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Introduction

The relentless pursuit of innovation in medical science has given rise to a transformative
approach in oncology research: imaging flow cytometry (IFC). This advanced technique rep-
resents the next generation of cancer investigation, merging the quantitative power of flow
cytometry with the detailed spatial resolution of microscopy. In the intricate battlefield of
oncology, where cellular anomalies give rise to complex diseases, the ability to scrutinize
the inner workings of individual cells is paramount. IFC stands at the forefront of this effort,
offering unprecedented insights that are propelling cancer research into a new era.

Why does resolution matter in this context? The answer lies in the heterogeneity of cancer
cells. Traditional flow cytometry has been instrumental in analyzing millions of cells, provid-
ing valuable data regarding cell size, granularity, and protein expression. However, it lacks
the capacity to capture the nuanced spatial information of cellular components, which

can be critical in understanding the morphological changes that accompany malignant
transformation. IFC fills this gap by delivering high-resolution images of each cell, allow-

ing researchers to observe intricate details such as the organization of the cytoskeleton,
nuclear shape, and the distribution of biomarkers across the cell surface. This level of detail
is crucial for identifying subtle phenotypic changes that could signal the onset of cancer or
the efficacy of a therapeutic intervention.

Furthermore, the synergy of image capture and flow cytometric analysis enables the ex-
amination of cell populations with a precision that was previously unattainable. It allows
for the identification and characterization of rare cell types, such as circulating tumor cells
(CTCs), which play a significant role in metastasis and are often present in extremely low
numbers. The high-resolution imagery of these cells can uncover characteristics that might
predict disease progression or response to treatment, thereby enhancing the personaliza-
tion of cancer therapy.

The next generation of oncology research, empowered by imaging flow cytometry, is not
just about observing cells, but about seeing them with clarity and understanding the com-
plex language of their morphology. As we continue to unravel the molecular intricacies of
cancer, the importance of resolution becomes ever more apparent. The detailed imagery
provided by this technology is not just a window into the cell; it is a lens focusing on the
future of oncology, where the minutiae of cellular structure could hold the key to ground-
breaking discoveries and innovative treatments. Imaging flow cytometry, with its high-reso-
lution capabilities, is thus an indispensable tool in the arsenal against cancer, transforming
how we research, diagnose, and ultimately, combat this multifaceted disease.

This article collection begins with a study by Stanley et al. [1] that explored IFC as a novel
approach for chromosomal analysis. Traditional methods such as karyotyping and fluores-
cent in situ hybridization (FISH) face analytical challenges, limiting their use in cytogenetics.
IFC enhances these techniques by providing digital images alongside fluorescence intensity
data, allowing direct visualization of chromosomes and FISH signals. This advancement has
led to new methods for assessing chromosome number and structure in cells, with the add-
ed benefit of immunophenotyping to identify specific cells and chromosomal abnormali-
ties. The high sensitivity and specificity of IFC particularly demonstrated in blood cancers,
suggest significant potential for cytogenomic applications in diagnosis and disease monitor-
ing.

Next, Durdik et al. [2] assessed cellular DNA damage with yH2AX pan-staining after ionizing
radiation and compared IFC results with fluorescence microscopy (FM). IFC demonstrated
superior detection capabilities, revealing dose-dependent pan-staining that FM could not
fully detect. The researchers found that therapeutic doses of y-rays, but not low doses,
induced yH2AX pan-staining, and correlated well with the percentage of apoptic cells as
measured by Annexin-V/7-AAD assay. The pan-staining occurred early in apoptosis and
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persisted through later stages. This study also found a correlation between apoptotic DNA
fragmentation with cell viability. The efficacy of IFC was further validated in lymphocytes
from breast cancer patients post-radiotherapy, indicating the potential for personalized
radiosensitivity assessment.

A study by Yazdi et al. [3] focused on improving the delivery of small-interfering RNAs
(siRNAs) for gene silencing in disease treatment. Novel lipid nanoparticles (LNPs) with
pH-responsive lipoamino xenopeptide (XP) carriers were developed and demonstrated high
efficiency in cellular uptake and gene silencing at low siRNA doses. These XPs, with unique
topologies, enhanced endosomal escape, leading to successful in vitro and in vivo gene
silencing. Notably, LNPs with LAF4-Stp1 XPs achieved targeted gene knockdown in liver
endothelial cells and moderate gene silencing in hepatocytes in mice. Further optimization
with click-modified ligands effectively silenced VEGFR-2 in tumor endothelial cells, indicat-
ing potential for targeted therapeutic applications.

Jesperson et al. [4] introduced a high-throughput IFC method for screening factors that
influence cortical cell polarity (CCP) in melanoma cells, a key element in metastasis, which
was supported by artificial intelligence analysis. This method is significantly faster, more
accurate, and more reproducible than traditional manual quantification and can be adapt-
ed to assess additional cellular parameters. A pilot experiment with various drugs demon-
strated the efficiency of the method in identifying how these drugs affect CCP. This new
workflow paves the way for large-scale studies to uncover novel factors, both intrinsic and
systemic, that regulate CCP and thereby control metastasis.

Finally, Rosenberg et al. [5] explored the use of IFC as an objective and standardized
method for diagnosing myelodysplastic syndrome (MDS), which is often difficult due to the
variable presentation of bone marrow dysplasia. Through analysis of a substantial number
of erythroblasts from MDS patients, healthy donors, and controls, the study confirmed
normal erythroid maturation patterns and identified aberrations in MDS, such as enlarged
cell size and increased macronormoblasts. Machine learning algorithms helped identify a
higher frequency of binucleated erythroblasts in MDS. The results suggest that IFC could
significantly reduce inter-observer variability in MDS diagnostics, offering a promising tool
for evaluating dysplasia.

We hope to educate researchers on advancements in imaging flow cytometry through

the methods and applications presented in this article collection. To gain a deeper under-
standing of available options for advancing your research, we encourage you to visit Cytek
Biosciences.

Roisin Murtagh
Senior Content Strategist at Wiley
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Abstract

Chromosomal analysis is traditionally performed by karyotyping on metaphase
spreads, or by fluorescent in situ hybridization (FISH) on interphase cells or meta-
phase spreads. Flow cytometry was introduced as a new method to analyze chromo-
somes number (ploidy) and structure (telomere length) in the 1970s with data
interpretation largely based on fluorescence intensity. This technology has had little
uptake for human cytogenetic applications primarily due to analytical challenges. The
introduction of imaging flow cytometry, with the addition of digital images to stan-
dard multi-parametric flow cytometry quantitative tools, has added a new dimension.
The ability to visualize the chromosomes and FISH signals overcomes the inherent
difficulties when the data is restricted to fluorescence intensity. This field is now
moving forward with methods being developed to assess chromosome number and
structure in whole cells (normal and malignant) in suspension. A recent advance has
been the inclusion of immunophenotyping such that antigen expression can be used
to identify specific cells of interest for specific chromosomes and their abnormalities.
This capability has been illustrated in blood cancers, such as chronic lymphocytic leu-
kemia and plasma cell myeloma. The high sensitivity and specificity achievable high-
lights the potential imaging flow cytometry has for cytogenomic applications
(i.e., diagnosis and disease monitoring). This review introduces and describes the
development, current status, and applications of imaging flow cytometry for chromo-

somal analysis of human chromosomes.

