantly harder to overcome. This is a pressing issue in
immuno-oncology research, as scientists are often moving
away from simple 2D culture systems to embrace advanced
3D models with greater physiological relevance. For
example, tumor spheroid models are increasingly employed
to reveal how the tumor microenvironment (TME) affects
the interaction between cancer and the immune response.”
As a further strategy to gain more translational insights,
many researchers are now incorporating patient-derived
material such as biopsy tissue or chimeric antigen receptor
(CAR) T cells into ICK models, which could help unlock the
full potential of personalized medicines. In this expanding
landscape of translational cellular research, scientists are
increasingly seeking flexible ICK assays which can be
adapted to a range of different culture models.

6

The complex cultures involved in these translational models
tend to be more delicate. As such, they are more suscepti-
ble to perturbations in environmental conditions, making it
technically challenging to obtain reliable results. However,
since these fragile cultures are much more precious than
celllines, it is vital to gain the most value from each assay.
Consequently, researchers are recognizing the need for
new ICK methods that enable better monitoring of cells
and have the multiplexing capacity to extract the most
information from the smallest possible amount of material.
For scientists looking to meet these requirements, a
particularly promising approach is live-cell analysis.

Live-Cell Analysis: A Flexible Solution to Meet New Requirements

Live-cell analysis utilizes time-lapse imaging to capture the
behavior of living cells in real-time. Cultures are maintained
upon an imaging platform contained within the incubator,
providing a dynamic view of biological events and
behavioral changes throughout the experiment. Scientists
can therefore continually assess the culture and schedule
manipulations and measurements when most appropriate.
Such flexibility is a key benefit for researchers contending
with biological variability between cultures, particularly
when there is the need to maximize the amount of data
gained from precious material.

The technique of live-cell analysis can be applied to
measure ICKacross a variety of in vitro models, including
both 2D and 3D cultures. In the simplest 2D application,
tumor cells are maintained in a basic co-culture with
selected immune cells such as T cells or human peripheral
blood mononuclear cells (PBMCs) that are activated with
soluble cytokines, antibodies, or beads. Most typically,
tumor cells will be labeled with a nuclear-restricted
fluorescent protein which can be quantified as a marker
of proliferation, while apoptosis will be measuredin a
second fluorescence channel using reagents such as



Incucyte® Caspase 3/7 or Annexin V Dye. To mitigate the
contribution of immune cell apoptosis, size-gating filter
settings are employed to exclude the smaller effector
cells, thus reducing contaminating signals.

Crucially, since the mix-and-read reagents are added at
the beginning of the experiment and the imaging platform
is contained within the incubator, cells are undisturbed
throughout the duration of the assay. This is a major
advantage for delicate cultures which require a stable
environment.
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The images obtained from these wells clearly show the
interactions between immune cells and T cells, illustrating
the process of T cell attack followed by cytoplasmic
granulation and Incucyte® Caspase 3/7 labeling. In addition
to staticimages, it is possible to create videos to fully
capture the process of ICK. This wealth of visual data allows
researchers to gather rich biological information and can

Time (h)

To illustrate the value of live-cell analysis for measuring

ICK, Incucyte® Nuclight Red A549 tumor cells (2,000 cells/
well) were cultured in combination with PBMCs (20,000
cells/well, target:effector (T:E) ratio of 1:10). All wells
contained Incucyte® Caspase 3/7 Green Dye to measure
apoptosis. To activate the T cells in select wells, anti-CD3

in combination with IL-2 was added. Images were captured
every two hours over a period of four days. These images
were then analyzed to assess target cell proliferation using
the count of red objects (nuclei), and to quantify target cell
death using the count of green objects over time (Figure 1).
Results revealed that wells containing activated T cells
showed signs of target cell death and reduced proliferation.

Real-Time Images Capture
Morphological Changes
and Cellular Interactions,
While Tumor Cell Prolifera-
tion and Apoptosis Can Be
Quantified Using Image
Analysis.

1 Physical contact between a small cytotoxic
T cell and a larger labeled tumor cell (red).

2 Tumor cells under attack from a cytotoxic
Tlymphocyte: The “kiss of death”.

3 Tumor cell cytoplasmic granulation
immediately followed by Incucyte® Caspase
3/7 labeling (green), nuclear condensation
and cell death.

4 Tumor cell mitosis: One cell becomes two.

Figure 1: The use of live-cell analysis to assess
immune cell killing in a simple 2D co-culture
model. (A) Visualization of the interplay between
immune cells and tumor cells. (B) Quantification
of tumor cell proliferation and death in real-time.
Images were analyzed for red object count to
assess tumor cell proliferation and green object
count to assess tumor cell death. Wells in which
T cells were activated showed increased target
cell death and reduced proliferation.

also prove invaluable for troubleshooting and quality
control (QC).

