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Distinguishing Cell
Types by Phenotypic
Profiling of the Nucleus
Key Points:
• Distinguish cell types based exclusively on
nuclear staining
• Generate detailed phenotypic profiles using
texture and advanced morphology parameters
• Leverage easy to use supervised machine
learning tools to accurately classify cell types
in co-cultures
• See how texture and advanced morphology
parameters feed into Principal Component
Analyses for separating more complex data sets

Introduction
The promise of high-content screening is the acceleration
of discovery by extracting as much relevant information as
possible from cells. Nevertheless, a large percentage of high-content
screens analyze only a small number of image-based properties.1 As
a result, valuable information from precious cells and disease models
is not utilized. As nearly all screening approaches require a nuclear
counterstain such as Hoechst to facilitate segmentation, phenotypic
profiling of the nuclei can offer new and additional perspectives on
assays at no extra cost. Hoechst “total sum intensity” distribution is
sometimes used to analyze cell cycle distribution, in particular
G0/G1, S and G2/M populations. However, besides cell cycle analysis,
more information can be retrieved from the nuclear “counterstain”.
Using Harmony® high-content imaging and analysis software, this
study shows how a single nuclear stain enables phenotypic profiling
and how phenotypic profiles can be used to distinguish cell types
within co-cultures or even within seven different cell types without
any further staining or additional phenotypic markers.

For research use only. Not for use in diagnostic procedures.
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Co-cultured Cells Can Be Distinguished Based on
Hoechst Nucleus Staining Only
To maintain primary cells in vitro, they are often co-cultured
with other cells which provide pro-survival signals in the form
of trophic factors and cell-cell interactions. Typical examples
are primary hepatocytes co-cultured with fibroblasts or primary
neurons co-cultured with astrocytes. Besides this, co-cultures
are also used to study the interaction between cell types, e.g.
cancer cells with tumor-derived fibroblasts, or epithelial cells
with lymphocytes. In the typical direct co-culture setup, cell
types are mixed within the same well, posing challenges to
analyze them separately. To show how nuclear counterstaining,
which is normally only used for cell segmentation, can also be
used for cell classification, human hepatocytes (HepG2) and
mouse fibroblasts (NIH/3T3) were co-cultured and analyzed.
Application
HepG2 liver and NIH/3T3 fibroblast cells were seeded into a
CellCarrier-384 Ultra microplate (PerkinElmer, # 6057300) either
alone or as co-culture at different ratios (2:1, 1:1, 1:2). Prior to
mixing, HepG2 cells were stained with CellTracker Green CMFDA
(Thermofisher, # C2925) and NIH/3T3 cells with CellTracker Red
CMTPX (Thermofisher, # C34552) to enable validation of the
accuracy of the phenotypic classification. For each individual
cell type, 96 wells, and for each co-culture condition, 64 wells,
were used. The next day, the cells were fixed, stained with
Hoechst 33342 (Thermofisher, # H3570) and single plane images
were acquired on an Opera Phenix™ high-content screening
system using a 20x water immersion objective in confocal
mode. A total of 9 fields per well were acquired corresponding
to approximately 1100 cells. Figure 1 shows example images
of individual cultures and co-cultures.
Image Analysis
To classify individual cells based on Hoechst nuclear staining as
either HepG2 or NIH/3T3, images were analyzed using Harmony
software. As a first step, nuclei were segmented using the Find
Nuclei building block and basic morphology (i.e. area, roundness,
width, length) and intensity (i.e. mean, max, sum) properties were
calculated using the Calculate Morphology Properties and Calculate
Intensity Properties building blocks. Border objects were removed
using the Select Population building block which was followed by
another Select Population building block to remove mitotic cells
based on the previous calculated morphology and intensity
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properties. Mitotic cells were eliminated from further analysis based
on the assumption that these nuclei should have less distinctive
texture features than G0/G1, S and G2 nuclei. To calculate detailed
phenotypic profiles, SER texture (Spots, Edges and Ridges) and
advanced STAR morphology (Symmetry, Threshold compactness,
Axial or Radial) parameters were calculated using Calculate Texture
Properties and Calculate Morphology Properties building blocks.
SER texture quantifies the occurrence of eight characteristic
intensity patterns such as spots, edges and ridges within the image
(see Figure 2 for visualizations). To capture texture structures with
different sizes, three independent Calculate Texture Properties
building blocks were used with different settings for the scale
parameter (0, 1 and 2px). STAR morphology parameters are a set
of properties that quantify the distribution of either texture features
or fluorescence intensities inside a region of interest. They also
include profiles in which the distribution of texture features or
fluorescence intensity distributions are weighted depending on
their localization inside the region of interest. In the case of the
nuclear analysis used here, two profiles exist. Profile 1/2 starts at
the nuclear membrane and weighting factors decrease towards
the nuclear center. This parameter is very sensitive to phenotypic

GLOSSARY OF TERMS
Phenotype: The collection of observable traits of an
organism, e.g. at the minimal level of a cell, properties such
as size, shape or molecular content. Due to interaction and
alteration with, or of the environment, these characteristics
can change, e.g. cells passing through cell cycle.
Phenotypic Marker: A marker that allows the identification
of a specific phenotype, e.g. phospho-histone H3 is a marker
for mitotic cells.
Phenotypic Profiling: Extraction of a large number of
quantitative features from microscopy images of cells to
identify biologically relevant similarities or differences among
samples based on these profiles.2

1:2

NIH/ 3T3

Figure 1. Representative images from wells containing either HepG2 or NIH/3T3 alone or co-cultures of HepG2 and NIH/3T3 cells mixed at ratios 2:1, 1:1 and 1:2
respectively. HepG2 cells are stained with Hoechst 33342 and CellTracker Green CMFDA. NIH/3T3 cells are stained with Hoechst 33342 and CellTracker Red CMTPX.
Images were acquired on the Opera Phenix system in confocal mode using a 20x water immersion objective.
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changes within this outer region of the nucleus. Profile 2/2 has the
highest weight factor in the nuclear center and decreases towards
the nuclear membrane. Therefore, this parameter sensitively
captures changes within the inner region of the nucleus. STAR
morphology properties also include a sliding parabola filter that can
be used to remove smooth and continuous background from the
image. Example images showing profiles, SER texture and sliding
parabola filtered images of NIH/3T3 nuclei are shown in Figure 2.
Using PhenoLOGIC Machine-learning to Select the Best
Parameters for Distinguishing Cell Types
A total of 230 parameters were calculated for every nucleus. The
PhenoLOGIC machine-learning option in Harmony was then used
to select the parameters best suited to discriminate between the
two cell types. PhenoLOGIC requires the user to supervise training
by simply clicking on about 100 representative objects per class to
train the software to distinguish different phenotypes (Figure 3).
After training, the software performs a linear discriminant analysis
(LDA)3 to create a linear combination of the most relevant
parameters that is then applied to untrained sample wells to
classify cells either as HepG2 or NIH/3T3.
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Training
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Figure 2. SER texture and STAR morphology properties are key parameters for
phenotypic profiling within Harmony software. Original input image, profile images
(Profile 1/2 and Profile 2/2), sliding parabola filtered (SP Filter) image and SER
texture filtered (Spot, Edge, Ridge, Bright, Hole, Saddle, Valley and Dark) images of
the same NIH/3T3 nuclei.

Apply classifier to whole plate
Apply Classifier to Whole Plate

B

C
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Figure 3. Identifying cellular phenotypes using PhenoLOGIC machine learning. In “Training” mode, about 100 single cells within different wells were selected to teach the software
to identify the different cell types in “mono cultures” (A and B). Once cells for each class were marked, the resulting classifier was applied to the whole data set. PhenoLOGIC
combines the most meaningful parameters, to achieve accurate classification of the two cell types (panel C). In this case, seven properties were chosen to distinguish HepG2 from
NIH/3T3 (properties shown in table below the scatter plot). Note how advanced SER (first 2) and STAR (position 3 to 7) properties dominate the selection.
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Phenotypic Profiling of the Nucleus Allows
Distinguishing of Seven Different Cell Types
The PhenoLOGIC-based classification of HepG2 and NIH/3T3
cells in co-cultures showed that the features used to distinguish
the two cell types were all SER and STAR morphology properties.
This prompted an assessment of whether these properties alone
would be sufficient to separate even more cell types from one
another. Therefore, seven different cell lines, mouse fibroblasts
(NIH/3T3), canine kidney epithelial cells (MDCK), human breast
adenocarcinoma (MCF7), human lung carcinoma (A549), human
hepatocellular carcinoma (HepG2) and human fibrosarcoma
(HT1080) were seeded into a CellCarrier-384 Ultra microplate
(three columns = 48 wells per cell type). The following day the
cells were fixed and stained with Hoechst 33342 only. This time,
single plane images were acquired on the Operetta CLS
high-content analysis system using a 20x water immersion objective
in confocal mode. A total of nine fields per well were acquired.
Example images of the different cell types are shown in Figure 5.
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In mono cultures, 97.5 – 97.8% of the cells are classified
correctly. Incorrectly classified cells, i.e. NIH/3T3 in pure HepG2
cultures are identified as false positive based on the CellTracker
staining (Figure 4C, first red and light red column on the left). In
addition a negligible number of HepG2 cells (0.01%, Figure 4B,
first light green column on the left) is identified as false positive
in pure HepG2 cultures. These represent cells that did not take
up sufficient CellTracker during staining. The same is true for
HepG2 cells identified in pure NIH/3T3 cells. All falsely classified
cells are identified by CellTracker staining (Figure 4B, last green
and light green columns on the right) and a very low and
negligible number of NIH/3T3 cells (0.01%, Figure 4C, last light
red column on the right) are identified as false positives based
on the insufficient CellTracker staining. The percentage of falsely
classified cells decreases in the co-cultures. In a 1:1 co-culture,
the percentage of false positives drops to 0.34 – 0.65% of all
cells (Figure 4). This verification clearly shows that the advanced
texture and STAR morphology properties, together with the
PhenoLOGIC™ machine learning option, all built-in to Harmony
high-content imaging and analysis software, allow the phenotypic
differentiation of cell types in co-cultures based on Hoechst
nuclear staining alone.
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To check the accuracy of the classification, the CellTracker intensity
in a perinuclear region was calculated. If a cell was classified as
one cell type but the respective CellTracker intensity was below
a defined threshold, the cell was counted as a “falsely classified“
cell. For this purpose, it was important to calculate CellTracker
intensities after the PhenoLOGIC Select Population building block
to avoid including this information in the classifier.
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Figure 4. Results of linear classification for HepG2 and NIH/3T3 cells. HepG2 (green
bars) and NIH/3T3 (red bars) cells were either cultured individually or as co-cultures
at different ratios. (A) The graph shows the percentage of cells that were classified as
either HepG2 or NIH/3T3 by PhenoLOGIC. (B) The percentage of cells classified as
HepG2 (green) are plotted next to the percentage of cells falsely classified as HepG2
(light green) identified based on the CellTracker staining. The percentage of false
positive cells ranges between 0.01 – 2.2%. (C) The percentage of cells classified as
NIH/3T3 (red) are plotted next to the percentage of cells falsely classified as NIH/3T3
(light red) identified based on the CellTracker staining. The percentage of false positive
cells ranges between 0.01 – 2.5%. HepG2 = only HepG2, 2:1 = 2x HepG2 in co-culture
with 1x NIH/3T3 , 1:1 = 1x HepG2 in co-culture with 1x NIH/3T3, 1:2 = 1x HepG2
in co-culture with 2x NIH/3T3, NIH/3T3 = only NIH/3T3, n=96 wells for mono
cultures, n=64 wells for co-cultures, error bars represent ± one standard deviation.