KEYWORDS
chromosome, chronic lymphocytic leukemia, del(17p), FISH, fluorescence in situ hybridization,
imaging flow cytometry, immunophenotyping

whole chromosome loss (e.g.,, monosomy) or gain (e.g., trisomy)

(Ferguson-Smith, 2015). Structural alterations, such as translocations

Chromosomal analysis plays a pivotal role in the assessment and
understanding of cellular biology in health and disease. Since first
introduced in the 1950s, a range of methods has been utilized to
assess chromosomes in the life sciences and human disease
(Ferguson-Smith, 2015; Hsu, 1952; Tjio & Levan, 1956). This includes
using cell cultures and colchicine followed by chromosome banding
methods. Chromosome size, type and shape can be determined and
defects in constitutional disorders and malignancies (i.e., leukemia,
lymphoma) identified (Martin & Warburton, 2015; O'Connor, 2008).
These include changes in chromosome number (aneuploidy) such as

between chromosomes, inversions, insertions, rings, deletions, iso-
chromosomes, and duplications, can also be identified. Other methods
were subsequently introduced including fluorescent in situ hybridiza-
tion (FISH), chromosome painting and comparative genomic
hybridization. FISH is a molecular-based method that utilizes hybridi-
zation of fluorescent-labeled probes to complementary DNA
sequences to detect a specific region on a chromosome (Carter, 1994;
Guo et al., 2014; Sinclair, 2002; Weiss et al., 1999). FISH is typically
performed on metaphase spreads and interphase cells, including on

tissue sections, on a slide, to detect numerical or structural alterations,

Cytometry. 2021;100:541-553.
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and assessed by fluorescent microscopy (Cui et al., 2016; Van Der
Logt et al., 2015). Flow cytometry was first applied to analyze chro-
mosomes in the mid-1970s (Gray, Carrano, Moore, et al., 1975; Gray,
Carrano, Steinmetz, et al., 1975; Stubblefield et al., 1975). Although
not widely applied in human disease, it did offer rapid and high-
throughput analysis as well as the ability to flow sort chromosomes.
Subsequent developments in flow cytometric instrumentation, in par-
ticular the addition of digital cameras and visual imagery, is now lead-
ing to a reawakening of flow cytometry for the analysis of
chromosomes (Figure 1). The new instrumentation is now being
applied to assess ploidy and structural chromosome changes using
FISH probes. Such is the capability of this new technology that it has
been described as an “unexplored frontier” in cytogenomics and the
molecular testing of cytological samples (Weissleder & Lee, 2020). In
this review, the development and current status of imaging flow cyto-

metry for chromosomal analysis in human disease are presented.

2 | FLOW CYTOMETRY FOR
CHROMOSOME ANALYSIS

Flow cytometry of chromosomes in suspension is a high-throughput,

rapid and accurate method to assess chromosome number and

STANLEY ET AL.

structure (Gray, Carrano, Moore, et al., 1975; Gray, Carrano, Stein-
metz, et al., 1975; Stubblefield et al., 1975). It has been applied for
karyotyping, FISH analysis of telomeres and centromeres, as well as
chromosome sorting for downstream analysis. Although neither flow
karyotype nor flow FISH has been widely adopted for analysis of
human chromosomes, an overview of each technique is presented to
give some background to the field (Stepanov et al., 1996).

21 | Karyotyping

Flow karyotyping, pioneered by Gray et al. was the first chromosomal
analytical technique developed for flow cytometry (Gray, Carrano,
Moore, et al., 1975; Gray, Carrano, Steinmetz, et al., 1975). This tech-
nique enabled the detection of metaphase chromosomes in suspen-
sion by utilizing two DNA stains: Hoechst 33342 (HO) and
Chromomycin A3 (CAS3), which bind to the A-T rich and G-C rich
regions of the DNA respectively (Chazotte, 2011; Zihlif et al., 2010).
Subsequent improvements in instrumentation and DNA dyes allowed
better discrimination between chromosomes (e.g., 4',6-diamidino-
2-phenylindole [DAPI], HO, CA3, and propidium iodide) resulting in
the ability to separate chromosome 9 from the chromosome 9-12

cluster (Ng et al., 2019). However, it is still not possible to clearly

Hoechst
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separate all chromosomes with chromosomes 10-12 forming a clus-
ter, due to their similarity in size and base pair composition (Langlois
et al,, 1982; Ng et al., 2019). Chromosomes are assessed for the fluo-
rescence profile and abnormalities detected by deviations compared
to normal (Gray et al., 1988). Numerical changes are seen as changes
in the volume or bivariate mean of each peak, whereas translocations
cause changes in the DNA composition of chromosomes resulting in
the presence of a new peak (Gray et al., 1988; Lebo et al., 1986). Flow
karyotyping can be performed on standard high throughput
flow cytometers (e.g., BD LSRFortessa and Beckman Coulter MoFlo
Legacy) (Ng et al,, 2019). It is not widely utilized to study human dis-
ease but is applied to animal and plant cells (Frohlich et al., 2017,
Popescu et al., 1993; Schmitz et al., 1998; Stanyon & Stone, 2008).

22 | FISH
Flow cytometers have also been used to analyze specific chromosomes
and regions, including centromeres and telomeres, using FISH probes.
Flow FISH is primarily performed on isolated chromosomes or nuclei of
cells in interphase, but can also be achieved on preserved intact cells
(Keyvanfar et al., 2012). The FISH probes used generally bind to the cen-
tromeres by hybridizing to specific alpha satellite sequences of individual
chromosomes (Arkesteijn et al, 1995; Trask et al, 1985; Trask
et al,, 1988; van Dekken et al., 1990). Changes in the fluorescence inten-
sity emitted by the probe can identify abnormalities in the number of
chromosomes (Brind'’Amour & Lansdorp, 2011; Keyvanfar et al., 2012).
For example, a chromosome gain (e.g., trisomy) increases the fluorescence
intensity compared to normal due to the presence of an extra chromo-
some; whereas with a chromosome loss (monosomy) there is a decrease.
Examples of the clinical applicability have been demonstrated for the
analysis of chromosomes 1, 8, and Y in leukemia (Arkesteijn et al., 1995).
Telomeres and their length have also been studied by flow cyto-
metry by measuring the fluorescence of the labeled peptic nucleic acid
(PNA) probe (Alder et al., 2018; Aubert et al., 2012; Baerlocher
et al., 2006). PNA probes differ from conventional DNA FISH probes,
by having different underlying chemistry, allowing them to bind more
readily to complementary nucleic acid sequence and with higher affin-
ity (Genet et al., 2013). Telomere flow FISH also generates an inten-
sity value which represents relative but not absolute telomere length.
Using reference samples of known telomere length and calibration
controls allows this data to be used to calculate approximate telomere
length. (Rufer et al., 1998; Wand et al., 2016). Telomere flow FISH has
been applied clinically to detect shortened telomeres. These can be
due to inherited mutations resulting in decreased telomere length and
causing accelerated aging (Armando et al., 2019; Mangaonkar &
Patnaik, 2018; Stanley & Armanios, 2015).

2.3 | Chromosome sorting

Fluorescence-activated cell sorting, introduced in the mid-1970s, can

be used to isolate chromosomes with high yield and purity (Gray,

(o{l])|[e7-Y\MeA4l0) 114 WILEY—

1975;

et al., 1975). The ability to generate a large number of chromo-

Carrano, Moore, et al., Gray, Carrano, Steinmetz,
somes has led to the widespread use of this technique in under-
standing DNA. The principle relies on the ability to generate
droplets containing the chromosomes of interest. The instrument
adds a charge to the droplets containing the desired chromosomes,
which are then deflected in a static electric field into a collection
vessel. The collected chromosomes can then be processed with
other downstream techniques for further investigation (Dolezel
et al., 2011; lbrahim & Van Den Engh, 2004). Flow sorting of chro-
mosomes has been utilized in the preparation of genomic libraries,
chromosome paints, mapping of genetic markers and was crucial in
the early stages of the “Human Genome Project” (lbrahim & Van
Den Engh, 2004; Monard, 2016; Van Dilla et al., 1986; Van Dilla &
Deaven, 1990).

research, flow karyotyping and sorting has been crucial to isolate

In addition to application in human disease

and understand the chromosomes of plants and animal (Dolezel
et al,, 2021; Yao et al., 2020). Yao et al., 2020 have shown the
effectiveness of flow karyotyping and sorting in isolating complex
chromosomes of sheep prior to sequencing. This approach has then
been applied to study chromatin conformation, BAC library con-
struction, optical mapping and sequencing amplified chromosomal
DNA of plants (Dolezel et al., 2021).

3 | IMAGING FLOW CYTOMETRY:
PRINCIPLES

Imaging flow cytometers were first reported in the late 1970s.
These used slit scanning flow cytometry, strobed illumination tech-
niques, and flying spot scanning (Cambier et al., 1979; Kachel
et al,, 1979; Kay et al., 1979). Further developments in instrumen-
tation have led to the incorporation of digital image capture com-
bined with standard high-throughput flow cytometry capability
(Barteneva et al., 2012; Basiji et al., 2007). The inclusion of imagery
brings a new dimension to the analysis of chromosomes, as will be
described. There are a number of imaging flow cytometry instru-
the Amnis
ImageStream™ markll, Amnis FlowSight, Sysmex MI-1000, spectral

ments available or in development, such as
resonance modulator (SRM) flow cytometer, and virtual-freezing
fluorescence imaging flow cytometer (Basiji et al., 2007; Huang
et al., 2016; Mikami et al., 2020). Instrument configuration varies in
the number of lasers (presently up to 6), fluorescence channels and
the method of image and fluorescence capture. The types of imag-

ing technologies include:

1. Camera based imaging device which utilizes either charged couple
device (CCD) or complementary metal-oxide semiconductor, for
example, ImageStreamX (Basiji et al., 2007) and virtual freezing
imaging flow cytometry (Mikami et al., 2020).