The study presented above demonstrates the basic use of
live-cell analysis—to obtain aggregate measures of tumor
cell proliferation and apoptosis, and to provide valuable
qualitative data showing the interplay between cell types.



Gaining Additional Insights With Enhanced Data Analytics

As the analytical capacity of live-cell analysis has evolved,
scientists have gained new abilities to shed light on ICK.
Akey step forward has been the development of
advanced image processing algorithms to define
individual cells. Therefore, rather than simply using red
object count to quantify tumor cells, scientists can now
employ cell masking software (such as Incucyte® Cell-by-
Cell Analysis) to recognize all cells within the image.
Since tumor cells will be labeled with RFP, the cells can
then be classified into effector and target populations
based on the presence or absence of red fluorescence.

This ability to distinguish different cell types raises
several advantages. Firstly, researchers can enumerate
effector cells without the use of labels. Secondly,
scientists can improve cell classification in studies
involving non-adherent target cells. These tumor cells
can look very similar to immune cells, making it
challenging to isolate target apoptosis from
contaminating effector cell signals using the size-
gating method employed in standard analysis.

Toillustrate the use of cell masking software in non-
adherent cultures, Incucyte® Nuclight Red Ramos cells
(10,000 cells/well) were mixed with an increasing ratio of
pre-activated or non-activated PBMCs in the presence of
Incucyte® Annexin V Green Dye as a marker of apoptosis
(Figure 2). Advanced image processing algorithms within
the Incucyte® Cell-by-Cell Analysis Software Module
were used to mask individual cells, which could then be
classified into target and effector cell populations based
on the presence or absence of red fluorescence. The
target cell population (red) displayed a decrease in
proliferation and an increase in apoptosis in the presence
of increasing numbers of effector cells. In contrast, the
effector cell population (non-red) displayed proliferation
over time, but only for activated cells.

Advances in image analysis software also enable scientists
to visualize and quantify interactions between immune
and tumor cells. For instance, quantifying the coincidence
or overlay of two cell masks enables the assessment of
immune and target cell interaction. To demonstrate

this, Incucyte® Cytolight Red A549 tumor cells (5,000
cells/well) were cultured with either pre-activated or non-
activated PBMCs (25,000 cells/well, T:E ratio of 1:5) in

the presence of Incucyte® Fabfluor-488-a-CD45 and
Incucyte® Opti-Green to label the total lymphocyte
population (Figure 3). Two hours after PBMC addition,
image processing software was used to mask the cells,
enabling the spatial information of the target and effector
cells to be quantified. Consistent with expectations,
activated PBMCs showed a much greater interaction
with target cells, aligning with increased ICK.
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Figure 2: Enhanced image quantification using Incucyte® Cell-by-Cell Analysis Software Module. (A) Images show individual cell masking of the total
population with the Cell-by-Cell Analysis Software. Target (blue) and effector (yellow) sub-populations were distinguished based on red fluorescence.
(B) Sub-populations were classified based on red and green fluorescence. (C) Quantification of proliferation and apoptosis over time. The target cell
population (positive red cells) show a decrease in proliferation and increase in apoptosis (% of red cells also green) in the presence of increasing
numbers of effector cells. The effector cell population (non-red cells) show proliferation when activated. Data shown as mean +/- SEM, n = 4 wells.
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Cellular Interactions Can Be Quantified and Analyzed by Using
Image Processing Algorithms to Define Cell Coincidence.

Figure 3: Visualization and quantification of immune and tumor cell interactions. (A) Images at two hours after PBMC addition show interactions
between CD45+ cells (green) and A549 cells (red). The overlay between the two cell types is shown with the yellow mask. (B) Quantification of
the overlay reveals a markedly higher interaction for activated compared to non-activated effector cells.

By measuring and quantifying cellular interactions, scien-
tists can gain additional morphological and spatial insights
to better characterize the process of ICK. Ultimately, this
information could support the identification of novel
therapeutic candidates. Assessing the duration of cellular
interactions, for example, could prove very valuable for drug
discovery programs, since a longer contact time between
immune and cancer cells is potentially associated with
increased ICK.

Afurther application of enhanced image processing is to
use antibodies specific to surface markers to independently
assess distinct effector cell subtypes. This type of subset
analysis in conjunction with interaction assessment allows
scientists to determine which immune cell populations
are interacting with target cells. As a result, this approach
could distinguish a greater therapeutic effect on a small
subset of cells from a lesser therapeutic effect on all cells.
Since heterogeneity between different effector cell types
is a major complicating factor in immuno-oncology drug
discovery, these new capabilities provide a significant
advantage over assays that employ aggregate measures
based on consolidating the information from all cells.