Image analysis was performed as for the co-culture
experiment. However, this time only advanced SER texture
and STAR morphology properties were calculated, not basic
features such as intensity and classic morphology. As PhenoLOGIC
can only distinguish up to six different classes, the SER and
STAR morphology parameters were subjected to unsupervised
principle component analysis (PCA) using High Content Profiler™
secondary data analysis software. Principal component analysis

is a visualization method especially suited for multiparametric
datasets like phenotypic profiles. It reduces the dimensionality of
data sets allowing visualization of the similarities or differences
among samples. As can be seen in Figure 6A, the seven cell lines
form seven different well separated clusters. Each spot in the PCA
corresponds to one well. When the plate layout information is
used for annotation it becomes visible that each cluster is formed
by wells from one cell line only (Figure 6B).

MDCK

NIH/ 3T3

A549

HeLa

HepG2

MCF7

HT1080

Figure 5. Nuclear phenotypes of seven different cell lines. Cells were stained with Hoechst and imaged on an Operetta CLS high-content analysis system using a 20x water
immersion objective.

A

A

B
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Figure 6. Three-dimensional Principle Component Analysis (PCA) of phenotypic profiles from seven different cell lines. The set of SER texture and STAR morphology
parameters calculated in Harmony was subjected to PCA within High Content Profiler software. As can be seen in (A), seven distinct clusters are formed. If the plate layout
information is used for annotation, it becomes visible that these clusters represent the seven different cell lines (B). Each spot represents one well. This clearly shows that
SER texture and STAR morphology properties of the Hoechst nuclear staining are sufficient to distinguish seven different cell lines from one another.
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Conclusions
The Hoechst staining of cell nuclei contains a plethora of
information that can be used for much more than just aiding in
segmentation during image analysis. As we have shown here,
phenotypic profiling of the nucleus enables distinguishing of cells in
co-cultures. Even up to seven individual cell lines can be separated
by leveraging the Hoechst nucleus staining. This type of phenotypic
analysis can be directly applied to other cell types such as primary
cells co-cultured with feeder cells and furthermore, phenotypic
profiling is not limited to the nucleus. Applying it to other
fluorescent labels or even cells labeled by the more broad cell
painting approach2, opens up new horizons for unbiased drug
discovery and disease research. The prerequisites for this type of
phenotypic analysis are high-quality images, software for image
segmentation and generation of phenotypic profiles and a solution
to help with processing complex multiparametric datasets (reduction
of dimensionality, hit selection). PerkinElmer offers a complete
solution for phenotypic profiling applications. Imaging on either the
Opera Phenix or Operetta CLS High Content Screening systems
allows users to generate the high quality images required. Harmony
software enables primary image analysis with accurate image
segmentation and advanced morphology and texture quantification

methods to generate highly descriptive phenotypic profiles. With
PhenoLOGIC, Harmony software also provides an easy to use
machine learning-based classifier that helps with dimensionality
reduction. Further secondary analysis tools for data exploration and
analysis are available in High Content Profiler. PerkinElmer’s suite of
products for phenotypic profiling enables you to leverage the real
“content” of your high-content screening applications.
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Increased Throughput
and Reduced Variability
of Virus Plaque Assays
with Automated Imaging
and Analysis

Introduction
Plaque Assays are a standard method utilized
by virologists to determine the concentration
of viruses in solution. In contrast to PCR and
immunofluorescent methods, which detect only
the presence of virus particles, the plaque assay
also identifies the amount of infectious virus
particles or plaque forming units (PFU).

In plaque assays, a cell monolayer is incubated
with a virus solution. If the virus is infectious, the cells usually detach or even lyse so that the monolayer
becomes perforated. The infected cells and holes (plaques) are counted and represent the amount of
infectious virus particles in solution.
In many laboratories, counting the plaques is performed manually in 6-, 12- or 24-well plates either
by visual inspection or using a microscope. This is cumbersome, error prone and very time-consuming.
Automated imaging and plaque analysis is rarely used.
In this note we show how the plaque imaging and analysis process can be automated to facilitate
virologists in their daily workflow and throughput, using the EnSight™ Multimode Reader and its
Kaleido™ Data Acquisition and Analysis Software. Using 96-well microplates further enhances the
time saving benefit and qualifies this method for high-throughput screening (HTS) applications.
Together with the EnSight’s stacker system it is used routinely in compound screening with typically
20-40 plates daily.

For research use only. Not for use in diagnostic procedures.
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Materials and Methods
Plaque Assay Principle
Adherent cells appropriate for virus growth are seeded in a 96-well
microplate (for example: CellCarrier™-96, PerkinElmer) to result in
approximately 90% confluency on the day of virus infection. 1:10
serial dilutions of virus are added in culture medium to the wells.
The plates are incubated for one hour to allow the virus to infect
the cells. After incubation, the virus dilutions are removed from the
cell monolayer. 1% agarose is added to the monolayer to prevent
further indiscriminate spreading of the virus by diffusion and
thus ensures that virus infection is only transmitted between
neighboring cells. The cell monolayers are incubated at room
temperature until plaques are visible, after 3-10 days.

equipped with imaging module. Manual plaque analysis was
performed on these images by counting the plaques by eye. For
the automated approach the EnSight system’s Data Acquisition
and Analysis Software Kaleido was used. The custom assay
specific analysis method “Virus Plaque Analysis for Kaleido 2.0”
was employed to evaluate the images. With this, the PFUs for
each virus dilution were defined, which are utilized to calculate
the amount of infectious virus particles in stock solutions.

Plaque Staining
Plaques are stained after removing the agarose cover following
standard staining protocols. In this technical note viruses were
immuno-stained using specific primary antibodies and Alexa
Fluor™ 488 labeled secondary antibodies.

Results

Image Acquisition and Evaluation
For comparison purposes, plaque assays were evaluated
manually as well as automatically after three days of incubation,
which proved to be optimal for manual counting of this assay.
Images were acquired using the EnSight Multimode Plate Reader

Assay-specific analysis methods can be easily enabled by
selecting a custom analysis file in Kaleido. This file is provided
upon request by local PerkinElmer specialists.

Image Evaluation of Lytic and Non-lytic Plaques
After infection, viruses induce structural changes in host cells, also
called the cytopathic effect (CPE). These can be morphological
alterations such as cell detachment (non-lytic plaques) or even cell
lysis leading to holes in the monolayer (lytic plaques) as shown in
Figure 1. Both types of plaque can be automatically analyzed by the
patent pending approach used in the assay specific analysis method
“Virus Plaque Analysis for Kaleido 2.0”. This technical note focuses
mainly on lytic plaque analysis.

A

C

B

D

Figure 1. Well overview (left) and detail (right) showing cytopathic effects on the host cell caused by viral infection. The immuno-stained virus is shown by green fluorescence and
overlaid with a brightfield image. Lytic plaques (A, C) are formed if the virus causes lysis of the host cell leading to holes in the monolayer. Non-lytic plaques (B, D) are formed if cells are
infected and detach from the surface. The yellow asterisk marks a damaged region in the cell monolayer.
10
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For lytic plaque type the image analysis requires a brightfield image,
which is used to detect the cell layer. A cell layer in plaque assays
can show cell-free centers of lytic plaques, but also damaged
regions (see Figure 1B, yellow asterisk). The differentiation between
damaged regions and lytic plaques is performed on a virus-specific
fluorescence image: infection-specific fluorescence around cell-free
regions is used to identify lytic plaques. In addition, non-lytic
plaques are detected by searching for fluorescent regions that do
not belong to lytic plaques (see Figure 2).

Table 1. Overview of image requirements and main output parameters of the assay
specific analysis method “Virus Plaque Analysis for Kaleido 2.0”.

Image Requirements
Brightfield Image for Cell Layer Detection
(Optional for non-lytic plaque assays)
Virus Specific Fluorescence Image for Detection of
Virus Infected Cell Regions

Main Output Parameters
Estimated Plaque Number (Weighted by Area)
Counted Number of Plaques
Counted Number of Non-lytic Plaques
Median Size of Plaques [µm²]
Fluorescence Signal of Infected Parts of Plaques
Median Fluorescence Signal Outside of the Plaques
Area Fraction of Invalid Regions [%]

Comparison of Automated and Manual Plaque Count
Several experiments were performed to assess the functionality and
precision of the image analysis method “Virus Plaque Analysis for
Kaleido 2.0” compared to manual plaque counting. The assay
plates were imaged on the EnSight multimode reader. The images
have been analyzed automatically during the measurement, manual
plaque counting has been performed on these images by three
persons (Analysts 1-3). A plate overview of Experiment 1 using 1:10
serial virus dilutions is shown in Figure 3.

Figure 2. Image analysis mask shown on the brightfield/Alexa Fluor™ 488 overlay image
of Figure 1, C. Cell-free regions in the cell layer that are surrounded by virus specific
fluorescence (red mask) are defined as lytic-plaques (yellow mask with numbers).
Fluorescent regions without any or with a too small cell-free center region are identified
as non-lytic plaques (blue mask with number).

The plaque detection analysis method can be fine-tuned by means
of several input parameters such as adjustment of texture and
signal thresholds or defining minimum and maximum plaque size.
This enables precise cell layer and plaque detection under several
assay conditions.
The most important information obtained from a plaque assay is
the number of plaques. This number is used to determine the
concentration of PFUs in stock solution or to verify the impact of
compounds on the virulence of viruses. As plaques often fuse at
higher concentrations the analysis provides an estimated number of
plaques taking also the plaque sizes into account. Of course, the
number of actually counted plaques is available as well. Further
parameters characterizing the fluorescence signal of infected cells or
the background can be used for assay development, quality
control or troubleshooting. Cell handling errors are indicated by the
parameter “Area Fraction of Invalid Regions [%]” that determines
the fraction of damaged regions in the cell layer, which can
occur during seeding or pipetting. More parameters can be
extracted from the analysis method, but the main output
parameters are the ones shown in Table 1.

Figure 3. Overview of a plaque assay plate from experiment 1 showing 1:10 serial virus
dilutions from top to bottom (A-H) in 4 replicates (1-4). The virus specific Alexa
Fluor™ 488 fluorescence is shown in green. Well A1 was excluded as the image analysis
reveals a very large "Area Fraction of Invalid Regions", which indicates potential issues
in the sample preparation.
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The number of counted plaques on the assay plate shown in
Figure 3 correlates well with the applied virus dilution (Figure 4).
Both automated and manual counting (analyst 1-3) result in very
good linear regression and very similar R square values. In contrast,
manual counting could not be performed for the two dilution steps
1:10 and 1:20 due to the high plaque density, which leads to
merged plaques and makes it difficult to distinguish individual
plaques from each other by eye. The automated approach,
however, still properly detects individual plaques for both dilutions.
The error bar of the lowest, 1:10, dilution is much higher than
for other dilutions. Visual inspection of the images and
analysis masks revealed that the plaques were counted and
estimated correctly, but a varying number of plaques were
formed in these wells (see also row A in Figure 3).