2. Photomultiplier (PMT) tube-based imaging device which utilizes
PMT combined with a technique named spatial-temporal transfor-

mation, for example, 3D imaging flow cytometry (Han & Lo, 2015).

Reshaping Oncology Research Through Imaging Flow Cytometry
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This review will focus on imaging flow cytometry utilizing CCD, spe-
cifically the Amnis ImageStream*, as this has been most commonly
reported for the analysis of human chromosomes.

Key components of the Amnis ImageStream™ are image magnifi-
cation, extended depth of field and digital cameras. The microscope
objectives in the device, commonly x20, x40, and x60, give the
operator the option to determine the degree of magnification required
to identify the cell and chromosome of interest. Reports indicate for
chromosome applications, both the x40 and x60 objectives enable
high resolution analysis of the probe signal (Hui et al, 2019;
Minderman et al., 2012; Sanderson & Simon, 2017). The “extended
depth of field” (EDF) functionality is another key feature required for
chromosome analysis. EDF incorporates a specialized element in the
standard optical system that causes light from widely different focal
positions in the object to be imaged and in focus on the detector
plane simultaneously, a process called Wavefront Coding™ (Ortyn
et al., 2007). Wavefront coding uses a special optical element near the
aperture stop which makes the imaging system insensitive to a range
of mis-focus related aberrations thereby extending the depth of field
of the system. Images acquired using EDF have an effective depth of
field of approximately 15 pm with all cellular components, even as
small as 2 um, in precise focus. This results in a high-resolution image
of the cell as well as all cellular features simultaneously in focus (Basiji
et al., 2007). This is especially important when analyzing large cells as
the standard image focal plane is set to the center of the core stream
however the part of the cell that is of interest (e.g., nucleus) may be at
the front or back of the stream therefore appearing out of focus.

The digital cameras in the imaging flow cytometer capture images of
all cells. There are different camera types, including CCD with time delay
integration (TDI) and beam scanners with a scientific complementary
metal-oxide semiconductor camera (Basiji & O'Gorman, 2015; Mikami
et al., 2020). TDI works by accumulating multiple continuous exposures
of a moving object at a rate that is synchronized with the motion of the
object. By combining it with a CCD camera it produces an effect that is
akin to panning the camera to track the object. The outcome is that
CCD-TDI cameras allow cell images to be collected while in motion and
without streaking (Basiji, 2016). The need to achieve synchrony and
alignment between the motion of the object and the read-out rate of the
camera does however hinder the capacity to integrate sorting capabilities
(Han et al., 2016).

A number of software tools can be used to facilitate analysis of
the digital images. First, “masks”, or specified regions within the cell
of interest, can be selected and digitally “isolated” (Figure 2)
(Dominical et al., 2017). These masks are akin to “gates” which are
applied to interrogate a specific part of an object of interest on the
digital images. For chromosomal analysis, masks have been used to
target the cell nucleus or FISH probe signals and further evaluation is
restricted to this selected cellular region. This makes the creation of
accurate masks the cornerstone for image-based analysis; suboptimal
masks can lead to other parts of the cells, that are not of interest,
being evaluated (Dominical et al., 2017). Once a mask is determined,
parameters within that area of interest can be assessed. For example,
the localization, enumeration, size, shape, and fluorescence intensity

Reshaping Oncology Research Through Imaging Flow Cytometry
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Probe Mask Nuclear Mask Combined Masks

Overlay

()

FIGURE 2 Imaging flow cytometry galleries showing image
analysis of cells, their nuclei and FISH probe hybridization (x 60
magnification). (a) Two cells with specific hybridization with the probe
colocalised to the nucleus, as shown with the “Combined Masks”.

(b) A cell with nonspecific hybridization. The FISH probe signal is
outside and not overlying the nucleus

of an object such as a chromosomal signal can be interrogated. It is
this combination of in-focus digital images and ability to isolate a spe-
cific cell region of interest, that makes chromosomal analysis by imag-

ing flow cytometry possible (Figure 2) (Hui et al., 2018).

4 | CHROMOSOME ANALYSIS BY
IMAGING FLOW CYTOMETRY

The application of imaging flow cytometry to study chromosomes on
cells in suspension was pioneered by Minderman et al. (2012). Termed
“FISH in solution” (FISH-IS), they showed that the number of copies
of chromosomes X, Y and 8 in normal leucocytes and leukemic cells
could be determined using centromeric FISH probes. The method
they used required initial cell fixation, exposure to high temperature
to denature double stranded DNA, followed by hybridization of the
FISH probes to the complementary DNA sequence. DAPI stain was
applied to highlight cell nuclei and a minimum of 20,000 cells acquired
in the imaging flow cytometer. IDEAS software was used for evalua-
tion of single cells in focus with bound FISH probe based on
brightfield image analysis and probe fluorescence intensity. Masking
of FISH signals (“spots”) was achieved by utilizing the software image
analysis features to identify the centromeric FISH probe fluorescence
signals. Accuracy of the masks applied was confirmed by manually
visualizing the generated images from the digital cameras. The soft-
ware was then able to enumerate the number of probes in each cell
providing the overall spot count profiles (Figure 3). The capacity to
interrogate FISH probe spots based on combined morphology and
fluorescence features on tens of thousands of cells improved the sen-
sitivity and utility of this technique.

Minderman et al. then used fluorescence intensity measurements
to take into account heterogeneity of FISH hybridization (e.g., due to
incomplete saturation or asynchronous replication of sequences) and
the possibility of overlapping FISH spots. This was to distinguish
between the possibility of two aligned FISH signals being mis-
interpreted as monosomy due to the presence of a single spot on the

imagery. This verification method was shown to be important as it
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FIGURE 3 Analysis of chromosome 12 in a normal blood. (a-c) The sequential gating strategy used to generate FISH data (d, e) using IDEAS
software. (a) Single cells are identified using area and aspect ratio. (b) In focus events are selected based on high gradient root mean square (RMS)
value of the brightfield image. (c) Intensity versus max pixel of the probe channel identifies cells with signals from hybridized CEP12 probe.

(d) Spot count profile for the selected cells. (e) Cells with dual CEP12 probe signals (x 60 magnification).

Source: Adapted from Minderman et al., 2012

was estimated there is at least 12.4% chance of overlapping signals
for each FISH probe; further, this would increase with additional pro-
bes used (Minderman et al., 2012). Two overlapping spots gave twice
the mean fluorescence intensity of a “real” single FISH signal
(Figure 4). Cases of trisomy with a true third FISH signal would have
1.5x the fluorescence of true disomy (2n). By assessing the mean
fluorescence intensity of FISH “spots”, the authors were able to
detect monosomy, disomy, and trisomy for the chromosomes studied.
This was accurate in detecting genetic aberrations with a sensitivity of
1% based on 20,000 cells analyzed and had high correlation
(R? = 0.99) with standard FISH (Minderman et al., 2012). However, at
levels below 1% there was an increase in false positive rates requiring

for the manual inspection of the selected population.

5 | CHROMOSOME ANALYSISIN
IMMUNOPHENOTYPED CELLS

The next development was the incorporation of immunophenotyping
to identify the cell of interest. This technique, developed by Fuller
et al., was shown to increase precision by ensuring chromosomes
were only assessed in cells with a specific antigenic profile (Fuller
et al,, 2016). Termed “Immuno-S-FISH” this method required no prior
cell separation or isolation and could detect FISH probe signals in

specific cell types identified by the phenotypic profile. Evaluated on
normal lymphocytes, this method could detect chromosome 1, using a
centromeric probe, in >90% of normal T and B lymphocytes identified
with CD3 and CD19 antibodies (Figure 5).