Applying Live-Cell Analysis to 3D Tumor Spheroid Models

A growing body of evidence highlights the importance of
the tissue environment and architecture in modulating the
complex relationship between immune and tumor cells.
Consequently, many scientists are now employing 3D
models to gain more physiologically relevant data when
assessing cancer immunotherapy agents in vitro. Indeed,
evidence shows that tumor cells cultured in 3D can exhibit
heightened resistance to cytotoxicity, which is more
reflective of the in vivo situation.®

Tumor spheroid models, which incorporate 3D cellular
aggregates formed of cancer cells, provide a useful way of
reflecting the 3D TME as they model important features
such as cell-to-cell contact and oxygen gradients.”®* One
type of spheroid model cormmonly used in ICKresearch
uses single spheroids, aggregates which can be formed by
seeding tumor cells in ultra-low attachment plates. These
provide a useful tool for studying ICKin solid tumors which
may have hypoxic cores.
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To demonstrate the use of single spheroid models to assess
ICK, Incucyte® Nuclight Red A549 tumor cells were seeded
in a round-bottom 96-well plate (2,500 cells/well) and
allowed to form spheroids over three days. Once formed,
spheroids were co-cultured with PBMCs at a T:E ratio of
1:2.5in the presence orabsence of activating cytokines
(anti-CD3 and IL-2). Incucyte® HD phase and fluorescence
images were then used to monitor the spheroids over
several days. Results show a marked loss of fluorescence
intensity for spheroids in the presence of activated PBMCs,
reflecting an increased death of tumor cells.
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Figure 4: Impact of activated PBMCs on tumor spheroid proliferation. (A) High-definition phase and fluorescence images compare the effect of
PBMCs on spheroid proliferation in the absence (top panel) and presence (bottom panel) of activating cytokines. A marked loss of fluorescence
intensity can be seen in the presence of activated PBMCs. (B) Time-course plot shows spheroid cytotoxicity quantified as a loss of fluorescence
intensity over time. Data was collected over seven days at six-hour intervals. Data shown as mean +/- SEM, n = 3 wells.



Multi-Spheroid Models

Multi-spheroid models, which incorporate components
of the extracellular matrix (ECM), provide an alternative
option forimmuno-oncology researchers. The ECM plays
animportantrole in ICK as it can influence cellular inter-
actions and affect the infiltration of immune cells into 3D
structures. In multi-spheroid models, the biomatrix alters
the formation process so that multiple heterogeneous
spheroids are created in each well.

Live-cell analysis can easily be employed to measure ICK
within these multi-spheroids. An example of one such study
is shown in Figure 5. In this assay, the antibody dependent
cytotoxicity (ADCC) of Herceptin on Her2 positive cells was
assessed. Her2 negative MCF-7 cells expressing nuclear-
restricted RFP (Incucyte® Nuclight Red MCF-7) or Her2
positive BT-474 cells expressing cytoplasmically-restricted

Incucyte® Cytolight Green BT-474

green fluorescent protein (Incucyte® Cytolight Green BT-
474) were seeded in flat-bottom 96-well plates (1,000 cells/
well) on a bed of Matrigel®.

Multi-spheroids were allowed to form over three days
before Herceptin was added in either the presence or
absence of PBMCs (5,000 cells/well, T:E ratio of 1:5).
Over the following seven days, brightfield and fluores-
cence images were used to monitor the spheroids.
Results demonstrate a concentration-dependent loss
of fluorescence in the presence of Herceptin in only the
Her?2 positive BT-474 cells and not the Her2 negative
MCF-7 cells. Aloss of fluorescence intensity was seen in
both cell types with the addition of treatments activating
the T cell populations (anti-CD3 and IL-2).

Incucyte® Nuclight Red MCF-7

Herceptin (1 pg/mL)

Herceptin (1 pug/mL)
+PBMCs

Brightfield mask = yellow

In Both Single and Multi-
Spheroid Models, ICKCan
Be Easily Quantified.
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Figure 5: Impact of Herceptin-induced PBMCs on multi-spheroid proliferation. (A) Incucyte® brightfield and fluorescence images taken at seven days
(Incucyte® Nuclight Red MCF-7) or ten days (Incucyte® Cytolight Green BT-474) show the effect of Herceptin on spheroid proliferation in the absence
(top panel) and presence (bottom panel) of PBMCs. The brightfield outline mask is shown in yellow. (B) Time-courses show multi-spheroid death
quantified as a loss of fluorescence intensity within the spheroid brightfield object. Increased cytotoxicity was seen with the addition of treatments
activating T cell populations (anti-CD3 and IL-2). Data was collected over ten days at six-hour intervals. Data shown as mean +/- SEM, n = 4 wells.



Adapting to the Evolving Landscape of Immunology Research

In the quest to better understand the process of ICK,
scientists are seeking deeper biological insights from
more complex translational models. The evidence we
have presented so far shows that live-cell analysis can
easily be adapted to facilitate this research. It is also likely
that this technique will be applied to newer models as the
landscape of immunology research continues to evolve.