Figure 5. Number of plaques of two independent experiments showing consistent
(Experiment 1), but also inconsistent plaque counts between the analysts (Experiment 2,
dilution 1:160 and 1:620). For the automated approach the output parameter “Estimated
Plaque Number (Weighted by Area)” was used. Error bars indicate the standard deviation
of four replicates.

Conclusion

R Square

Analysist 1

Analysist 2

0.9845

0.9801

Analysist 3 Automated
0.9890

0.9849

Figure 4. Linear correlation between virus dilution and number of plaques that were
counted either manually by three different analysts or using the automated approach
of the EnSight Multimode Reader. For the automated approach the output parameter
“Estimated Plaque Number (Weighted by Area)” was used. Error bars indicate the
standard deviation of four replicates.

Apart from the two dilutions, 1:10 and 1:20, that were not counted
manually, experiment 1 resulted in very consistent plaque counts
between all three analysts and the automated approach (Figure 5).
However, this was not always the case. As a second experiment in
Figure 5 indicates, three different analysts interpret plaques
differently: whereas Analyst 1 and Analyst 3 count similar numbers
of plaques as the automated approach, Analyst 2 overestimates the
number of plaques especially for the 1:160 and 1:620 dilutions. This
illustrates that manual counting underlies variations only because
each person counts differently and does not define plaques in the
same way. In contrast, the automated approach always evaluates
plaque characteristics in the same way and is less susceptible to
variations from experiment to experiment.

Automated plaque imaging and analysis using the EnSight
Multimode Plate Reader enables rapid determination of the
concentrations of virus solutions with higher precision and
less effort.
• The assay specific analysis method “Virus Plaque Analysis for
Kaleido 2.0” detects plaques even at high concentrations,
which are difficult to count manually.
• Different CPEs, such as lytic and non-lytic plaques, that
are formed by different types of viruses can be detected
and analyzed.
• The image analysis method provides many additional output
parameters that help with troubleshooting or uncover details of
the cell layer that are not usually observed by a person focusing
on counting plaques.
• The automated analysis is less error-prone, because it is
independent of user specific plaque counts.
• Plaque assays are often performed in six-well plates, which
are easier to count manually. However, using 96-well plates
and automated analysis increases throughput and saves
expensive working time.
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Introduction

Lentiviral transduction is an effective
method of gene transfer used to generate
cell lines expressing a gene of interest.
Lentivirus can infect both dividing and
non-dividing cells, which makes it a useful
tool for difficult to transfect cell lines and provides long-term stable expression of a transgene.1
One commonly utilized lentiviral vector backbone originates from human immunodeficiency
virus (HIV). In order to use the HIV as a vector, essential genetic and respective phenotypic
components are critical to combine with supporting elements from packaging and envelope
plasmids. Splitting the HIV sequence across multiple vectors followed by co-transfection
minimizes the likelihood of a single replication competent, pathogenic lentivirus, enabling
safer production and handling in the laboratory. The p24 capsid protein of HIV remains on the
lentivirus vector which facilitates viral titer determination via an immunoassay such as an ELISA
(enzyme-linked immunosorbent assay). Lentivirus can be generated by transiently transfecting
the helper plasmids along with the gene of interest into a packaging cell line (typically 293T
cells) and harvesting the cell supernatant which contains the lentivirus product.2,3

For research use only. Not for use in diagnostic procedures.
13

Lentivirus is frequently used to deliver DNA to T-cells to generate
CAR-T cell (chimeric antigen receptor T-cell) products.4 CAR-T
cells are one approach to immunotherapy wherein T-cells are
removed from a patient and then genetically modified to contain
CARs to target surface antigens on tumors for eradication.
CAR-T cells are expanded ex vivo before injecting back into the
patient for treatment. CAR design consists of an extracellular
domain, typically a scFv from a monoclonal antibody to
recognize the tumor antigen, and a linker or spacer followed
by a transmembrane domain (ex CD3ζ) and an intracellular
signaling domain that acts in a stimulatory fashion to the T-cells
(ex CD28, or 4-1BB) to facilitate destruction of the cancer cells.5
When producing lentivirus, measurement of the viral titer
enables the determination of the efficiency of the transient
co-transfection as well as normalization of the amount of
lentivirus used across experiments. The p24 protein pool that is
quantified contains a variable amount of free p24 as well as
p24 from non-functional vector particles.2 The Alliance HIV-1
p24 Antigen ELISA kit (for Research Use Only, PerkinElmer, Inc.)
is a commonly used p24 immunoassay in the HIV field6,7 to
determine viral titer.8,9,10 An ELISA is a sandwich immunoassay
designed to detect the presence of a target ligand (generally a
protein) in a liquid sample (Figure 1). In the Alliance HIV-1 p24
ELISA, an antibody specific for HIV-1 p24 is coated on the assay
plate and used to capture the p24 present in the sample. After
incubation with the sample and multiple wash steps, a second
biotinylated antibody against HIV-1 p24 is added for detection.
Excess unbound antibody is washed away and then streptavidin
conjugated to horseradish peroxidase (HRP) binds the biotin of
the secondary detection antibody. After additional washing, the
HRP is treated with an ortho-phenylenediamine-HCl (OPD)
substrate to produce a color change. In the termination step
facilitated by the addition of acid, the amount of target in the
sample can be quantified by absorbance (optical density, OD) as
determined from the standard curve.

The AlphaLISA® (PerkinElmer, Inc.) bead-based sandwich
immunoassay (similar to ELISA) is used to study biomolecular
interactions in a microplate format (Figure 2). Alpha technology
offers flexibility as well as higher throughput capability since it
utilizes a higher density microplate format and is automation
friendly. The technology was originally developed for drug
discovery screeners and has been adopted as an immunoassay
alternative. The acronym "Alpha" stands for Amplified
Luminescent Proximity Homogeneous Assay. Binding of antibodies
captured on donor and acceptor beads and subsequent binding
to the analyte form a complex. Excitation of the donor results in
energy transfer from the donor bead to the acceptor bead in the
complex producing a luminescent/fluorescent signal. The
AlphaLISA HIV-1 p24 detection assay (for Research Use Only,
PerkinElmer, Inc.) can also be used to assess viral titers in a high
throughput format. In this study, we demonstrate a comparative
quantification of the p24 titer in a GFP control lentiviral sample
using both the Alliance HIV-1 p24 Antigen ELISA and the p24
AlphaLISA assay platforms.

Figure 2. AlphaLISA p24 Assay Principle. A biotinylated anti-p24 antibody is bound by
the Streptavidin-coated AlphaLISA Donor beads, while another anti-p24 antibody is
directly conjugated to AlphaLISA Acceptor beads. In the presence of p24, the donor and
acceptor beads both bind the target and come into proximity. Excitation of the donor
beads at 680 nm provokes the release of singlet oxygen molecules that trigger a cascade of
chemical reactions in the acceptor beads in proximity, resulting in maximum emission at
615 nm. AlphaLISA signal is proportional to the amount of p24 present in the sample.

Materials and Methods
Reagents and Consumables
• GFP control Lentivirus (Genecopoeia, #L303-100)
• AlphaPlate-384, light gray (PerkinElmer, #6005350)
• AlphaLISA kit – p24 High Sensitivity (PerkinElmer, #AL291C)
• Alliance HIV-1 p24 Antigen ELISA (PerkinElmer, #NEK050001KT)
• Fetal bovine serum (FBS), heat inactivated (Thermo Fisher,
#10082-147)
• Dulbecco's Modified Eagle's Medium, DMEM (ATCC, #30-2002)

Figure 1. Alliance HIV-1 p24 Antigen ELISA assay principle. Refer to text for details.
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Data Collection and Analysis
Control GFP lentivirus was thawed from an aliquot on each day
of testing and carefully diluted into cell culture media (DMEM +
10% FBS) to simulate lentivirus production from 293T cells. Serial
dilutions of the mock lentivirus were generated across a wide span
of concentrations for testing.

The AlphaLISA p24 assay was performed following PerkinElmer’s
recommended protocol. Each assay required 5 µL of test sample in
a 50 µL reaction. AlphaLISA signal was measured on a PerkinElmer
EnVision® 2105 Multilabel plate reader using default values for
Alpha detection of the luminescent/fluorescent label. MyAssays
Desktop® software was used to graph the standard curve and
interpolate the unknown values using a four-parameter logistic
curve with 1/y2 weighting.
The Alliance HIV-1 p24 Antigen ELISA was performed following
PerkinElmer’s recommended protocol. The assay required 200 µL
of test sample. Absorbance at 490 nm was measured on a
PerkinElmer EnVision 2105 Multilabel plate reader using the
appropriate settings. MyAssays Desktop® was used to graph the
standard curve and interpolate the unknown values using linear
regression curve fitting.

Results
In order to determine a viral titer, the amount of p24 in the
lentiviral stock is quantified. To do this, standard curves using
purified p24 are tested to determine the reference signal at each
concentration in each assay. Standard curves were run for both
the AlphaLISA p24 and Alliance p24 ELISA assays using the
purified p24 protein included in each kit (Figure 3). The first assay
tested with lentivirus samples was the AlphaLISA due to the
simple, rapid assay workflow and generally wide dynamic range of
the technology. Figure 3 compares the standard curve from each
assay technology and demonstrates the broader dynamic range of
the AlphaLISA assay relative to the ELISA assay.

Figure 3. p24 Standard Curve from each assay technology. (Top) AlphaLISA standard
curve provides ~ 4 logs of dynamic range (Bottom) ELISA standard curve provides
~2 logs of dynamic range.

A very broad initial dilution series of the GFP lentivirus (4-fold to
50,000-fold) was generated for the initial AlphaLISA assessment
due to the unknown titer of the concentrated GFP control
lentiviral stock. Figure 4 shows the average AlphaLISA signal of
each dilution point. There is a clear hook effect from high titer of
p24 present in the first four dilution points in the series due to an
excess of target molecules oversaturating the Donor and the
Acceptor beads, which inhibits their association.
The AlphaLISA assay was repeated and run in parallel with the
Alliance p24 ELISA using a starting dilution of 1000-fold with
serial 2-fold dilutions to fall within the linear range of both assays.
All 12 AlphaLISA dilutions were linear and the interpolated
concentration of p24 (pg/mL) is shown in Figure 5. The average
p24 titer of the GFP lentiviral stock as determined by AlphaLISA
assay (correcting for dilution factor) was 6.14 x 106 pg/mL.
For the Alliance p24 ELISA, only dilutions 5 through 12 were
tested in the assay with results plotted along with the AlphaLISA
data in Figure 5. The top two dilutions and bottom three dilutions
were outside the dynamic range. Therefore, only three data points
fell within the linear range of the ELISA assay. For best accuracy
when performing an ELISA, the OD of the unknown samples
should fall within the dynamic range of the standard curve. The
average p24 titer of the GFP lentiviral stock as determined by the
samples within the standard curve range (correcting for dilution
factor) using the Alliance HIV-1 p24 Antigen ELISA was 5.32 x 106
pg/mL. The quantified p24 for both assays correlate well, showing
the utility and accuracy of both methods for determining viral titer.