In this seminal work, Fuller et al. demonstrated the importance of
preserving cellular integrity, including the surface membrane antigens,
while ensuring FISH probes could access nuclear material and hybridize
to denatured DNA. This posed several challenges as optimal FISH condi-
tions are damaging to cell structure, antigens and the antibody fluores-
cent signal. They highlighted the importance of cell phenotyping with
fluorescent-conjugated antibodies being performed prior to FISH; revers-
ing the order resulted in increased nonspecific antibody binding to the
cells. To preserve the antibody-fluorochrome conjugate, an amine cross-
linker was required to stabilize the antibody-antigen complex on the cell
membrane prior to commencing the FISH process. The amine cross-
linker bis(sulfosuccinimidyl)suberate (BS3) is a noncleavable, membrane-
impermeable and water-soluble cross-linking agent. BS3 is commonly
used to cross-link cell surface proteins in order to identify near-neighbor
protein relationship and ligand-receptor interaction by stabilizing the
protein-to-protein complexes (Suchanek et al., 2005). Fuller et al. found
that when used after antibody staining BS3 can preserve immuno-
phenotyping throughout acid incubation and the high temperatures
required for FISH (Fuller et al., 2016). A post-phenotyping fixation step
(4% formaldehyde) was then used to preserve cellular integrity while
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Fluorescence verification of probe spot counts for CEP12. (a) Cells hybridized with CEP12 categorized as having one spot (cell

2793), two spots (cell 546), or three spots (cell 114). (b) Histograms showing CEP12 fluorescence Intensity. The intensity of cells with two CEP12
spots are gated (2n) and this gate was applied to the one-spot and three-spot populations. (c) Fluorescence adjustment verification shows most of
the 1-spot population have two overlapping probe signals. Cells with additional chromosomal material (e.g., trisomy) have higher fluorescence

intensity than 2n of disomic cells (x 60 magnification)

retaining sufficient immunophenotyping fluorescent signal for detection.
Alternate fixatives, such as Carnoy's solution, were found to be less suit-
able as they caused shedding of some antibodies and/or quenching of
the fluorophore signal.

FISH probe hybridization was performed after antibody labeling,
cross-linking and fixation; the method used bore similarities to those
developed by others. However, Fuller et al. found that an additional
acid incubation step was necessary to promote denaturation of
double-stranded DNA and allow probe hybridization to the comple-
mentary DNA sequence. Their protocol also included a cell membrane
permeabilisation step with a nonionic detergent to allow probes to
enter the DNA with minimal cellular structure disruption. FISH probes
were then added and after overnight hybridization, samples were sta-
ined with a nuclear marker prior to analysis.

To evaluate the chromosomes, Fuller et al. gated in focus, single and
nondividing cells (based on nuclear marker intensity) and used the “Spot
Count” feature to count the number of probe “spots” per cell using the
FISH probe fluorescence mask. This calculation analyses the pixel intensity
of the probe spots to cell background ratio, the radius of the spots and the
intensity of the probe fluorescence (Figure 5). The spot count profile was
then verified and, by fluorescence intensity adjustment accounting for

Reshaping Oncology Research Through Imaging Flow Cytometry

overlapping spots (as described by Minderman) and nonspecifically hybrid-
ized probes, an adjusted spot count result was generated. The data was
presented as the number and percent of all cells, and those with the phe-
notype of interest, with the specific chromosomal change.

This principle of simultaneous assessment of chromosomes and
phenotype had already been established in tissue pathology. “FIC-
TION” (“fluorescence immunophenotyping and interphase cytogenet-
ics as a tool for the investigation of neoplasms”) and immunoFISH are
both methods used on sections of fixed tissue to assess FISH in
immunophenotyped cells (Mattsson et al., 2007; Weber-Matthiesen
et al, 1992, 1993, 1995). Immuno-S-FISH also assesses chromosomes
by FISH in immunophenotyped cells. The differences are the starting
material is fresh (i.e., blood samples), many thousand intact whole cells
are evaluated, the analysis is automated on an imaging flow cytometer
and numerical data as well as imagery is generated.

5.1 | Applications to blood cancers

The first demonstration of the use of FISH on immunophenotyped

human cancer cells using imaging flow cytometry was published in
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Immuno-S-FISH analysis of normal blood demonstrating CEP1 probe hybridization. (a) Cells were gated for those in focus based

on high root mean square (RMS) gradient value of the brightfield image. (b) Single cells were selected based on a scatter plot of Aspect Ratio
versus Area. (c) A fluorescence histogram of Hoechst 33342 used to select for nondividing cells. (d) Surface antigen expression of CD19-BB515
and CD3-AF647 was used to identify T and B lymphocytes. (e) Spot count histogram of the T lymphocytes generated using the “peak” mask. (f)
Galleries of a T (cell 306) and B lymphocyte (cell 789) with two FISH spots for the centromere of chromosome 1. Overlay images are a merge of
cell surface immunophenotype, CEP12 probe and Hoechst (x 60 magnification).

Source: Data was based on 20,000 cells analyzed. Adapted from Fuller et al., 2016

2018 (Hui et al, 2018). Both numerical and structural chromosomal
changes have now been reported for the blood cancers, chronic lympho-
cytic leukemia (CLL) and plasma cell myeloma (Erber et al., 2020; Hui
et al., 2018; Hui et al.,, 2019). Immuno-S-FISH was refined to improve
the percent analyzable cells, range of detectable antigens, suitable FISH
probes (e.g., locus specific) and an expanded fluorophore repertoire. The
resulting protocol, called “immuno-flowFISH”, has been studied for tri-
somy 12 and micro-deletions of 17p (del(17p)), two prognostically signifi-
cant abnormalities, in CLL. Utilizing a phenotypic panel to identify CLL
cells in blood samples, and the CEP12 centromeric probe, Hui et al. were
able to identify trisomy 12 in CLL cells and distinguish these from T and
B lymphocytes (Figure 6). Up to 20,000 cells were acquired and the num-
ber of cells with trisomy 12 ranged from as few as 26 to 9000 (0.1-46%
of CLL cells). In the digital images, three CEP12 FISH spots could be seen
in the CLL population, and two spots in the normal T and B lymphocytes.
The ratio of spot counts comparing the CLL with normal lymphocytes
was shown to be a useful mathematical tool to screen for trisomy 12.
Called a “spot count ratio”, this utilized the quantitative data from the
software and calculated as follows:

Mean spot count CLL cells

Spot tratio=
potcount ratlo Mean spot count normal T lymphocyte

A chromosomal gain in the CLL cells, gave a ratio that exceeded one,

whereas with a normal result the ratio was one (Figure 6). An

abnormal ratio could then be verified by assessing the imagery of indi-
vidual cells. Since 20,000 cells were captured, the data for this ratio
was found to be robust and a useful indicator for the presence of an
abnormality within the CLL cells.

The 17p locus, a critical region of study because of TP53, has also
been assessed by immuno-flowFISH in both CLL (blood) and plasma
cell myeloma (bone marrow) (Erber et al., 2020; Hui et al., 2019). Dele-
tion of 17p is predictive of poor prognosis in both malignancies, and
treatment decisions are based on the presence of this chromosomal
defects (Avet-Loiseau et al., 2007; Déhner et al., 2000). For CLL, anal-
ysis was with a 3-antibody panel and 2 FISH probes (17p12 and chro-
mosome 17 centromeric probe [CEP17]) (Figure 7). The FISH probe
fluorophores used were SpectrumGreen and OrangeRed, with emis-
sion spectra of 524 and 565 nm, respectively. Careful choice of anti-
body fluorophores was required as the standard channels were
utilized by the FISH probes, leaving only channels suitable to tandem
dyes available. Most protein-based tandem dyes (e.g., PECy5, PECy7,
and APCCy7) were found to be unsuitable for Immuno-S-FISH and
Immuno-flowFISH analysis. In contrast, synthetic polymer-based tan-
dem dyes (e.g., BV480, BV605) were able to withstand the low pH
and high temperature conditions required for optimal FISH hybridiza-
tion (Fuller et al., 2016; Hui et al., 2018). For plasma cell myeloma,
two antibodies (CD38 and CD138) were used to identify plasma cells
(Figure 7). CEP17 was included as an internal numeric control to

ensure diploid chromosome 17 signals. This would mean that if there
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Immuno-flowFISH for CEP12 in CLL. (a) Gating of CLL cells by CD19+/CD5+ and T lymphocytes by CD19—/CD5+. (b) Spot

count ratio comparing CLL with the T lymphocytes. The ratio of 1.18 indicates additional copies of chromosome 12 in the CLL cells. (c) Digital
images confirmed the presence of trisomy 12 (+12) as shown in cell 6069 with three CEP12 signals. Trisomy 12 was seen in 40% of the CLL cells.
Another CLL cell (cell 2718) and a normal T lymphocyte (cell 1125) with normal CEP12 two-spot pattern are shown (x 60 magnification).