Multicultures: Live-cell analysis could be used in
multicultures involving three or more cell types. Such
models are likely to be increasingly used in immuno-
oncology research, given the growing evidence for the
important role of interactions with stromal cells in
tumorigenesis.” For scientists assessing ICKin these
complex models, live-cell analysis provides an ideal
solution as the technique can flexibly accommodate
complex culture models.

Another key translational approach is to incorporate
patient-derived material, such as biopsy tissue or CAR-T
cells, into ICK assays. Again, live-cell analysis can easily be
adapted to such studies. Indeed, this method has already

Conclusion

In this white paper, we have illustrated how live-cell analysis
has evolved to address the growing challenges of immuno-
oncology research. The introduction of enhanced data
analytics, coupled with the validation of this approachin
more translational 3D culture models, has enabled live-cell
analysis to become a flexible solution to meet the current
and future requirements of this field.

Essentially, the unique value of this method stems from its
capacity to maximize the amount of data gained from each
culture. There are two main reasons for this: firstly, signals of
interest will never be missed with real-time monitoring so
cultures will not be wasted; and secondly, scientists can
now increase the depth of information gathered from

each sample by using new metrics and analyses. In this

way, researchers can achieve a richer understanding of ICK
without additional expense in terms of time or material. This
resource-efficiency is crucial for translational models, which
often incorporate more precious and delicate cultures.

been successfully used to develop and test new CAR-T cell
constructs and assess their in vitro activity'®", and it could
also prove useful in the comparison of expansion and
activity between batches for QC purposes. So far, the use
of live-cell analysis for CAR-T cell therapies is limited to
the preclinical stage, but clinical applications are likely to
develop as technology and instrumentation advances.

Immune cell infiltration: A further use for these assays
could be in assessing the invasion of immune cells into 3D
structures. This is a focus of interest in immuno-oncology,
as the infiltration of T lymphocytes into solid tumors is
correlated with clinical outcomes.” However, tumors
employ many defense mechanisms which can limit the
migration of immune cells. Therefore, the process of
immune invasion is a developing area of research for
scientists investigating new therapeutic approaches. In fact,
this field is expanding fast, with the recent development of
novel 3D high-throughput assays to investigate immune
cell homing.® Given the flexibility of live-cell analysis in
adapting to 3D models, it is likely that this method will play
a key role in this exciting avenue of research.

To gain even greater value from each experiment, it is
possible to couple live-cell analysis with other techniques.
Since cells are unperturbed throughout the course of the
experiment, researchers can remove supernatant samples,
or alternatively lift cells after the assay and analyze them
with methods such as flow cytometry. As such, scientists
can maximize the biological information gained from
precious cultures.

Overall, the flexibility and multiplexing capacity of live-cell
analysis make this method a valuable solution to
supplement traditional ICK workflows, offering great
potential to advance immuno-oncology research and
therapy discovery.
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Real-Time Quantification of
Cell Cycle Phase in Live-Cell Models

Introduction

Cellcycleis critical in maintaining cellular homeostasis through tightly regulated signaling pathways which control the
frequency of DNA duplication and eventually cellular division. Without this regulation, cells divide in an uncontrolled manner,
propagating uncorrected mutations and evading programmed cell death. Therefore, the cell cycle and its checkpoints are an
attractive target for cancer therapies, which aim to arrest unchecked cell division as well as promote apoptosis'?. Following
this series of coordinated events, however, requires optimized technology and cell cycle indicator reagents. Current end-
point solutions fail to study cell cycle over multiple cell divisions and do not fully integrate data acquisition and analysis.
Live-cell imaging and analysis is uniquely suited to providing temporal information on the cell cycle through real-time,
automated quantification and visualization of the events leading up to cell arrest, senescence or death.

Find out more: www.sartorius.com



Assay Principle

The Incucyte® Cell Cycle Lentivirus reagents (Green | Red
or Green | Orange) have been developed to distinguish
between cells in the Gland S| G2 | M cell cycle phase
without altering cell function. As Geminin is highly
expressed during S| G2 | M phase and Cdt1 during G,
fragments of these proteins are used to target fluorescent
proteins for degradation during certain cell cycle phases.
The Incucyte® Cell Cycle Lentivirus reagents incorporate a
single cassette indicator expressing both the Geminin-
TagGFP2 (green fluorescent protein) and either Cdt1-
TagRFP (orange fluorescent protein) or Cdtl-mKate?2 (red
fluorescent protein). Therefore, cells fluoresce green during
S|G2|Mand red or orange during G1; cells are colorless
during the transition from M to G1and yellow (expressing

Colorless

/

Red or
Orange

Green

Yellow

green and red, or green and orange, simultaneously) in
transition from G1to S phase. Images of cells expressing
Incucyte® Cell Cycle can be acquired and analyzed
automatically in the Incucyte® Live-Cell Analysis System to
identify phases of cell cycle in individual cells for real-time
measurements of cell cycle dynamics. The schematic in
Figure 1shows the expression of green and red, or green
and orange, fluorophores across the cell cycle, and the time
course of images demonstrate the change in fluorescence
as the cell divides. The indicated cell with red fluorescence
isin Gl phase at O h. By 4 h the cellis transitioning from G1
to S, and at 7 h the cellis green indicating S| G2 | M phase.
At 9 h the cellis mitotic, and by 11 h daughter cells in Gl are
observed.