Figure 4. Average p24 AlphaLISA counts at each dilution point. Dilution point #1 equals
4-fold whereas dilution point #12 equals 50,000-fold from the stock GFP Lentivirus.
The AlphaLISA signal of dilutions #2 through #4 are above the top values of the standard
curve that was run in parallel and should not be used. Dilution #1 (4-fold) is a hooked
data point which also should not be factored when interpolating the unknown viral titer.

Figure 5. p24 AlphaLISA and ELISA assay results. Interpolated pg/mL of p24 from
unknown samples within the linear range of each assay. R2 for AlphaLISA is 0.998
and for ELISA is 0.998.
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Rapid Characterization of
AAV Capsid Proteins by
Microfluidic CE-SDS:
A Quantitative Reproducible
Alternative to Gel Electrophoresis

LabChip® GXII Touch™ Protein
Characterization System
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Introduction
Adeno-associated virus (AAV) particles are used extensively in R&D and clinical applications, such as gene therapy, due
to their low immunogenicity in humans. AAV consists of a protein shell which encapsulates a small genome roughly 4.7
kb in size and is dependent on co-infection with helper viruses to replicate. The AAV genome contains Rep (replication),
Cap (capsid), and assembly genes. The Rep gene encodes four proteins which are required for genome replication and
packaging. The Cap gene produces three viral proteins (VP) known as VP1, VP2, and VP3 which form the protective outer
shell of the capsid and perform host cell binding.
To visualize VP1, VP2, and VP3, SDS-PAGE with silver stain, a labor and time intensive process, is used to yield qualitative
data with poor reproducibility. This procedure can take even the most experienced user hours to complete and many
sources of error include: gel overheating, overloading, and inadequate standardization of stain/destaining. A rapid,
quantitative, and reproducible alternative utilizes the LabChip® GXII Touch™ HT system1,2 (Figure 1). This system is a high
throughput instrument for the analysis of glycoproteins and nucleic acids via microfluidic capillary electrophoresis in the
presence of SDS (CE-SDS). The ProteinEXact™ assay for the LabChip® GXII Touch™ system utilizes an on-system calibration
step to enable high precision reproducibility along with improved sensitivity and broad sizing range. Sample analysis is
completed in 65 seconds.

A

B

C

Figure 1: The LabChip® GXII Touch™ instrument (A) uses a quartz sipper chip (B) which allows for testing of up to 400 samples.
(C) the fluorescent image shows how proteins are separated and destained in the microfluidic channels.

For research use only. Not for use in diagnostic procedures.
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Methods
AAV serotype 8 (AAV8) was purchased from a commercial provider (catalog #A81000, Welgen Inc., Worcester MA). Material was
generated in HEK-293 cells, was reported to contain at least 5 x 1012 genome copies (GC)/mL, and was supplied in 10% glycerol
in PBS.
In accordance with the protocol for the ProteinEXact™ assay3:
• In a hardshell 96 well V-bottom SBS plate (catalog #6008870, PerkinElmer, Waltham MA) 2.5 µL of sample was added to 18
µL of nonreducing sample buffer in each well to be tested.
• The plate was sealed, heated at 70°C for 10 minutes, and cooled to room temperature.
• 35 µL of Milli-Q® water (Millipore, Bedford MA), was added to each well and mixed.
• The plate was spun at 1200 RCF at room temperature to remove bubbles and then submitted to analysis on the LabChip®
GXII Touch™ HT system.
The thermal stability of AAVs is reported to vary with serotype. The melting temperatures of multiple AAV serotypes have been
measured and exhibited a range from 66°C to 90°C4. The host cell in which the AAVs were generated and the degree of DNA
packing (the empty/full ratio) should also be considered as variables. For these reasons, serotype-specific methods for denaturation
of the AAV particles are recommended prior to routine analysis. We suggest that AAV samples be heated in a stepwise manner
(2°C steps) from 60°C to 95°C to determine the optimal temperature for complete denaturation without destruction. Heating
for 10 minutes has been adequate (data not shown) although we advise that a range from 5 to 15 minutes be explored during
method development. Alternatively, the denaturation method that has worked well for SDS-PAGE can be adopted.

Results
The output of the ProteinEXact™ assay run on the LabChip® Reviewer software is a relative electropherogram (egram) with
quantitative analysis of size, concentration, and percent contribution of each individual protein relative to the total protein in the
sample; those proteins include VP1, VP2, VP3, and substantial protein impurities. The electropherogram along with an in-silico
silver stain gel view is provided in Figure 2.
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Figure 2: A: Egram of fully denatured AAV8. X axis is expressed as size (kDa). Y axis is fluorescence (RFU) and corresponds
to concentration. LM is lower marker while Xsys are system peaks. VP3, VP2, and VP1 correspond to the blue, yellow, and
pink labels respectively. Major peaks are additionally labeled with concentration (ng/µL). Contaminating proteins represented
28% of the total protein concentration and were evident as small peaks in a rough baseline and as indiscriminate low molecular
weight bands in the virtual gel (inset). B: An example of AAV8 analysis by SDS-PAGE followed by silver stain. M is ladder
protein. Lanes 2 through 7 are column fractions during AAV8 purification. Asterisks indicate VP1 at 87 kDa, VP2 at 73 kDa,
and VP3 at 62 kDa. Adapted from Strobel, et al., Comparative Analysis of Cesium Chloride- and Iodixanol-Based Purification
of Recombinant Adeno-Associated Viral Vectors for Preclinical Human Gene Therapy Methods. August 2015, 26(4): 147-157.

The corrected area under the curve (AUC) for each protein was automatically calculated by the LabChip® Reviewer software. The
AUCs correspond to concentration (ng/µL) and were used to determine the ratio of the VPs within the sample. The reproducibility
of the assay (Figure 3) was demonstrated by the overlay of twelve egrams.
A

B
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11.3

1.7
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Figure 3: A: Twelve egrams were overlaid to demonstrate reproducibility of the assay of the fully denatured AAV8. X axis is expressed as size (kDa). Y axis is fluorescence (RFU)
and corresponds to concentration. VP3, VP2, and VP1 correspond to the blue, yellow, and pink labels respectively. Peaks are labelled with their % contribution to the total protein in
the sample. A small peak at 79 kDa represents 2.3% of the total protein. The identity of this fourth peak is not known. B: The calculated ratio of VP3 to VP2 to VP1 was based on the
average concentration for each peak, normalized to VP1. The ratio of VP3 to VP2 to VP1 was equal to 11.3 to 1.7 to 1.0.

Discussion
Denaturation of AAV8 and subsequent analysis by microfluidic CE-SDS resulted in a rapid, reproducible, and quantitative measure
of VP1, VP2, VP3, along with measurable evidence of contaminating proteins. VP ratios were similar to what was expected
(1:1:10). The molecular weights of denatured VP1, VP2, and VP3 were determined to be 119, 97, and 83 kDa respectively as
compared to the reported values of 87, 73, and 62 kDa5. The apparent MWs between methods can differ, a phenomenon that is
routinely observed with monoclonal antibody analysis: mAbs are reported to be 150 kDa by SDS-PAGE but more typically run at
160-170 kDa on any CE-SDS platform. Researchers may want to run each VP individually on both platforms to verify results.

Conclusion
Denaturation of AAV8 and subsequent analysis by microfluidic CE-SDS resulted in a rapid, reproducible, and quantitative
measure of VP1, VP2, VP3, along with measurable evidence of contaminating proteins. The ProteinEXact™ assay delivered rapid,
reproducible, quantitative results of AAV8 capsid proteins when run on the LabChip® GXII Touch™ HT system. The method is
a quantitative alternative to qualitative interpretation of SDS-PAGE. The LabChip® GXII Touch™ HT system aids researchers in
studying AAVs, allowing for correlations to be made between in vitro and in vivo measurements of purity and capsid ratios to in
vivo observations.
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Bioimaging of
Gene Delivery with
In Vivo-jetPEI

Introduction

The delivery of nucleic acids into cells is
essential for basic research as well as medical
applications such as gene therapy. Viral vectors
®
are efficient carriers, but their use is limited
because of their safety (induction of immune
response, virus-associated pathogenicity). These
concerns have increased the interest of non-viral methods for in vivo gene delivery.
Second generation of non-viral vectors offers improved performance and safety,
potentially providing an alternative to viral gene delivery.

One of the most promising non-viral vectors is the cationic polymer polyethylenimine
(in vivo-jetPEI®). It offers high performance in terms of efficiency, reproducibility and
robustness. Thanks to its high cationic charge density potential, in vivo-jetPEI® can
condense DNA to form stable complexes termed polyplexes and promote gene transfer
into cells.1 It is the most widely used technology to deliver gene in animals.2,3,4
PerkinElmer imaging systems offer unique opportunities for in vivo bioluminescent
imaging. This technique allows the non-invasive detection and quantification of
plasmid biodistribution in different organs, and can be used to detect luciferase
encoding plasmids delivered with in vivo-jetPEI®. We took the benefice of this system
to determine the essential parameters for efficient gene delivery using in vivo-jetPEI®
in mice. This application note illustrates the use of the non-invasive whole animal IVIS®
imaging system to detect and quantify transgene expression, following in vivo-jetPEI®
mediated plasmid DNA delivery.
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Effect of Nitrogen Over Phosphate (N/P) Ratio on
Delivery Efficiency

of the venous sinus. One day post-injection the luciferase
signal could only be detected in the lungs and only for N/P
ratio > 3 (Figure 1B). The level of luciferase expression in the
lung was similar at N/P ratios of 6, 8 and 10 (respectively
6.4 x 104, 5.0 x 104 and 3.9 x 104 photons/s) (Figure 1B). After
imaging, different organs, including lungs, were dissected,
homogenized and the organ extracts were assayed for
luciferase expression. The luciferase signal was measured with
a luminometer and expressed as relative light unit (RLU) per
mg of protein. As shown in Figure 1C, a good correlation was
observed between bioluminescent imaging in whole animal
and luciferase assay in lung extract. However, the luciferase
assay performed on organ extracts was able to detect much
lower levels of luciferase expression that were not detected
by whole animal imaging. As shown in Figure 1D, upon organ
dissection and homogenization, luciferase expression was
determined in spleen, liver, kidney and heart extracts using
a luciferase assay. In the spleen, kidney and heart, the N/P
ratios of 8 and 10 seem to give higher luciferase expression
than the N/P ratio of 6. In the liver, the N/P of 8 is slightly
better than the other N/P ratios. Hence the DNA to in vivojetPEI® ratio and the injection conditions should be adapted
to the targeted organ. Collectively, these data show that the
IVIS100 imaging system is able to detect 99% of the emitted
luciferase signal, while the remaining 1% can be determined
with a luciferase assay performed on organ extracts.