Source: Data was based on 20,000 cells analyzed. Adapted from Hui et al., 2019

was only one spot for the “test” probe (17p12), that it was due to loss
of this region of the chromosome and not monosomy.

Del(17p) could be detected in both CLL and myeloma plasma
cells, as identified by their phenotype (Figure 7). The number and per-
cent CLL cells with del(17p) ranged from 270-35,441 cells (2-35% of
CLL cells) with a limit of detection of 0.4% of all cells in the sample.
For myeloma, del(17p) was detected in 2340-2964 plasma cells (13-
19%), giving a limit of detection of 1% of cells (Erber et al., 2020).
These impressive data suggest that with further validation, immuno-
flowFISH may prove to be more sensitive than traditional FISH-on-a-
slide which has a reportable positive cut-off of 5-7%. If confirmed,
immuno-flowFISH could potentially be used to monitor residual dis-
ease following therapy (e.g., autologous transplantation for myeloma).

5.2 | Application to telomeres

Telomere length has also been assessed by imaging flow cytometry by
integrating FISH with antibody-based immunophenotyping for a range
of other cell types such as Hela cells and normal blood mononuclear
cells (Figure 8) (Sanderson & Simon, 2017). These authors used a num-
ber of fluorophore-conjugated antibodies (including CD27, CD19,
CD45RA, IgM, CD38, and CD8). Telomere detection was carried out
by hybridizing unfixed cells with PNA-FITC probe and a total of

Reshaping Oncology Research Through Imaging Flow Cytometry

30,000 events were collected on ImageStream 100 or ImageStream*
markll flow cytometers. Similar to the previously described analyses,
specific cell types identified by their phenotype were analyzed for
telomere expression. The study by Sanderson et al. emphasized that
image-based analysis of telomere length can provide a better correla-
tion of telomeric length with age than fluorescence intensity measure-
ments alone. The addition of immunophenotyping now also enables
telomere length to be determined by using a spot count per cell rather

than traditional intensity only.

6 | ATTRIBUTES OF IMAGING FLOW
CYTOMETRY FOR CHROMOSOMAL

ANALYSIS
Imaging flow cytometry, particularly incorporating immuno-
phenotyping, has already shown to have potential for the assessment
of chromosomes in human disease. Attributes of imaging flow cyto-

metry for chromosomal analysis are:

1. the high number of cells that can be analyzed increasing sensitivity

2. there is no need for any pre-analytical cell isolation or sorting

3. high-throughput and high quantity analysis of whole cells in
suspension
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FIGURE 8 Telomere immuno-flow FISH of normal blood. (a) Normal T lymphocyte (CD3+/CD19-), (b) Normal B lymphocyte (CD3—/CD19+)

(x40 magnification).
Source: Clynick et al., unpublished data

4. the power of digital images which allows simultaneous visualiza-
tion of cells, their nucleus, phenotype and chromosomal signal at
high throughput with single cell resolution

5. depth of field enabling the cell and FISH spot count images to be
in focus

6. improved specificity through the positive identification of cells of

interest based on immunophenotype

The digital images and ability to detect FISH signals are a major
advance over standard flow cytometry for analyzing chromosomes.
Specifically moving from fluorescence intensity measures to being
able to see the cells and their chromosomal signal. Further, when
combined with a nuclear stain, provides direct confirmation of the

localization of the FISH signal. This has three main advantages: first,

the ability to see the FISH spot over the nuclear stain provides evi-
dence of specific chromosome labeling and reduces false positive
results. Second, the visual images provide objective data and over-
come the limitations of using mean fluorescence intensity or other
indirect subjective data interpretation. Third, the incorporation of
immunophenotypic analysis of cytological samples ensures that the
FISH signal is only interpreted in the positively identified cell with
the antigen expression pattern of interest.

FISH analysis by imaging flow cytometry does not require pre-
analytical cell isolation as cell identification comes from standard
immunophenotypic gating. This increases the specificity over traditional
FISH which only assesses cell nuclei, and not specific cell populations.
This has limitations when the cell of interest (e.g., neoplastic cell) makes

up only a sub-population of the sample. Hence the chromosomal
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analysis could be of any cell type in the sample. This is addressed with
some FISH applications, such as plasma cell myeloma where
CD138-positive cell isolation is commonly performed.

Test sensitivity is also greatly increased as tens of thousands of
cells are analyzed in a single test; this is in comparison with standard
FISH which typically only assesses nuclei of 200 cells. To date, the
limit of detection of immuno-flowFISH has been reported as being
able to detect a chromosomal defect when present in less than 1% of
cells in the sample (Erber et al., 2020; Hui et al., 2019). Acquiring data
for thousands of cells and restricting analysis of cytogenetic features
to cells with a specific phenotype, shows potential of this approach
for chromosomal analysis for detecting rare events.

7 | THE FUTURE OF IMAGING FLOW
CYTOMETRY FOR CHROMOSOMAL
ANALYSIS

Imaging flow cytometry for chromosomal analysis is still in its infancy
and its precise place in the repertoire of cytogenomic testing for
human disease requires further work. There are technical and analyti-
cal issues that are still to be assessed prior to the method being ready
for clinical applications. These include the need for beta testing in
multiple sites and clearing regulatory requirement for in vitro diagnos-
tic products from the relevant governing body such as the U.S Food
and Drug Administration. Testing to date has been restricted to blood
and bone marrow which require minimal treatment for single cell anal-
ysis. Further work is required to evaluate the applicability of the tech-
nigue to other cytological specimens (e.g., fine needle aspirate) and
cells extracted from fresh solid tumor samples. Other aspects in rela-
tion to the sample that remain to be validated include the optimal
anticoagulant and time from collection to analysis. Published literature
has suggested that different anticoagulants and the length of time
blood was in the anticoagulant may have a detrimental effect on the
expression of some surface markers (Diks et al, 2019; Dorwal
et al.,, 2014; Stetler-Stevenson et al., 2016). Lastly evaluation of the
technique on larger patient cohorts and across multiple laboratories is
required to confirm the clinical utility of this approach (Hui
et al., 2019; Minderman et al., 2012).

Other antibodies and fluorophores need to be studied, specifically
to determine whether they can withstand the low pH environment and
high heat necessary for an immunophenotyping FISH technique. The
effect of permeabilisation of cells for intracellular staining (e.g., TdT or
myeloperoxidase, or cell cycle Ki67) prior to stabilization and fixation is
unknown and will require additional investigation. Commonly used
bright immunophenotyping fluorophores such as PE, APC and their tan-
dem conjugates lose their fluorescence after incubation in acid and
hybridization at high temperature (Fuller et al., 2016). FISH probes have
been designed for fluorescent microscopy and are generally produced
with a limited rage of fluorophores such as FITC and TexasRed. Use of
these fluorophores for the FISH component has placed restrictions on
the fluorophores that can be used for the immunophenotyping. New
synthetic-based polymer fluorophores provide a promising avenue to

Reshaping Oncology Research Through Imaging Flow Cytometry

STANLEY ET AL.

expand the number of parameters with this technique providing a more
stable base structure and tandem conjugation chemistry in low pH and
high temperature protocols (Panchuk-Voloshina et al., 1999; Roura
et al., 2016; Skotheim & Reynolds, 2007).

Imaging flow cytometry devices have significantly lower through-
put than standard flow cytometers. The Amnis ImageStream* markll,
for example, has a throughput speed of up to 6000 cells/s, but with
chromosomal analysis requires acquisition speeds of <1000 cells/s for
highest sensitivity image analysis. This is ten times slower than that of
standard flow cytometers such as the BD FACSCantoll or Beckman
Coulter Aquios CL. However for an imaging flow cytometer which uti-
lizes a CCD camera, there is a limitation in its maximum speed due to
the manner in which fluorescence photons are collected and trans-
ferred without electron multiplication (Han et al., 2016). Although
acknowledged, to date, this lower acquisition speed has not been rec-
ognized as a problem.