Figure 1: Incucyte® Cell Cycle Lentivirus. Schematic displays the fluorescence expressed at each stage of the cell cycle (A). Cells expressing Incucyte®
Cell Cycle will exhibit green fluorescence during S|G2| M and red or orange fluorescence during G1. Transition from M-G1 is non-fluorescent, and
transition from G1-S displays yellow fluorescence, i.e., both green and red, or green and orange. Images of Hela cells were acquired on the Incucyte®
Live-Cell Analysis System (B). Sequential images show a cycling cell over time starting in G1at O h with red fluorescence.



Materials and Methods

To generate a cell line with stable Incucyte® Cell Cycle
expression, the lentivirus was used to transduce the cell line
of choice®. Using the Incucyte® Live-Cell Analysis System to
monitor fluorescent marker expression and cell health,
appropriate reagent multiplicity of infection (MOI) was
chosen. When cells were observed to express the Cell
Cycle reagent, puromycin selection was applied to remove
non-expressing cells from the culture. By thorough

Quick Guide

2. Transduce

0

Add Incucyte® Cell Cycle
Lentivirus Reagent diluted

in media * Polybrene® After
24 hours, replace the media
with fresh growth media.
Monitor expression using the
Incucyte® Live-Cell Analysis
System.

1. Seed cells

Seed cells in growth media and
leave to adhere (4-24 hours).
Cells should be 15-35%
confluent at the time of
transduction.

3. Apply selection

examination of cell morphology and proliferation, a number
of infected and parental cell lines were compared,
demonstrating that the Incucyte® Cell Cycle Lentivirus
generates cell lines that have comparable morphology and
growth profiles to the parental phenotype.

4. Live-cellimaging

JORC

Capture images in the
presence of treatmentsinan
Incucyte® Live-Cell Analysis
Systermn. Analyze using
integrated software.

Apply Puromycin selection to
derive a stable cell population
orclone that expresses the
genetically encoded cell cycle
indicator.

Figure 2: Quick guide to generation of a cell line stably expressing Incucyte® Cell Cycle. Using a simple protocol, cells can be treated with
Incucyte® Cell Cycle Lentivirus reagent and begin expressing the fluorescent ubiquitination-based cell cycle indicator (FUCCI).

Quantification of Cell Cycle Phase

The Incucyte® Cell-by-Cell analysis module enables
individual cells in the field of view to be segmented in the
phase contrast image, and metrics can be extracted per cell
relating to fluorescence within the segmented boundary.
Using the integrated analysis software, cell populations can
be classified based on fluorescence characteristics. In
combination with the Incucyte® Cell Cycle Lentivirus, this
enables the percent cells in each phase to be rapidly
quantified, as demonstrated in Figure 3. Cells expressing
high green fluorescence (S| G2 | M) can be separated from
those expressing high red fluorescence (G1), and transition
phases can also be identified with high red and green
(G1-5) orlow red and green (M-G1). Both adherent and
non-adherent cells can be quantified with this method.

Cells expressing Incucyte® Cell Cycle can also be
monitored by counting the number of green and red
objects (or green and orange objects, depending upon
the lentivirus used) using basic fluorescence
segmentation. Cells transitioning from G1-S appear yellow
and can also be quantified by measuring objects with
overlapping green and red fluorescence; yellow objects
should be subtracted from the green object and red
object counts to avoid over-estimation of these objects.
This method enables evaluation of alterations in cell cycle
progression in co-culture models, however information on
the M-G1 phase is not available as these cells will be non-
fluorescent and cannot be distinguished from a secondary
non-labelled cell type.
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Figure 3: Cell cycle quantification. Images acquired in Incucyte® Cell-by-Cell Software Analysis Module allow individual cells to be
segmented (A, B). Cells can be classified according to red and green fluorescence intensity (C). Classification mask shows cells

identified as red, green, yellow or non-fluorescent (D).

Cell Cycle Synchronization

In order to study cell cycle specific mechanisms and
regulation, cells are often synchronized®. This process
resultsin an enriched population of cells in the same phase
which can be examined and quantified using Incucyte®
Cell-by-Cell Analysis module. Temporary arrest is induced
by serum starvation or compound treatment until all cells
have reached the same phase. The blockis then removed
by replenishing culture media and nutrients, and

synchronized cells re-enter the cell cycle at the same phase.