Only positively charged complexes can bind the cell surface
via interaction with negatively charged syndecans.5 The
overall charge of the in vivo-jetPEI®/DNA complexes is crucial
for efficient delivery. It is determined by the DNA to reagent
ratio. This ratio which represents the ionic balance within the
complexes is classically defined as the N/P ratio, referring to
the number of nitrogen residues (N) in the in vivo-jetPEI® per
phosphate (P) of DNA. In vivo-jetPEI®/DNA complexes become
positively charged when excess nitrogen residues are present
versus phosphate residues of DNA. An N/P > 3 is required.
Examples of complex charge and size at different N/P
ratio are showed in Figure 1A. Moderate particle charge
is necessary for the colloidal stability of the formulation
since strong repulsive forces between the particles prevent
aggregation. The charges of complexes obtained with the
N/P ratio of 6, 8 and 10 have a good stability for in vivo
applications whereas the complexes formed at the N/P ratio
of 3 are too weak. Higher N/P ratios (6, 8 and 10) give
particles of small size, comprised between 43 and 48 nm
(Figure 1A) perfectly suitable for in vivo application.
The non-invasive IVIS100 system from PerkinElmer was used
to follow the luciferase plasmid expression upon systemic
delivery with in vivo-jetPEI® through retro-orbital injection

A

B
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RLU/mg of protein

RLU/mg of protein in the lung

C

Figure 1. Effect of nitrogen over phosphate ratio on delivery efficiency. Forty micrograms of pCMVLuc plasmid were complexed with in vivo-jetPEI® at N/P
ratio of 0 (control), 3, 6, 8 and 10. Thirty minutes after complexation, particle charge and zeta potential were measured using a zeta sizer (a). Complexes were
injected retro-orbitally and mice were imaged with the IVIS100 imaging system 24 h after injection (exposition time 5 s) (b). After imaging, organs were removed
and the luciferase level in each organ was analyzed in organ extracts using a luciferase assay and expressed relative to the amount of proteins (c and d), n=6.
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Luciferase Expression Time Course in Lungs After
Complex Injection
Once bound on the cell surface via interaction with the
syndecan, in vivo-jetPEI®/DNA complexes are endocytosed
into intracellular vesicles.6 There, in vivo-jetPEI® acts as a
“proton sponge” in the acidic environment of the lumen of
endosomes.1,7 Multiple protonations of in vivo-jetPEI® induce
osmotic swelling followed by endosome rupture, leading to
plasmid release into the cytoplasm.8,9 In vivo-jetPEI® protects
DNA against nucleases present in blood and serum.10,11,12 Upon
intravenous injection (tail vein or retro-orbital), the plasmid
is quickly delivered in organs and expressed in cells. We
investigated the time course of the luciferase expression in
lungs using the PerkinElmer bioimaging system. As shown in
Figure 2A, bioimaging of whole animals shows lung luciferase
expression as early as 12 h after retro-orbital injection. In lungs,
maximum expression is observed between 12 and 24 h after
systemic injection (respectively 6.9 x 105 and 9.1 x 105 photons/s)
(Figure 2A). Lungs were dissected after imaging, and the lung
extracts were assayed for luciferase expression (Figure 2B). Again
a good correlation was observed between the two techniques
for detection of luciferase expression. The luciferase protein is
not very stable and its life time is quite short.13 Using a different

A

reporter protein, such as eGFP or delivering a plasmid without
CpG motives in order to avoid the silencing of gene expression
over time14 can increase transgene expression duration.

Complex Stability and Storage Temperature
We previously showed that in vivo-jetPEI® protects DNA from
degradation by serum and blood nucleases.10,11,12 As shown
before, a small size of complexes is essential to promote
efficient gene delivery in vivo (Figure 1). The complexes
can be formed and then stored for many hours before their
use if they are stable in size and do not form aggregates.
We measured in vivo-jetPEI®/DNA complex sizes after
30 min complexation time or when stored 24 h at different
temperatures (room temperature, 4 °C and 37 °C) by
Dynamic Light Scattering. Figure 3A shows that in vivojetPEI®/DNA complexes are stable for at least 24 h at 4 °C,
RT and 37 °C, as no variation of complex size was observed.
Luciferase expression in the lungs was determined by
bioimaging after storage of the complexes at 4 °C for 24 h
and compared with complexes after 30 min complexation
time. No significant variation of luciferase expression level
was observed after 24 h storage (Figure 3B). Imaging was
confirmed by luciferase assay in lung extracts (Figure 3C).

B

Figure 2. Luciferase expression time course after in vivo-jetPEI®/DNA complex injection. Forty micrograms of pCMVLuc complexed with in vivo-jetPEI®
(N/P=8) were injected through the retro-orbital sinus. Mice were imaged 12, 24, 48, 72 and 96 h after complex injection using the IVIS100 imaging system
(exposition time 10 s) (a). After injection, lungs were removed and luciferase expression was assayed in lung extracts (Figure 2b, luciferase expression in the
lung), n=6.

B

C

A

Figure 3. Complex stability at different storage temperatures. Forty micrograms of pCMVLuc were complexed with in vivo-jetPEI® (N/P=8). Complex size
was determined after 30 min and 24 h storage at RT, 4 °C and 37 °C by Dynamic Light Scattering using a zeta sizer (a). For in vivo imaging, complexes incubated
30 min or stored 24 h at 4 °C were injected through the retro-orbital sinus. The animals were imaged with the IVIS100 imaging system 24 h after injection
(exposition time 5 s) (b). After imaging, lungs were removed, luciferase expression in lung extracts was quantified and expressed relative to the amount of
proteins (n = 6), Figure 3c.
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Conclusion
In vivo-jetPEI -mediated gene delivery is a very useful and
easy-to-develop technology. Here we have shown that
bioimaging is a perfectly complimentary tool to follow
reporter gene expression, and improve gene delivery
parameters in mice. The in vivo bioluminescence imaging
systems developed by PerkinElmer are particularly suitable to
follow plasmid expression upon delivery with in vivo-jetPEI®.
This delivery technology can be adapted to target different
organs using various routes of administration including
systemic injection or local delivery routes like intra-tumoral,
intra-thecal or subcutaneous.2,10,14,15 Taken together our
data showed, that in vivo-jetPEI® is a potent reagent for
functional and therapeutic studies in animal models. As it is
validated for non-viral gene therapy in humans, it is also a
good candidate for human therapeutics.
®

Materials and Methods
Instrumentation
IVIS100 Xenogen system (PerkinElmer).
Reagents

Bioluminescence imaging
For in vivo bioluminescence imaging, 150 mg/kg of D-luciferin
potassium salt were injected i.p. to the mice. Mice were
anesthetized 10 min after injection with isoflurane and imaged
with an IVIS100 Xenogen system (PerkinElmer).
Complex charge and Zeta potential determination
Particle size and zeta potential were determined by
Dynamic Light Scattering using a ZetaSizer Nano-ZS
(Malvern Instrument) with the following specifications:
medium viscosity, 1.036 centipoise (cP); refractive index (RI)
medium, 1.337; RI particle, 1.47; Dielectric constant, 78.5;
temperature, 25 °C.
Luciferase assay in organ extracts

Plasmid: pCMVLuc (Promega)
Transfection reagent: in vivo-jetPEI
(Polyplus-transfection)

®

Buffer: Glucose 10% (Polyplus-transfection)
D-luciferin potassium salt (PerkinElmer)
Table 1. Complex preparation and injection.
N/P

Volume of in vivo-jetPEI®

3

2.4 µL

6

4.8 µL

8

6.4 µL

10

8 µL

Complexes were prepared in 200 µL of glucose 5% final
concentration. 40 µg DNA were diluted in 100 µL (final
volume) of glucose 5% and mix by pipetting up and down.
The appropriate amount of in vivo-jetPEI® (Table 1) was
diluted in 100 µL (final volume) of glucose 5% and mix by
vortexing. The diluted in vivo-jetPEI® solution was added
to the diluted nucleic acid solution, mixed by vortexing
and left for 30 min at RT before injection. For the complex
stability experiments, the complexes were stored at different
temperatures at this stage. Complexes were injected
through the retro-orbital sinus within 2s.
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NMRI Nude female 5-weeks old were obtained from
Elevage Janvier and subjected to a week quarantine and
acclimation period before use. Animals were maintained under
conventional housing conditions (12 h light/12 h night,
22 °C). All animal studies were conducted in accordance
to the French Animal Care guidelines and the protocols
were approved by the Direction des Services Vétérinaires.

For luciferase analysis in organ extracts, mice were
sacrificed; organs were removed and quickly frozen. Organs
were then homogenized with an ultra-thurax in appropriate
volume (Table 2) of 1x lysis buffer (Promega) and frozen O/N
at -80 °C. Lysates were centrifuged at 15,000 g for 5 min
and luciferase activity was assessed by using 5 µL of lysate
after addition of 100 µL of luciferin solution (Promega).
Luciferase activity was normalized per mg of protein by
using the BCA assay (Pierce).
Table 2.
Organ

Volume of Lysis Buffer (mL)

Spleen

1

Liver

2

Kidney

1

Heart

1

Lung

2
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Introduction

With the potential to treat a wide range
of disease, from organ damage to
congenital defects, stem cell research
and tissue engineering form the underlying
basis of regenerative medicine. Significant
advances in the science of skin regeneration,
for example, have now made it possible to
develop and grow artificial skin grafts in a
lab for treatment of burn victims. Other therapeutic applications include the use of
stem cells to treat and repair central nervous system diseases such as ischemia and
cerebral palsy, cardiovascular diseases, as well as autoimmune diseases including
type I diabetes. However, critical research addressing safety concerns, exploring
therapeutic function, and assessing mechanisms of action must be completed prior
to human adoption. IVIS® technology is being widely used to explore stem cell
research outcomes in preclinical small animal models, which serve as key test
pre-cursors to human clinical trials.

26

Role for Optical Imaging

Applications

Optical imaging technology has emerged as an established tool to assess
efficacy and treatment outcomes of cellbased therapeutics in preclinical
models. The IVIS technology provides vital clues into the viability and
behavior of stem cells post transplantation, aiding the prediction of how
these cells might behave in humans. A representative sample of stem cell
applications, out of more than 250 peer-reviewed citations, is outlined in
the following pages. Below is a table showing the various stem cell and
progenitor populations that have been imaged on the IVIS
imaging system.

Characterization of stem cell behavior and homing patterns.
Stem cell therapies have been proposed as a putative treatment for
arthritis, evidenced by clinical trials currently underway. Pre-clinical models
often serve as a ‘go’ or ‘no go’ decision point, as potential therapies are
often validated and characterized in murine models of disease prior to
testing them in human subjects. Two critical points of characterization are
their route of administration and their subsequent homing and localization
into diseased tissue.