Advances in instrumentation are likely to occur over the coming
years as the technology becomes more widely adopted. This could
include auto-sampling and image-based sorting of specific chromosomal
populations for further analysis. Prototype instruments such as the ENMA
by CYBO, enable real-time cell sorting based on morphological features at
a throughput of 100 cells/s (Isozaki et al., 2020; Nitta et al., 2018).

Advances in data analysis software are ongoing with the release
of IDEAS v6.3 and Amnis Atrtificial Intelligence (Al) Image Analysis
Software packages (Probst et al., 2020; Pugsley & Kong, 2020). These
should enhance the sensitivity for detection of dim FISH spots, as
seen with small probes, and reduce operator input into the analysis.
The future could see machine learning software providing automated
analysis of cytogenetic aberrations. This would increase automation,
provide objective analysis and standardize interpretation. Machine
learning could also add a new dimension to data handling and reveal
FISH images as well as morphological profiles currently undetectable
by eye or the software (Doan et al., 2018). This is exemplified in
telomeric FISH where image-based analysis is already capable of
achieving better separation of cells with different telomere lengths
compared to operator selected fluorescence intensity measurement.

In summary, chromosomal analysis by imaging flow cytometry is
showing enormous promise and has already been described as a “new
frontier” in cytogenomics of cytological specimen (Weissleder &
Lee, 2020). The ability to identify chromosomes and abnormalities in
specific cell types in human disease has been a significant break-
through. The techniques developed using imaging flow cytometry are
likely to become a valuable addition to chromosome analysis in a
range of disorders at diagnosis, for assessing low level circulating cells
with a chromosomal defect and detecting residual disease following
therapy. The technology may also open avenues for the detection of
emergent and drug-resistant new clones following therapy.
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Abstract

DNA double strand breaks (DSB) induced by ionizing radiation (IR) are usually measured
using YH2AX/53BP1 DNA repair foci, that is considered to be the most sensitive assay
for DSB analysis. While fluorescence microscopy (FM) is the gold standard for this anal-
ysis, imaging flow cytometry (IFC) may offer number of advantages such as lack of the
fluorescence background, higher number of cells analyzed, and higher sensitivity in
detection of DNA damage induced by IR at low doses. Along with appearance of
yH2AX foci, the variable fraction of the cells exhibits homogeneously stained yH2AX
signal resulting in so-called yH2AX pan-staining, which is believed to appear at early
stages of apoptosis. Here, we investigated incidence of yH2AX pan-staining at different
time points after irradiation with y-rays using IFC and compared the obtained data with
the data from FM. Appearance of yH2AX pan-staining during the apoptotic process
was further analyzed by fluorescence-activated cell sorting (FACS) of cells at different
stages of apoptosis and subsequent immunofluorescence analysis. Our results show
that IFC was able to reveal dose dependence of pan-staining, while FM failed to detect
all pan-staining cells. Moreover, we found that yH2AX pan-staining could be induced
by therapeutic, but not low doses of y-rays and correlate well with percentage of apo-
ptotic cells was analyzed using flow cytometric Annexin-V/7-AAD assay. Further inves-
tigations showed that yH2AX pan-staining is formed in the early phases of apoptosis
and remains until later stages of apoptotic process. Apoptotic DNA fragmentation as
detected with comet assay using FM correlated with the percentage of live and late
apoptotic/necrotic cells as analyzed by flow cytometry. Lastly, we successfully tested
IFC for detection of yH2AX pan-staining and yH2AX/53BP1 DNA repair foci in lym-
phocyte of breast cancer patients after radiotherapy, which may be useful for assessing

individual radiosensitivity in a clinically relevant cohort of patients.

KEYWORDS
53BP1, apoptosis, breast cancer, human lymphocytes, imaging flow cytometry, ionizing
radiation, Metafer, radiotherapy, yH2AX foci and pan-staining
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DNA repair foci assay is considered as the most sensitive among the 21 | Chemicals

methods used for analysis of DNA double strand breaks (DSB) [1-4].
After DSB induction, histone H2AX is phosphorylated across affected
2 Mb-sized chromatin domain (yH2AX when phosphorylated). This
phosphorylation is recognized by other downstream factors such as
Mediator of DNA damage checkpoint protein 1 (MDC1), Nijmegen
breakage syndrome protein 1 (NBS1), and tumor suppressor p53 bind-
ing protein 1 (53BP1), which create so-called DNA repair foci at the
location of DSB. yH2AX [5] and 53BP1 are the most commonly used
biomarkers for the DSB assessment [6]. In particular, DNA repair foci
are used for assessing DSB induced by ionizing radiation (IR) at low
and therapeutic doses [1,2,7-9] . Peripheral blood lymphocytes (PBL)
are often used for such assessment in radiobiological studies due to:
(a) PBL are easy to obtain, (b) nearly all PBL are in the same cell cycle
phase, and (c) ability of PBL to be used for clinical applications While
53BP1/yH2AX biomarkers were already used to predict the adverse
effect of radiotherapy in PBL of breast cancer (BC) patients using fluo-
rescence microscopy (FM) [10-12], the method was not shown to be
appropriately sensitive and specific. Along with yH2AX foci, some
cells undergoing apoptosis display whole nuclei yYH2AX pan-staining,
[2,8,13-16]. Imaging flow cytometry (IFC) is a method that combines
the imaging features of FM with speed and quantitative analysis of
flow cytometry. It is able to analyze more cells faster and directly from
the tube what could prevent cell loss, it could be more useful and
powerful in assessing YH2AX pan-staining compare to FM, which
tends to be more subjective and less quantitative than IFC due to its
laborious nature.

Ding et al. showed that yH2AX pan-staining was induced by
0.5 Gy of X-rays and co-localized with the total phosphorylation of
ATM and DNA-PKGcs kinases in fresh adult human PBL [17]. Anglada
et al. sorted live, early, and late apoptotic lymphoblasts 24 h post-
irradiation and found yH2AX pan-staining in both fractions of apo-
ptotic cells [18]. Turesson et al. had used YH2AX pan-staining for
assessment of apoptosis in skin biopsies from cancer patients
undergoing local radiotherapy for evaluation of individual radiosen-
sitivity [19]. During apoptosis of human lymphocytes, 2 Mb DNA
loops are cleaved from chromosomal DNA followed by subsequent
cleavage to 50 kb fragments and further fragmentations to
oligonucleosomes [20,21]. Fragmentation of DNA present in differ-
ent stages of apoptosis has been studied previously by Czene and
colleagues using the comet assay [22]. In this work we aimed to
study induction of yH2AX pan-staining by low and high doses of
y-rays by IFC in lymphocytes from umbilical cord blood (UCB) and
compare obtained data with FM results. We also aimed to study the
exact stage of the apoptotic process when yYH2AX pan-staining is
present. Next, we studied apoptotic DNA fragmentation by comet
assay and compared the results with standard cytometric Annexin-
V/7-AAD assay and IFC analysis of yH2AX pan-staining. Lastly, we
aimed to test IFC-based yH2AX foci and pan-staining analysis in the
BC PBL.

Reagent grade chemicals were obtained from Millipore Sigma
(Burlington) and Thermo Fisher Scientific (Waltham).

22 | Cells

This study has been approved by the Ethics Committee of Children's
Hospital in Bratislava and the Institutional Review Board of the
National Cancer Institute, Bratislava. Written informed consent was
obtained for each participant. Mononuclear cells (MNC) were
extracted from umbilical cord blood (UCB) as previously described [8]
and were provided by Dr. M. Kubes, Eurocord-Slovakia, Bratislava,
Slovak Republic. After separation, the cells were frozen and thawed
on the day of experiment as previously described [23]. Fresh blood
samples collected from five breast cancer (BC) patients were also
used. Patient's MNC were isolated from fresh blood by centrifugation
on lymphocyte separation medium (LSM) as described previously [10].
Adherent monocytes were removed from the sample by an incubation
of mononuclear cells for 2 h in RPMI medium supplemented with 10%
FBS and 100 IU/ml penicillin, 100 pg/ml streptomycin, at 37°C in a
5% COs-incubator. Viability of remaining lymphocytes was at least

95% as defined by the trypan blue exclusion assay.