Thymidine, a DNA synthesis inhibitor, isa commonly used
method of synchronizing cells by blocking progression
beyond the S phase®, and Figure 4 demonstrates this
process. When Hel a cells expressing Incucyte® Cell Cycle
were treated with Thymidine (2.5 mM, 24 h), DNA synthesis
was inhibited and cells arrested in S phase. The block was
removed and cells were allowed to progress through the
cell cycle. Quantification of the percent cells in each phase
of the cell cycle was achieved by acquiring images in the
Incucyte® Cell-by-Cell Software Analysis Module, with
individual cell segmentation and subsequent classification
based on red and green fluorescence intensity.

Anincrease in cells expressing green fluorescence was
observed, with a maximum of 75% green cells reached at
24 h. Around 6 h after removal of Thymidine, the percent
green cells (S| G2 | M) decreased, and was followed by
sequential peaks in non-fluorescent cells (M-G1
transition), red cells (G1), yellow cells (green and red, G1-S
transition). Finally, another peakin green expressing cells
was observed around 17 h after the previous peakin green
as the cycle resumed. The temporal profiles of these peaks
canyield insight into cell proliferation. For example, the
time between peaks of the same color can be considered
one full cell cycle. Additional cell lines synchronized with
Thymidine displayed variation in peak-to-peak time, where
that of MDA-MB-231 cells was 16 h, while that of SKOV3
was 24 h.

Comparison of the HelL.a non-fluorescent population
time course and that of label-free cell count
demonstrated that the transition between M and Glis
associated with a sharp rise in cell number as cells divide
(Figure 4C). This validates that mitosis is occurring
during the non-fluorescent M-G1 phase.
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Figure 4: Synchronization of cell cycle phase. Image at O h shows unsynchronized cells expressing a mix of red and/or green fluorescence (A).

After 1day treatment with arresting agent, Thymidine cells have arrested in S| G2 | M and are prominently green. Thymidine block was released at 1d
and 13 h later, a peakin red fluorescence is observed as synchronized cells reach G1. Quantification was achieved using Incucyte® Cell-by-Cell Analysis.
Time course of cell cycle phase shows cells accumulating in S| G2 | M during the first 24 h of Thymidine treatment (B). When the block is removed,
consecutive peaks in M-G1, G1, and G1-S are observed. Overlay of cells in M-G1 (dark gray) with cell count (light gray) show increase in cell number

during this transition period consistent with cell division (C).

Cell Cycle Modulation

Cellcycle arrest can be induced by treatment with
chemicals orvia serum starvation, and is a target for novel
anti-cancer therapeutic agents, such as 5-fluorouracil
(5-FU)*. Using Incucyte® Live-Cell Analysis, the effect of
these treatments can be visualized and quantified in 96- or
384-well throughput, to accurately track and quantify cell
cycle arrest in a specific phase. Here, we highlight the ability
to accurately study targeted cell cycle therapies using 5-FU
and cisplatin. 5-FU depletes available nucleotides which
are required for DNA synthesis, rendering cells unable to
enter S phase, whereas cisplatin is a chemotherapeutic
DNA intercalator which damages DNA and causes
checkpoint activation and cell cycle arrest in the

S|G2|M phase’.

Treatment of HT1080 fibrosarcoma cells expressing
Incucyte® Cell Cycle with 5-FU (0—50 uM) caused an
increase in the percent of cells in Gl over 24 h, indicating
that the cell cycle was arrested. In contrast, cisplatin
treatment reduced the percent cells in G1as cells arrested
in S|G2| M. Quantification of these effects demonstrated a
time- and concentration-dependent cell cycle arrest.
Figure 5 shows a 96-well plate view of percent cells in G1
phase over time, which provided an overview of compound
effects, as well as an indication of assay robustness and
well-to-well reproducibility. ECso values were rapidly
calculated within Incucyte® software to provide a measure
of compound potency.
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Figure 5: Concentration dependence of cell cycle modulators. HT1080 cells expressing Incucyte® Cell Cycle were treated with cisplatin (0—50 uM) or
5-fluorouracil (5-FU, 0—50 pM). Plate view shows the time course of percentage of cells in G1 phase in each well of a 96-well plate, over 1day
treatment with cisplatin or 5-FU. A) Concentration response curves indicate the efficacy of cisplatin and 5-FU at 1d and percent change in each

population over the concentration ranges tested (B).