Different Stem Cell Types (Murine/Human)
• Embryonic Stem Cells1, 2, 11-56
• Neural Stem Cells17, 18, 57-62

In this study by Sutton et al, featured in the Optics Express, December
2009 issue6, mesenchymal stem cells labeled with a fluorescent dye (DiD)
were intra-peritoneally injected into athymic
polyarthritic rats and shown to preferentially accumulate within arthritic
ankle joints in vivo. The IVIS has served as a vital tool for imaging stem
cell viability, migration and targeting of diseased tissue in
various models6, 29, 60, 72, 139, 140.

• Mesenchymal Stem Cells4, 5, 63-10
• Hematopoietic Stem Cells102-108
• Muscle Stem Cells19,109-111
• Adipose-derived Stem Cells96, 112, 113

Progenitor Populations
• Different Stem Cell Types (Murine/Human)
• Embryonic Stem Cells1, 2, 11-56
• Neural Stem Cells17, 18, 57-62
• Mesenchymal Stem Cells4, 5, 63-101
• Hematopoietic Stem Cells102-108
• Cancer Stem Cells126-138

Labeling Strategies
Stem cells are required to be labeled with appropriate bioluminescent or
fluorescent reporters to be imaged noninvasively in vivo. The following
strategies for labeling stem cells with proteins and/or chemical conjugate
dyes have previously been used with great success.

2

Figure 1. Imaging the accumulation if fluorescent mesenchymal stem cells in
arthritic ankle joints (Sutton et al, Opt. Express, 17, p24403, 2009).

Assessment of safety and therapeutic potential in pre-clinical models
In 2009, the FDA cleared the way for the world’s first clinical trial for
embryonic stem cells in the context of spinal cord injury in the US141.
Since then numerous such trials have been undertaken in other parts of
the world with varying degrees of success. Due to the controversy widely
surrounding embryonic stem cells, a new class of reprogrammed cells
called ‘induced pluripotent stem cells” (IPS) have received considerable
attention in the past few years since they are derived from adult cell
populations and known to retain stem cell properties and function.
However, prior to their adoption in human therapy, rigorous testing of
their therapeutic efficacy and safety in pre-clinical mouse models is
warranted. The IVIS plays a key role in such pre-clinical evaluations of IPS
and numerous other stem cell types11, 13, 24, 37, 54, 58, 72, 78, 81, 96, 117, 121, 142-148.
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The example below is a 2010 report published by Tsuji et al in PNAS147
The researchers used IVIS to monitor the viability and therapeutic potential
of IPS-derived neurospheres in a mouse model of spinal cord injury,
suggesting that IPS can ‘safely’ promote locomotor function recovery in
injured mouse models.

guide stem cells to form functional desired tissues or organs in vivo. Often,
the survival and function of seeded cells, as well as interactions between
the biomatrices and host tissues can be explored using the IVIS system 113,
116, 144, 151-156
.
In a 2008 report published in PNAS154, Jennifer Elisseeff’s group at Johns
Hopkins University used a combination of chondrocyte-secreted
morphogenetic factors and hydrogels to commit mesenchymal stem cells
(derived from human embryonic stem cells) into a chrondrogenic lineage
and eventually form cartilaginous tissue in mice. As seen in the figure
below, they relied on IVIS imaging to validate the survival, viability and
differentiation of MSCs seeded on a biodegradable polyester scaffold
containing hydroxyapatite.

Figure 2. Imaging survival/viability of bioluminescent IPS-derived neurospheres in
a mouse Model of spinal cord injury (Tsuji etal, PNAS. 107, p12704, 2010).

Exploration of molecular pathways and mechanisms of action.
Basic research that outlines key pathways and mechanisms by which stem
cells survive, differentiate, migrate, and function are fundamental to our
understanding of these cells14, 149, 150. The combination of novel optical
reporters, creative molecular biology, and imaging with IVIS technology
has facilitated such comprehensive insight into these questions. One vital
aspect of hematopoietic stem cell research is identification and definition
of their ‘niche,’ a bone marrow microenvironment that both houses and
regulates these cells (and their fate).
In a fascinating 2009 report published in Nature, Xie et al9 used ex vivo
high-resolution microscopy alongside non-invasive (IVIS) imaging to
identify and further characterize the stem cell ‘niche,’ its function, and
HSC recruitment.

Figure 4. Imaging viability of bioluminescent mesenchymal stem cells seeded on a
biodegradable scaffold (Hwang et al, PNAS, 105, p20641, 2008).

Conclusion
In summary, the IVIS is a valuable tool for stem cell research as it enables
spatiotemporal and longitudinal monitoring of stem cell processes, cell
viability and homing patterns, and therapeutic function in living animals.
These preclinical readouts provide insightful cues to clinicians on the
safety and efficacy of stem cell and regenerative medicine therapies to
treat human disease.
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Identification and validation of complementary stem cell
research technologies.
Several research areas including nanotechnology, biomaterials, and cell
and tissue engineering complement stem cell research, and are equally
invested in the promise of regenerative medicine. Collaborative
developments in these fields have yielded biocompatible and
biodegradable materials that coupled with growth factors and relevant
biomolecules, provide the right ‘scaffold’ or environment to
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Abstract

The ultimate goal of a successful cancer treatment is to achieve
selective targeting and effective killing of cancer cells without
undesired harm to the surrounding normal tissues. Aside from the traditional small-molecule chemotherapeutics
or targeted therapy agents that have been widely used in the clinic for decades, a new type of cancer therapeutics
based on oncolytic viruses has recently gained attention in the field of research. Oncolytic viruses are genetically
modified viruses capable of delivering therapeutic gene payload to cancer cells. A critical step for oncolytic virus
development is to evaluate effectiveness against cancer and address safety concerns in living subjects. To illustrate
this point, this application note provides an overview on using IVIS® optical imaging to assess and quantify
oncolytic viral infection in living tumors and the subsequent virus-host interactions in real-time.
Although there are many different types of oncolytic viruses each having a different tumor-targeting mechanism,
this application note highlights pre-clinical imaging results of Sindbis oncolytic virus to present a general approach
when designing IVIS imaging studies for oncolytic virus research. Bioluminescent Sindbis pseudovirus (Sindbis/Fluc)
was used to show successful tumor delivery and infection in several mouse tumor models. Since Sindbis/Fluc
carries a bioluminescent firefly luciferase reporter gene, its infection and anti-cancer efficacy can be readily
assessed by light production in tumors. The non-invasive aspect of IVIS imaging enables whole body imaging
of viral infection and makes longitudinal imaging possible. Further, by imaging infection in transgenic/knockout
mice with immune defects, this approach can be extended to study the immune/molecular aspect of viral-host
interactions and thus address its potential safety concerns. Of note, this IVIS imaging strategy is not limited to
Sindbis research and can be easily applied to other virus species. The latter part of this application note discusses
potential IVIS fluorescent imaging applications to visualize host biological changes in response to viral infection.
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Introduction
Viruses are infectious agents of small size and simple
composition, consisting of genetic material (DNA or RNA)
packaged within a protein or membrane enclosure. They
are naturally evolved gene delivery vehicles, and their survival
depends on using viral genetic information to hijack host
cell molecular machinery and exploit its resources for viral
particle reproduction. Based on a variety of wildtype viruses,
oncolytic viruses are man-made pseudoviruses capable of
delivering non-viral genes. In particular, they are engineered
to achieve specific targeting and killing of cancer cells.
This concept first emerged at the beginning of the twentieth
century after a patient with myelogenous leukemia underwent
complete tumor remission following influenza infection.
This led to the investigation of a wide range of human virus
species for their oncolytic potential, including adenoviruses,
herpes simplex virus (type 1), measles virus, vascular stomatitis
virus and Sindbis virus. After decades of cancer research and
advances in molecular virology, many types of pseudoviruses
have been developed to ensure selective infection and/or
replication in cancer cells.
Although almost all human viruses can cause pathogenic
conditions and can be considered harmful, there is a general
strategy to convert them into much safer pseudoviruses for
gene therapy. A typical viral genome, regardless of DNA or
RNA, contains two types of gene cluster: structural and
non-structural genes. As the name implies, structural genes
encode proteins such as the capsid and envelope proteins
that are building blocks of virion particles. Conversely,
non-structural genes encode virus-specific enzymes such as
replicase and protease required for genomic DNA or RNA
replication and viral protein production, respectively. Taking
advantage of this unique arrangement, researchers can
produce a pseudovirus by replacing the structural gene
cluster with a payload gene of interest. Thus, the resulting
pseudovirus is capable of infecting cells and expressing the
payload gene after infection, but it lacks essential structural
genes for subsequent virion production.
This general strategy has been successfully applied to several
virus species, and many types of oncolytic pseudoviruses have
been developed for exogenous gene delivery. Nevertheless,
it still remains a challenge to study their performance in
living animal models. As viruses are infinitesimally small,
direct and non-invasive detection in real-time is very difficult.
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Fortunately, with a proper reporter gene as a payload,
in vivo detection of a pseudovirus infection can be observed
using a suitable molecular imaging techniques. For example,
a firefly luciferase gene (Fluc) can be used as the reporter
gene payload for detecting live infection events: Fluc
expression resulting in efficient light production that can
be detected through bioluminescence imaging. This approach
makes it possible to longitudinally detect and quantify virus
infection of host/tumor cells throughout the course of study
in living subjects.
This application note shows how IVIS optical imaging was
used to non-invasively study viral infection and virus-host
interaction in real-time. In particular, oncolytic Sindbis virus
was chosen for this purpose, since it has several unique
features that make it an attractive oncolytic agent for cancer
gene therapy and treatment. Originally identified in 1952,
Sindbis virus is an arbovirus naturally transmitted via
mosquito bites. Thus, Sindbis virus is capable of circulating
in the blood stream for systemic delivery. For selective tumor
targeting, Sindbis infection in mammalian cells is mediated
by binding to the 67-Kda laminin receptor (LAMR) on plasma
membrane. LAMR is known to be over-expressed in cancer
cells and higher expression levels have been associated with
poor prognosis in several human cancers. This particular fact
gives Sindbis virus specific affinity to tumors. In mammalian
cells, Sindbis infection is known to induce apoptosis,
suggesting the virus could be used for eradicating cancer
cells. For efficient gene delivery, a Sindbis pseudovirus system
has been developed by replacing its structural genes. In this
note, successful tumor delivery and infection were illustrated
using a bioluminescent Sindbis pseudovirus carrying a firefly
luciferase gene (Sindbis/Fluc). Several different types of
mouse tumor models were used to demonstrate Sindbis’
tumor targeting capability. Tumor bioluminescence closely
correlates with viral infection levels and thus allows
convenient and accurate assessment of Sindbis-related
infection in living animals.

Results
is used, its successful infection and subsequent light production
can be readily detected by the IVIS camera after concomitant
luciferase substrate luciferin delivery.