2.3 | Irradiation

The MNC were irradiated in water bath on ice by yrays at the dose
rate of 0.35 Gy/min using a THERATRON® Elite 80 (MDS Nordion).
The irradiated cells were quickly warmed up to 37°C in a water bath
and then incubated at 37°C in a CO,-incubator till time of analysis.

24 | Imaging flow cytometry

IFC was performed as described previously [2,24]. Briefly, after incu-
bation, 3 million cells were washed with cold PBS, and fixed in cold
3% paraformaldehyde. The cells were resuspended in 70% ethanol at
—20°C and stored overnight. The next day, the cells were rehydrated
in buffer containing PBS, 1% bovine serum albumin, and 0.1% Triton
X-100, centrifuged and incubated for 2 h at room temperature with
the primary antibodies: 53BP1polyclonal/rabbit (Novus biologicals,
Cambridge, United Kingdom) and yH2AX monoclonal/mouse (Novus
biologicals), at 1:800 and 1:500 dilution, respectively (Novus biologi-
cals). After washing in PBS, the secondary antibody mix: FITC IgG (H
+ L) anti-mouse, 1:100 (Beckmann Coulter, Brea) and Alexa Fluor
488 antirabbit, 1:200 (Thermo Fisher Scientific), was added and incu-
bated for 1 h at room temperature in the dark. Finally, the cells were

stained with 3 uM DAPI (Thermo Fisher Scientific). From each sample,
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at least 1000 cells were captured using the ImageStreamX (Luminex)
at 60x objective with the extension depth of field 1 (EDF1) turned
on. Three lasers, 405, 488, and 785 nm, and CCD camera were used
to analyze DNA, yH2AX/53BP1, granularity, and cell morphology,
respectively, in four channels. Images of cells were acquired at the
rate of 10-50 cell/sec.

Image compensation was performed on cells fixed 30 min after
irradiation with 2 Gy. The cells stained with anti yH2AX-
FITC/53BP1-AF488 only and DAPI only were used for generating the
compensation matrix. The compensation matrix was calculated auto-
matically by the IDEAS 5.0 compensation wizard.

Using the IDEAS software, DNA repair foci and percentage of
yH2AX pan-staining cells were quantified in appropriate cells, which
were selected as described earlier [2]. Briefly, single round-shaped,
well focused, DAPI positive lymphocytes were gated. Next, the
selected cells were divided according to their yH2AX signal into
yH2AX pan-stained and non-pan-stained cells (Figure S1). Threshold
between the yH2AX pan-stained and non-pan-stained cells was set
manually after visual inspection of cells. DNA repair foci were counted
in non-pan-stained cells using the custom made masks for analysis of
yH2AX, 53BP1 or yH2AX/53BP1 co-localizing foci, using Spot, Peak
and Intensity features as previously described [2]. First, Spot feature
was used for the selection of spots with size at least 1 pixel and spot-
to-background ratio of 3. Second, Peak feature was used to select
spots with the spot-to-background ratio 1. Third, by Intensity feature
and based on inspection of cell images a threshold was set for discrim-
ination of foci with the lowest intensity from background fluorescence
(for masking example see Figure 6A). IFC data were not uploaded to
the flow repository, due to their big size, so they are available upon

request.

2.5 | Fluorescence-activated cell sorting and
standard flow cytometry

Cells at different stages of apoptosis were analyzed using
Annexin/7-AAD assay as previously described. Briefly, cells in com-
plete RPMI medium were centrifuged and the pellet was resuspended
in 200 pl of Annexin-V staining buffer (Roche). Annexin-V-FIT-C con-
jugate (1:60) (Roche), CD45-V450 conjugate (1:100) (BD biosciences),
and 7-AAD (1:70) (BD biosciences) were added to the suspension and
incubated for 30 min at RT in dark. After washing with PBS, the cells
were diluted in 200 pl of Annexin-V staining buffer and analyzed using
BD (FACS) Canto |l

(BD biosciences). In experiments with cell sorting, cells were diluted in

fluorescence-activated cell  sorting
300 pl of Annexin-V staining buffer, and cells were sorted using the
BD FACS Aria

(BD biosciences).

special order research product cell sorter
We have sorted/analyzed three populations
according to the staining with Annexin-V and 7-AAD: live cells
(Annexin—/7-AAD-), early apoptotic (Annexin4-/7-AAD-), and late
apoptotic/necrotic (LAN) cells (Annexin+/7-AAD+) (Figures 2B

and S2).
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2.6 | Fluorescence microscopy

Sorted
(ThermoShandon) before being fixed with 3% paraformaldehyde solu-

cells were cytospun on microscopic cytoslides
tion and immunostained as previously described [8]. A primary anti-
body mix consisting of 53BP1 polyclonal/rabbit antibody at 1:800
dilution and yH2AX monoclonal/mouse antibody (both antibodies
from Novus biologicals) at 1:400 dilution was used. The secondary
antibody mix consisted of Alexa Fluor 488 IgG (H + L) anti-mouse,
1:200, and Alexa Fluor 555 1gG (H + L) anti-rabbit, 1:200 (Life tech-
nologies, Molecular probes). Upon immunostaining, coverslips
(Menzel-Glaser) were mounted on microscopic cytoslides with a
VECTASHIELD mounting medium (Vector Laboratories) and sealed
using a translucent nail polish. Two slides were prepared per treat-
ment condition.

The slides were scanned by a Metafer Slide Scanning System Ver-
sion 3.6 (MetaSystems) with a Zeiss Axio Imager Z1 microscope (Zeiss
Microscopy) using 63x objective. DNA repair foci were enumerated
and visual inspection of cell galleries. yH2AX, 53BP1, and co-localizing
yH2AX/53BP1 foci were enumerated in at least 150 cells from each
slide. Percentage of cells displaying YH2AX pan-staining was assessed
and foci were also counted in those cells. Results from two fields per

treatment condition were pooled together.

27 | Comet assay

Comet assay was performed as previously described [25]. Briefly, cells
were mixed with 0.75% agarose 24 h after irradiation and 50 pl of cell
suspension (3 x 10* cells) were put onto slides. Afterwards, cells were
lysed for 1 h in a fridge. Then slides were put into electrophoretic
buffer and incubated in a fridge for 40 min. After incubation, electro-
phoresis was run for 30 min at 25 V/0.3 A. After electrophoresis, cells
were washed with neutralizing buffer 3 times for 5 min. Next, slides
were washed with distilled water and dried overnight. Then the
slides were stored in cold and dark place and just before the analysis,
they were stained by ethidium bromide. At least 400 cells were
scanned by Metafer. Subsequently, cell galleries were inspected man-
ually and cells were divided into different categories of apoptotic
DNA fragmentation, namely non-defined fragments without fragmen-
ted DNA (NDF), cells with High-molecular weight fragments (HMWF),
and cells with Intermediate and low-molecular weight fragments
(IMWF + LMWF) [22].

2.8 | Statistics

Analysis of variance (ANOVA) and subsequent Fischer LSD test for
determining the difference between exact sample pairs was carried
out using Statistica 8.0 (Statsoft, Dell). Paired comparison between
the treatment conditions was performed using the two tailed t test in

Microsoft Excel. The results were considered significantly different at
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p < 0.05. Correlation between percentage of pan-staining cells and
cells in different stages of apoptosis was done using Spearman rank
order correlation test using Statistica 8.0. A coefficient of determina-

tion (R?) was calculated, which shows how well the data correlate.

3 | RESULTS
3.1 | Time kinetics of yH2AX pan-staining induced
by low and high doses of y-rays

We analyzed percentage of yH2AX pan-stained cells O, 4, 18, and
42 h after irradiation with 0.1 and 2 Gy of y-rays using IFC. Two pat-
terns of yH2AX pan-staining were observed as has previously been
described: (a) so called “apoptotic ring” [13], and (b) whole nuclei
staining [8]. The nuclei of cells with yH2AX pan-staining were of
smaller size displaying morphological markers of early apoptotic cells
with shrunk nuclei and condensed chromatin. Of note, cells with apo-
ptotic rings represented a very small fraction of the yH2AX pan-
stained cells. These findings are in line with our previous study [2],
where we have also observed these two types of pan-staining. The
level of endogenous yH2AX pan-stained cells rose after 42 h incuba-
tion of unirradiated control cells (t test, p = 0.02). Analysis of the
obtained data by univariate ANOVA revealed that yH2AX pan-
staining was induced by ionizing radiation in dose (p = 0.005) and
time (p = 0.00002) dependent manner (Figure 1). In-depth inspection
of the data by Fisher LSD test showed that significant induction of
pan-staining was present only 18 and 42 h after irradiation with 2 Gy
(p = 0.002 and 0.006, respectively). The dose of 0.1 Gy was not suffi-
cient to induce pan-staining. Thus, we can conclude that yYH2AX pan-
staining is induced with high but not low dose of y-rays in UCB
lymphocytes.