Cell Cycle Arrest Can Be Distinguished From Apoptosis

The Incucyte® SX5 Live-Cell Analysis System incorporates
three fluorescence channels (green, orange, and Near IR).
By multiplexing the compatible Cell Cycle Green | Orange
Lentivirus with Annexin V NIR, the effect of experimental
treatments on cell cycle arrest and cell viability can be
determined. Figure 6 demonstrates that differential
compound effects can be explored, as well as the temporal
relationship between cell cycle arrest and apoptosis. Phase
and fluorescence images acquired at 3 days post-treatment
show the change in cell number and fluorescence induced
by each compound.

In the absence of compound treatment (vehicle), AU565
and MDA-MB-231 cells showed a mixture of green and
orange fluorescence, where a small peak in green
fluorescence corresponded to a small dip in orange
fluorescence and vice versa. As these cells were healthy and
proliferating, there was a very low number of cells which
were apoptotic (Annexin V NIR positive).

Carboplatin, a non-selective DNA intercalator with a similar
mechanism to cisplatin®, induced rapid arrest in S| G2| M. In
both cell types the percentage of green cells rapidly
increased within 48 h, remaining stable until approximately
72 h, when the number of apoptotic cells began to increase
as cells started to undergo apoptosis. Phase image shows
that carboplatin has a strong morphological effect on
MDA-MB-231.

Lapatinibis a dual HER2 | EGFR inhibitor, targeting
receptors expressed by the AU565 cells’ Treatment of
AUbL65 with lapatinib caused arrest in G1, and the
percentage of orange cells increased over time while other
populations decreased. This effect was not observed in
MDA-MB-231 cells which lack the appropriate cell surface
receptors, and as the image shows, continued to proliferate
in the presence of lapatinib.

Camptothecin, a cytotoxic DNA synthesis inhibitor,
induced a transient increase of G1 cells in AU565 cells,
which reached a peak at 48 h and then diminished. The
percent S| G2 | M cells reduced over time while the
apoptotic cells increased over the 96 h time course. In
MDA-MB-231 cells the G1 cells plateaued 8 h after
treatment, while the percentage of S| G2| M cells
dropped and the percent apoptotic increased. These
data demonstrated that camptothecin has a cell cycle-
dependent toxicity, and is more potent on cells in

S|1G2| M thanthose in G, correlating with camptothecin
mechanism of action which inhibits cells in the S (DNA
synthesis) phase. It is also consistent with reports that the
apoptotic population of camptothecin-treated cells is
derived from cells in S phase®.
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Figure 6: Combining Cell Cycle and Annexin V Reagents enables added insight into compound mechanism. AU565 and MDA-MB-231 cells expressing
Incucyte® Cell Cycle Green | Orange were treated with carboplatin (100 uM), lapatinib (0.1 uM) and camptothecin (10 uM) in the presence of Annexin
V NIR (1:200). Scans were acquired and analyzed in Incucyte® SX5 using the Incucyte® Cell-by-Cell Software Analysis Module. Time courses show the
populations of cells in S| G2| M (green) or G1 (red) overlaid with the population of Annexin V positive objects (teal). Carboplatin arrests cells in

S| G2| M. Lapatinib targets specific cell receptors and is, therefore, effective on AU565 but not MDA-MB-231. Camptothecin induces apoptosis in

both cell lines. Phase and fluorescence (green, orange NIR) blended images show AU565 or MDA-MB-231 cells at 3 d post treatment.



Effect of Differentiation on Cell Cycle and Function

Incucyte® Cell Cycle Lentivirus reagents enable
quantification of cell cycle phase by determination of
percentage of cells in each phase of the cell cycle. Non-
fluorescent metrics can also be derived from the Phase HD
channel relating to cell count, area, and eccentricity.
Combining these data with the reagent provides additional
insight into morphological changes and cell behavior.

The THP-1 cell line is commonly used as a model of human
monocyte function and for differentiation into
macrophages'” In order to determine the relationship
between cell differentiation and cell cycle, THP-1 cells
expressing Incucyte® Cell Cycle were stimulated using two
common treatments: PMA (100 nM) or LPS with IFNy (both
100 ng/mL). Studies of the cell cycle phase (Figure 7)
indicated that both stimulants caused cells to arrest in G,
with an increase in cells expressing red fluorescence.
Morphological differences between cells activated with
PMAvs. LPS|IFNy were noted, with cells treated with PMA
changing from non-adherent to adherent morphology, with
anincrease in cell area and eccentricity, whereas LPS | I[FNy-