In Vivo Imaging of Oncolytic Virus Infection in Tumors
Figure 1 summarizes the study design to evaluate Sindbis virus’
tumor targeting capability in living animals. The goal was to
demonstrate specific tumor targeting in living animals. To
achieve this, a Sindbis pseudovirus carrying a firefly luciferase
gene was used for IVIS imaging. Figure 1A illustrates a typical
pseudoviral design of Sindbis virus. Wild type Sindbis virus has
a positive-strand RNA genome with a 5’ cap and a 3’ poly-A
tail. Its non-structural genes are on the 5’ side, followed by a
subgenomic promoter (PSG) which is responsible for driving
the structural genes downstream on the 3’ side. By replacing
the structural gene cluster with a reporter gene, the resulting
pseudovirus particle can be used to deliver a desired gene
payload as its expression will be driven by a potent viral
promoter. When a bioluminescent firefly luciferase gene (Fluc)

A

Figure 1B outlines a simple study design to visualize Sindbis/
Fluc infection in tumors. In this example, baby hamster kidney
(BHK) cells were inoculated onto the mammary fat pads in
immunocompromised SCID mice. BHK cells have a high level
of LAMR expression and are highly sensitive to Sindbis infection.
After tumor was established, mice received daily i.v. injections
of Sindbis/Fluc starting on Day 0. Figure 1C shows longitudinal
imaging results on a tumor-bearing mouse. Tumor-specific
bioluminescence was observed as early as Day 1 and gradually
increased during the first nine days of imaging. Luciferin was injected
prior to each in vivo bioluminescence imaging (BLI) timepoint.

C

B

Figure 1. Study design and bioluminescence imaging using IVIS to visualize Sindbis infection in tumors.
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Specific Targeting and Infection in
Spontaneous Tumors
growing on its right hind foot received daily i.p. treatments of
Sindbis/Fluc for three consecutive days prior to bioluminescence
imaging. All viral injections were done in the peritoneal cavity
to be as distant as possible from the tumor site.

Although the previous results shows strong affinity of Sindbis
virus to BHK tumors, its preferential tumor infection may be due
to underlying species difference between hamster (BHK tumor)
and mouse (host). As discussed, BHK cells have a high level of
LAMR expression and thus it is not surprising that the tumors
are highly susceptible to Sindbis infection. To ensure the virus’
selective affinity is truly due to their preference to cancer cells,
a spontaneous and immunocompetent mouse tumor model
was tested.

Figure 2B shows the imaging results after three consecutive
Sindbis daily treatments. The photograph image shows a
fibrosarcoma tumor on the right hind foot, while the image
overlay with bioluminescence signals clearly shows tumor-specific
targeting. As the Sindbis/Fluc pseoduvirus particles accumulated
in the fibrosarcoma tumor, specific bioluminescence signals in
the foot tumor indicated the virus is capable of targeting tumors
that arise spontaneously while avoid normal tissues. Notably, in
this particular model, only mouse cells are involved whether they
are normal or tumor. Of note, the immune system seems not to
diminish its ability to reach and infect tumor cells during the first
couple days of treatments.

Figure 2A illustrates such imaging study design. In particular, the
MSV-RGR/p15+/- transgenic mice are heterozygous for the Rgr
oncogene and for the Cdkn2b gene, also known as p15(Ink4b).
These mice typically develop spontaneous fibrosarcoma in the
paws or tails. Because these tumor are not artificially implanted
or injected, they closely mimic the physiological development of
cancer. In this particular example, a mouse with a tumor

A

B

Figure 2. Sindbis virus specifically infects spontaneous fibrosarcoma in a transgenic mouse. Imaged on the IVIS system.
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Specific Targeting of Metastatic Ovarian Cancer
in the Peritoneal Cavity
With the success of targeting localized solid tumors, the
researchers then turned their attention to metastatic cancers.
In the following example (Figure 3), an advanced mouse ovarian
cancer model was used to evaluate Sindbis’ capability to target
small, disseminated, and microscopic ovarian cancer nodules
in the peritoneal cavity. The model was established by i.p.
inoculation of mouse MOSEC ovarian cancer cells into C57BL/6
mice (Figure 3A). Four weeks after cancer cell inoculation,
tumor-bearing mice received a single Sindbis/Fluc i.p. treatment.
As reference, a tumor-free control mouse was also i.p. treated
with Sindbis/Fluc and imaged the day after. Figure 3B shows the

B

Photograph

Overlay

A

imaging results. Interestingly, tumor-free control mouse (left
panel) showed no detectable Sindbis/Fluc infection while the
tumor-bearing mouse (right panel) showed significant and
wide-spread infection BLI signals in the peritoneal cavity.
To validate specific Sindbis/Fluc tumor infection, various
organs in the peritoneal cavity were harvested and imaged
ex vivo. A good correlation of positive Sindbis infection and
presence of tumor nodule was observed (Figure 3B, red
arrows). This result was further validated by conventional
histological, microscopic imaging (data shown in the original
publication Ref 2).

Figure 3. Sindbis specifically targets small, metastatic ovarian cancer in the peritoneal cavity.
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Quantitative Imaging of Sindbis Treatment Efficacy
As Sindbis infection is known to induce apoptosis and kill the
infected mammalian cells, the next step was to determine if
repeated Sindbis treatments have any anti-cancer efficacy.
Figure 4A illustrates a study design using the human ES-2/Fluc
ovarian cancer cells which, after i.p. inoculation, were capable of
establishing tumor nodules on the surface of various organs in
the peritoneal cavity. As the cell carries the reporter firefly
luciferase gene, its growth and spreading can be easily
monitored using IVIS imaging. The bioluminescence imaging
(BLI) signal levels directly correlated with tumor burden in the
peritoneal cavity. In addition, to enhance its tumor suppression
capability, immune-stimulating IL-12 or IL-15 gene was
introduced into the Sindbis pseudovirus construct. As a
reference, a pseudovirus carrying the bacterial β-galactosidase
LacZ gene was used. In this particular study, ES2/Fluc cells

A

Figure 4. Repeated Sindbis treatments suppress ovarian cancer growth.

6

40

(1.5x106) were i.p. inoculated into female SCID mice on Day 0
and daily i.p. Sindbis treatments began the Day after (Day 1).
Figure 4B shows the BLI imaging results of ES2/Fluc tumor load
on Day 13 (after 12 consecutive treatments) and quantitative
representation of BLI tumor signals for up to Day 20. Control
mice did not receive any pseudovirus treatment. Total whole
body photon counts were determined by IVIS imaging on days
1, 5, 13 and 20 to assess disease progression of ES2/Fluc
metastases. Without any anti-cancer cytokine, the Sindbis/LacZ
pseudovirus is sufficient to suppressed cancer growth when
compared with the untreated control mice. The use of either
IL-12 or IL-15 cytokine gene further enhanced the tumorsuppressing activity of Sindbis virus. In both cases, more than
95% growth suppression was observed in cytokine viruses
within five days of treatment.

B

Type I Interferons Protect Liver From Sindbis Infection
The BLI imaging results in Figure 5 clearly indicates that the type
1 IFNs protect normal tissues from Sindbis infection. When
Sindbis/Fluc was i.p. delivered into mice lacking either functional
type 1 IFN-α/β receptor or its downstream transducer STAT1,
significant liver infection was observed within 24 hours (Figure
5A). The liver infection was confirmed when the peritoneal
organs were exposed and examined by IVIS BLI imaging (Figure
5B, red arrow). In some cases, a lower infection level present in
the abdomen fat (Figure 5B, yellow arrow), irrelevant to its IFN-γ
status. The imaging data indicate that type 2 IFN does not confer
protection against Sindbis infection since no BLI signal was
observed in the liver of IFN-γ knock-out mice (Figure 5C).

For downstream clinical development, safety is of great
importance and therefore warranted further investigation. In
particular, the viral interaction with the host immune systems
during repeated treatments was an important consideration. The
data suggest that consecutive and repeated treatments of
replication-defective Sindbis pseudovirus are safe for animals,
and part of the reason could be the innate anti-viral immunity
which protects normal tissue from infection. Since mammalian
interferons (IFNs) play pivotal roles in antiviral responses, mice
with genetic defects in either Type 1 (alpha/beta) or Type 2
(gamma) IFN pathways were used to determine if IFNs play any
roles in protecting normal tissues from Sindbis infection.

A

B

C

Figure 5. Type 1 interferon protect mouse liver from Sindbis infection.
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Discussion
a suitable fluorescent reporter gene, specific viral infection and
fluorescent protein expression in tumors can be readily visualized
using the IVIS imaging system in study designs similar to those
demonstrated in this application note. Table 1 lists the bioluminescent
and fluorescent reporter genes that are compatible with the
IVIS platform.

The imaging results presented in this application note demonstrate
the value of optical imaging using the IVIS platform for visualizing
virus infection non-invasively in living subjects. By imaging different
types of tumor models and animals with well-characterized
immune defects, these in vivo observations provide important
insights into Sindbis’ virus-host interaction and its therapeutic
implications. Importantly, the bioluminescent imaging strategy
illustrated here can easily be translated to other types of viruses,
given most viruses’ small genome sizes and recent advancements
in genetic modification techniques. Furthermore, the IVIS imaging
platform is versatile, and researchers are not limited to bioluminescent
reporter genes when designing a pesudovirus imaging strategy.
As most IVIS imaging systems are equipped with red and nearinfrared (NIR) fluorescence imaging capability, they can also be
used to visualize fluorescent reporter expression in living animals.
One advantage of fluorescence protein imaging is that it does
not require any substrate to produce imaging signals. By choosing

In addition to direct imaging of viral infection using bioluminescence
imaging, IVIS systems can be used to study viral-host interaction
by using a variety of NIR fluorescent imaging agents. Table 2 lists
several NIR fluorescent imaging agents developed by PerkinElmer
that can be used in conjunction for imaging physiological changes
and host responses during/after viral infection. In addition to
complimenting bioluminescence imaging, a unique advantage
of fluorescence imaging is the ability to multiplex more than one
fluorescent probe providing a wealth of information on host’s
biological responses to viruses.

Table 1. Reporter genes suitable for IVIS imaging of infection/replication events.

Bioluminescence

Firefly luciferase; Renilla luciferase; click beetle luciferase.

Highly sensitivity and with low background, but all require
corresponding substrates for light production.

Fluorescence

Red fluorescent protein (RFP); DsRed and its variants
(e.g. mFruits: mCherry, mOrange, mRaspberry).

Less sensitive and with higher background, but with no need
for substrate to establish signals.

Table 2. NIR fluorescent imaging agents for imaging host responses to viral infection

Angiogenesis and vascular leakiness for virus delivery.

AngioSense 680 EX or 750 EX; AngioSpark 750; Superhance 750; TLectinSense 680.

Inflammation caused by virus or secondary infection.

ProSense 680, 750 EX or 750 FAST; MMPSense 680, 645 FAST or750 FAST; Cat B
680 FAST or 750 FAST; Cat K 680 FAST.

Apoptosis induced by viral infection or tissue damage.