treated cells displayed a mixed phenotype containing small,
rounded, star-like shapes. Although the cell cycle was
arrested, cell functionality was retained and stimulated cells
(PMA and LPS|IFNy) demonstrated the ability to
phagocytose bioparticles. To assess phagocytosis, the total
phase channel confluence of zymosan bioparticles was
compared in the presence and absence of PMA or LPS | IFNy
treated cells. In the absence of cells, bioparticles settled to
the bottom of the well within 12 h and the confluence
remained constant after this time. In the presence of
functionally active cells, bioparticles were engulfed and the
confluence decreased over time. Cells differentiated with
PMA were highly phagocytic, achieving 30% clearance of
bioparticles, while those treated with LPS | IFNy achieved
approximately 15% clearance of bioparticles. LPS | IFNy
stimulation is known to increase the phagocytic capacity of
THP-1 cells®? however PMA treatment produces a
macrophage-like phenotype which has a higher phagocytic
potential”.
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Figure 7: Differentiation of THP-1arrests cell cycle, alters morphology, and results in phagocytic cells. THP-1 cells expressing Incucyte® Cell Cycle
Lentivirus were differentiated by treatment with PMA (100 nM) or LPS | IFNy (100 ng/mL each) for 62 h (A). Blended phase and fluorescence images
show cells with altered morphology and a high proportion of red cells. Time courses of cell cycle phase indicate that both treatments induce arrest in
G1, with PMA acting more rapidly than LPS | IFNy. Average cell area shows a rapid increase in the size of PMA treated cells while LPS | IFNy-treated
cells become slightly enlarged before returning to approximately 260 um?. To assess functional capacity, stimulated cells were washed with media to
remove non-adherent and dead cells, and Zymosan bioparticles (1.5 pg per well) were added (B). Total confluence was measured using basic phase
segmentation, and once the bioparticles had settled (confluence of bioparticles alone reaching a maximum value at 12 h), confluence was
normalized to 100%.



Immune Cell Killing and Cell Cycle Arrest

While simplistic 2D monocultures can be quantified using
Incucyte® Cell Cycle Assay, more complex co-culture
models can be evaluated for deeperinsight into cellular
interactions and functional changes. For example, the
interplay between tumor and immune cells is critical in
understanding the ability of immune cells to induce cell
death or suppress growth of tumor cells.

To evaluate if tumor cell death by activated immune cells is
cell cycle dependent, peripheral blood mononuclear cells
(PBMCs) were co-cultured with target tumor cells
expressing Incucyte® Cell Cycle. Using basic fluorescence
masking and analysis of green and red objects, tumor cell
cycle status was continuously monitored throughout the
assay as activated immune cells induced apoptotic death
(Figure 8).

T47D cells expressing Incucyte® Cell Cycle sensorwere
exposed to increasing densities of activated, freshly
isolated PBMCs. The time courses of green and red objects
indicate that the cells in S| G2 | M were preferentially
targeted as the green object count drops rapidly, while the
cellsin Glwere less affected by the PBMCs. Red object
count only decreased at the two highest PBMC densities,
at a slower rate than the green objects. At lower PBMC
densities the red object count continues to increase,
suggesting that cells are arresting.

MDA-MB-231 cells exhibited different behavior in the
presence of PBMCs to T47D cells. The green object count
plateaued but did not decrease, and red object count was
entirely unaffected by the presence of immune cells.
Together, these data suggest a cytostatic mechanism
consistent with reports that T cells can suppress tumor cell
growth via IFNy-mediated cell cycle arrest”.
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Figure 8: Incucyte® Cell Cycle Lentivirus reagent elucidates mechanism of T cell interactions with tumor cells. T47D and MDA-MB-231 breast cancer
cells expressing Incucyte® Cell Cycle were incubated with increasing ratio of pre-activated PBMCs (anti-CD3, 72 h). Phase and fluorescence images
were acquired over 3 days and green and red fluorescent objects were counted using basic fluorescence segmentation. S| G2 | M cells were quantified
by subtracting overlap (yellow) object count from green object count. G1 cells were similarly quantified. Time courses for T47D cells (top row) show a
density-dependent decrease in S| G2 | M and Gl cells, with cells in S| G2 | M (green objects) being affected more rapidly and at lower PBMC density
than cells in G1 (red objects). This is highlighted by the data showing cell populations at 36 h, which show a reduction of cellsin S|G2| M at low PBMC
densities, while loss of cells in G1is only observed at the two highest PBMC densities. Time courses for MDA-MB-231show that only cellsin S| G2|M
are affected by the presence of activated PBMCs while the number of cells in G1is unaffected. This is confirmed by data showing populations at 36 h.

Summary and Outlook

Cell cycle is a dynamic process, and following this transition  multiple aspects of a treatment or culture conditions to be
is critical in many therapeutic areas, such as oncology and considered in a single well. More advanced cell models,

immuno-oncology. Using Incucyte® Cell Cycle Lentivirus
reagents with real-time image acquisition and analysis, a
quantitative picture of this changing landscape can be

achieved. Combining the cell cycle data with cell

morphology, function and cell health readouts enable

such as co-cultures with immune cells, can also benefit
from the information yielded by the Incucyte® Cell Cycle
Lentivirus reagents, under physiologically relevant
conditions, to deepen our understanding of temporal
patterns of cell cycle progression.
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