Annexin Vivo 750.
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Determination of Cytokines
Present in a CAR-T Co-Culture
Environment by AlphaLISA
and HTRF Technologies

Introduction

Cancer immunotherapy is a
treatment option that exploits the
body’s own immune system to
fight against cancer. T-cells protect
the human body from infection by
pathogens and clear mutant cells
through specific recognition by T-cell receptors. Those same T-cells can be genetically modified
to contain chimeric antigen receptors (CARs) targeting surface antigens on tumors to help
identify and eradicate tumors.1 CAR design consists of an extracellular domain, typically an
scFv from a monoclonal antibody, to recognize the tumor antigen, then a linker or spacer
followed by a transmembrane domain (ex CD3ζ) and an intracellular signaling domain that acts
in a stimulatory fashion to the T-cell (ex CD28, or 4-1BB). Original CAR-T designs contained
only one intracellular signaling domain, later generations contain multiple domains to augment
T-cell proliferation and survival and increase cytokine production.2
CAR-T therapy involves collection and isolation of a patient’s T-cells followed by genetic
modification to include a CAR targeting a tumor antigen. The CAR-T cells are then expanded
ex vivo and re-infused to the patient for treatment. CAR-T cells have been tested in a wide
variety of cancer types but have been most effective against hematological malignancies. The
FDA has approved anti-CD19 CAR-T therapy for refractory acute lymphocytic leukemia (ALL)
and diffuse large B-cell lymphoma (DLBCL).2,3

43

T-cells are able to directly trigger apoptosis of cancer cells through
granule exocytosis (perforin, granzyme) or death ligand-death
receptor (Fas-FasL, TRAIL) systems.4 Additionally, after binding to
the tumor antigen, T-cells become active and release a mixture
of Th1 cytokines (e.g. TNFα, IFNγ), pro-inflammatory cytokines
(e.g. IL-6, IL-8, IL-12, IL-18, IL-1β), survival cytokines (e.g. IL-2), and
granulocyte macrophage colony stimulating factor (GM-CSF).5
Cytokine secretion results in stromal cell sensitization in the tumor
microenvironment.6 These cytokines and lytic molecules can be
detected in vitro in co-culture cell-based models by several detection
methods including ELISA,7 MesoScale,8 AlphaLISA,9 or HTRF10
technologies. This application note will focus on detection by
two orthogonal no-wash immunoassays: AlphaLISA and HTRF
in an in vitro co-culture model with CAR-T cells and tumor
targeted CD19 positive Raji cells.

Materials and Methods
Reagents and Consumables
• Raji cells (ATCC, #CCL-86)
• RPMI media (ATCC, #30-2001)
• Fetal bovine serum (FBS), heat inactivated
(Thermo Fisher, #10082-147)
• CD19 CAR-T cells, CD19scFv-CD28-4-1BB-CD3z
(Promab, #PM-CAR1003)

Figure 1. AlphaLISA Assay Principle. A biotinylated anti-analyte antibody is bound
by the Streptavidin-coated Alpha Donor beads, while another anti-analyte antibody
is conjugated directly to AlphaLISA Acceptor beads. In the presence of analyte, the
donor and acceptor beads come into proximity. Excitation of the donor beads at 680 nm
provokes the release of singlet oxygen molecules that trigger a cascade of energy transfer
in the nearby acceptor beads, resulting in maximum emission at 615 nm. AlphaLISA
signal is proportional to the amount of analyte present in the sample.

HTRF® is a TR-FRET based technology and stands for homogeneous time
resolved fluorescence. It is based on the fluorescence resonance energy
transfer (FRET) between two fluorophores, a donor and an acceptor.
These fluorophores can be coupled to antibodies targeting an
analyte such that once bound they come in proximity to one another.
Excitation of the donor by an energy source (e.g. a flash lamp or a
laser) triggers an energy transfer towards the nearby acceptor, which in
turn emits specific fluorescence at a given wavelength (Figure 2).

• CAR-T Complete Growth Media (Promab, #PM-CAR2001)
• CellCarrier Spheroid ULA 96-well Microplates
(PerkinElmer, #6055330)
• 0.5 mL Eppendorf Tubes (VWR, #89166-278)
• AlphaPlate-384, light gray (PerkinElmer, #6005350)
• Proxiplate-384 plus, shallow well (PerkinElmer, #6008280)
• AlphaLISA kit – IL-8 (PerkinElmer, #AL224C)
• AlphaLISA kit – IFNγ (PerkinElmer, #AL217C)
• AlphaLISA kit – TNFα (PerkinElmer, #AL208C)
• AlphaLISA kit – IL-1β (PerkinElmer, #AL220C)
• AlphaLISA kit – IL-18 (PerkinElmer, #AL241C)
• AlphaLISA kit – IL-2 (PerkinElmer, #AL221C)
• AlphaLISA kit – IL-6 (PerkinElmer, #AL223C)

Figure 2. HTRF Assay Principle. When the labelled antibodies bind to the same
antigen, the excitation of the donor with a light source (laser or flash lamp) triggers a
fluorescence resonance energy transfer (FRET) to the nearby acceptor, which in turn
fluoresces at a specific wavelength. The two antibodies bind to the analyte present in
the sample, thereby generating FRET. Signal intensity is proportional to the number of
antigen-antibody complexes formed and therefore to the analyte concentration.

• AlphaLISA kit – IL-12 (PerkinElmer, #AL3116C)
• AlphaLISA kit – GM-CSF (PerkinElmer, #AL216C)
• HTRF Kit – TNFα (Cisbio, #62HTNFAPEG)
• HTRF Kit – IFNγ (Cisbio, #62HIFNGPEG)
• HTRF Kit - IL-8 (Cisbio, #62HIL08PEG)
• HTRF Kit – GM-CSF (Cisbio, #62HGMCSFPEG)
Assay Technologies
AlphaLISA® is a bead-based immunoassay technology used to study
biomolecular interactions in a microplate format. The acronym
"Alpha" stands for amplified luminescent proximity homogeneous
assay. Some of the key features are that it is a non-radioactive,
no-wash, homogeneous proximity assay. Binding of molecules
captured on the beads and excitation of the donor leads to
an energy transfer from the donor bead to the acceptor bead,
ultimately producing a luminescent/fluorescent signal (Figure 1).

CAR-T Co-culture Protocol
CAR-T cells were rapidly thawed and allowed to recover overnight in
5 mL of CAR-T media in a T-25 flask before setting up the co-culture
assay. Raji cells grown in RPMI media were harvested and counted
on the day of the assay. Effector to target cell ratio was set to 10:1
with 100,000 CD-19 CAR-T to 10,000 Raji cells in each well following
Promab’s experiment design for CAR-T co-culture with their product.
Controls included target cells alone and CAR-T cells alone to determine
any baseline level of cytokine release from each independent cell
population. 100 µL of target or effector cells was added to each
appropriate well. Final assay volume was 200 µL and consisted of a
50:50 mixture of RPMI media and Promab’s CAR-T media. Separate
wells were setup for supernatant collection at 6 hours and 24 hours.
Once plated, cell populations were gently mixed then briefly centrifuged
to encourage settling as a cell pellet in the U-bottom assay plate to
increase cell to cell contact between the two cell types.
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Data Collection and Analysis
Cell supernatant was carefully sampled from the assay plate so as
not to disturb the cell pellet at 6 and 24 hours post cell plating.
Collected supernatant was centrifuged to remove any unwanted
cell carryover. Supernatant was split into aliquots in 0.5 mL tubes
and kept frozen at -20 ºC prior to testing to avoid unwanted
freeze thaw cycles.
All AlphaLISA assays were performed following the recommended
protocol for each kit. Each assay required 5 µL of sample in a 50 µL
reaction in a 384-well AlphaLISA plate. A fresh aliquot for each test
condition (target cell alone, CAR-T cell alone, and co-culture well)
was thawed on the day of testing. AlphaLISA signal was measured
on a PerkinElmer EnVision® 2105 Multimode plate reader using
default values for Alpha detection of the fluorescence label. Data was
analyzed in GraphPad Prism using non-linear 4 parameter logistic
regression for standard curve fitting with 1/Y2 weighting.
All HTRF assays were performed following each kit’s recommended
protocol. Each assay required 16 µL of sample in a 20 µl reaction
in a 384-well shallow well Proxiplate. A fresh aliquot for each test
condition (target cell alone, CAR-T cell alone, and co-culture well)
was thawed on the day of testing. HTRF signal was measured on
a PerkinElmer EnVision® 2105 Multimode Plate Reader using HTRF
settings. Excitation with laser followed emission at 620 nm (europium
donor reference signal) and 665 nm (d2 or XL acceptor signal) was
recorded. Data is reported as the HTRF ratio of acceptor to donor
signal = (665/620)*10,000. Data was analyzed in GraphPad Prism
using non-linear four parameter logistic regression for standard curve
fitting with 1/Y2 weighting.

Figure 3. Detection of cytokines by AlphaLISA. Expression level was detected at 6 hs
and continued to accumulate in the 24 h time point. Results are shown as average
pg/mL in a 5 µL sample as interpolated from the standard curve.

Results
Nine cytokine targets, mentioned above, were selected for testing
using AlphaLISA technology on the collected supernatants: TNFα, IFNγ,
IL-1β, IL-2, IL-6, IL-8, IL-12, IL-18 and GM-CSF. From this set of targets
IL-6, IL-12, IL-18 and IL-1β were not detected at levels higher than the
calculated lower limit of quantification (LLOQ) under any treatment
condition. IL-2 however was determined to be present in the Promab
CAR-T media to a high level and therefore additional IL-2 expression
in the supernatant could not be accurately determined. Three targets,
TNFα, IFNγ and IL-8, were detected in the co-culture supernatant at
both 6 h and 24 h (Figure 3) but were not detected in the single
cell type control wells (Raji or CD19 CAR-T alone, data not shown)
suggesting they are only released from the activated CD19 CAR-T
cells in the co-culture condition. GM-CSF had a mild level of release
in the non-stimulated CAR-T cells (data not shown) which increased
significantly with the co-culture condition (Figure 3).
As an orthogonal assay approach, the four positive targets
were tested by HTRF as confirmation of the activity seen in
the AlphaLISA assays. Absolute values detected (Figure 4) are
not the same as the AlphaLISA values possibly due to different
antibodies used for detection in the kits, however the trends over
time match (mild accumulation of TNFα at 24 h and much more
pronounced increase of IFNγ, IL-8 and GM-CSF) which is shown
in Figure 5 as the fold increase in target (pg/mL) over time.

Figure 4. Detection of cytokines by HTRF. Expression level was detected at 6 hs and
continued to accumulate in the 24 h time point. Results are shown as average pg/mL
in a 16 µL sample as interpolated from the standard curve.

Figure 5. Fold increase in target (pg/mL) over time. 6 h data set to 1.
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Summary
In the current application note, we demonstrate an orthogonal approach by using AlphaLISA detection and HTRF to probe the landscape of
cytokines and chemokines present in the cell supernatant from a CAR-T/Raji cells co-culture model. Cytokine panning from AlphaLISA yielded
four targets (TNFα, IFNγ, IL-8, and GM-CSF) which were elevated in the supernatants of the co-culture wells and confirmed in the HTRF assay
with quantitated levels correlating well to each other between the two technologies. Fold increase in the targets over time matched between
AlphaLISA and HTRF assays. Both technologies offer rapid, no wash homogeneous detection of cytokines in a 384-well format that is amenable
to screening efforts as well as automation, in contrast with a traditional ELISA format also commonly used to detect cytokines.
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