3.2 | Time kinetics of apoptosis induced by low
and high doses of y-rays

To validate pan-staining data obtained by IFC, we analyzed radiation—
induced apoptosis using Annexin —V/PI assay by FC at the same time
points as YH2AX pan-staining. In line with the yH2AX pan-staining
data we observed decreased survival of cells after irradiation with
y-rays (ANOVA, time and dose p < 0.0000001) (Figure 2A) as well as
increased level of the radiation induced apoptosis measured by means
of Annexin -V positive (ANOVA, time p = 0.002; dose p = 0.003)
(Figure 2A) and LAN cells (ANOVA, time and dose p < 0.0000001)
(Figure 2A). Detailed analysis of data at each time point showed that
only the 2 Gy dose, but not the 0.1 Gy dose, was sufficient to induce
a significant decrease in cell survival 18 and 42 h post-irradiation
(t test, p = 0.005, 0.0001, respectively). Neither 0.10 Gy nor 2 Gy
were able to induce detectable amounts of apoptosis 4 h post-irradia-
tion. Endogenous apoptosis observed in control samples increased
with incubation time (Figure 2A). However significant decrease of cell
survival was not present until 42 h incubation (t test, p = 0.49, 0.055,
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FIGURE 1 Induction of yH2AX pan-staining by IR. Figure shows
(a) level of YH2AX pan-staining at different time points after
irradiation with 0, 0.1 and 2 Gy of y-rays as analyzed by imaging flow
cytometry. Data from three independent experiments along with SD
are shown. (B) Representative images of cells displaying whole
nucleus yH2AX pan-staining and apoptotic ring. * p < 0.05; **

p < 0.01; *** p < 0.0001 [Color figure can be viewed at
wileyonlinelibrary.com]

0.002, for 4, 18, and 42 h post-irradiation, respectively). Finally, signif-
icant increase of yH2AX pan-stained cells was present at the same
time points as a decreased cell survival using standard Annexin-V/PI
assay (18 and 42 h post 2 Gy and 42 h of incubation in control sam-
ples). Thus, the data obtained by the IFC were confirmed using
standard FC.

3.3 | Correlation between yH2AX pan-staining and
apoptosis

Next, we correlated the dataset from all irradiation doses and time-
points for yH2AX pan-staining with the data from Annexin-V/PI
assay. We have found negative correlation of yH2AX pan-staining
with the percentage of —0,739;
p < 0.0000001) (Figure 3A), and positive correlations between yH2AX
pan-staining and percentage of early apoptotic (Spearman R = 0.48;
p < 0.005) (Figure 3B) as well as LAN cells (Spearman R = 0,76;
p < 0.0000001) (Figure 3C). These results provide the experimental

evidence that the samples with higher percentage of apoptosis exhibit

live cells (Spearman R =

also higher level of yH2AX pan-staining and that yYH2AX pan-staining
can be used as a marker of apoptosis. Percentage of early apoptotic
cells was about 2-fold lower than the total amount of yH2AX
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(A) 100 FIGURE 2 Apoptosis after
IR. Figure shows (a) percentage of live cells,
90 H_% H__% early apoptotis (EA) cells and late
i apoptotic/necrotic (LAN) cells at various
80 time points post-irradiation with 0, 0.1 and
70 . 2 Gy of y-rays as analyzed by Annexin/PI
=5 Live cells assay using flow cytometry. Data from
60 T EAcells i three independent experiments with 95%
v E LAN cells confidence interval are shown.
8 50 ok (B) Representative gating of cells in BD
X 40 FACS Diva software. Cells were gated as
live, EA, late apoptotic, and necrotic.
30 Percentage of LAN cells was obtained after
*x counting late apoptotic and necrotic cells
20 together. * p < 0.05; ** p < 0.01; ***
10 o ) p < 0.0001 [Color figure can be viewed at
|;_'__’(:]/'3 wileyonlinelibrary.com]
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pan-stained cells 18 and 42 h post-irradiation indicating that yH2AX
pan-staining arises in early apoptosis and further develops at the later
apoptotic stages. In conclusion, the revealed by us correlation
between yH2AX pan-staining and apoptosis indicated that yH2AX

pan-staining can be considered as a marker of apoptosis.

34 | yH2AX pan-staining and 53BP1 DNA repair
foci in cells sorted according to stage of apoptosis
by FACS

To directly investigate specific stage of apoptosis, in which yH2AX
pan-staining occur, we sorted live, early apoptotic, and LAN cells 24 h
post-irradiation with 2 Gy of y-rays and subsequently analyzed them
for yH2AX pan-staining using the Metafer automated FM system.
Analysis of the obtained data by multivariate ANOVA has revealed
differences between sorted populations in their level of pan-staining
(b = 0.03). We found that the most enriched population for yH2AX
pan-staining cells were early-apoptotic cells (10.4 and 12.2% after
0 and 2 Gy, respectively) (Figure 4). However, YH2AX pan-staining
cells were also present in the LAN cell fraction (4.2 and 3.5% after
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0 and 2 Gy, respectively) (Figure S3). Clearly, not all early apoptotic/
LAN cells displayed yH2AX pan-staining. Further analysis by Fisher
LSD test showed that statistically significant difference was present
only between early apoptotic cells and live cells (p = 0.048), in which
practically no pan-staining (< 1%) was seen (Figure 4A). Despite signif-
icantly increased apoptosis in irradiated cells, the distribution of
yH2AX pan-stained cells between apoptotic fractions was similar in
irradiated and unirradiated cells suggesting similar kinetics of yH2AX
pan-staining during endogenous and radiation-induced apoptosis
(Figure 4A). The absolute value of pan-stained cells per 100,000 cells
did not differ significantly in the early apoptotic and LAN cells, show-
ing similar distribution of the pan-stained cells between these two
populations in both irradiated and unirradiated cells (Figure S4).
Importantly, percentage of yH2AX pan-staining obtained using FM
was much lower compared with results obtained with IFC (Table 1).
This finding suggests that some pan-stained cells are lost during stan-
dard fixation to the microscopic slides after cell sorting and indicates
that IFC is the best choice method for analysis of pan-staining. From
overall results we conclude that yH2AX pan-staining appears in early
apoptotic cells, but remain and even continue to form in some cells

until late stages of apoptotic transformation.
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<Z( 50 cells have not already developed apoptotic transformation and DNA
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10 apoptotic cells (p = 0.00000) and LAN cells (p = 0.000000). There
0 was lack of 53BP1 foci in sorted early endogenously apoptotic and
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FIGURE 3 Correlation of yH2AX pan-staining with different
stages of apoptosis. Percentage of YH2AX pan-staining is correlated
with live (A), early apoptotic (B), and LAN (C) cells. Linear regression is
indicated as solid line along with the coefficient of determination (R?)
and spearman test p-value. Data from three independent experiments
were correlated [Color figure can be viewed at
wileyonlinelibrary.com]

In this study, we also analyzed correlation between onset of apo-
ptosis, yH2AX pan-staining and 53BP1 DNA repair foci in cells sorted
according to the stage of apoptosis. No 53BP1 foci were found in the
yH2AX pan-stained cells, what is in line with the previously published
data [8]. Statistically significant effect of IR on the level of 53BP1 foci
was observed only in live cells (p = 0.000037) (Figures 4B and S3). At
the same time, there were some 53BP1 foci in the sorted early apo-
ptotic cells after irradiation, what may be due to the fact that those

LAN cells (Figure 4B). Thus, we can conclude that while 53BP1 foci
are induced in live cells, they remain in cells till the onset of early apo-

ptosis and completely disappear at the latter apoptotic stages.

3.5 | Kinetics of YH2AX pan-staining in
relationship to apoptotic DNA fragmentation

We analyzed different stages of endogenous and IR-induced apopto-
tic DNA fragmentation using comet assay. Samples were analyzed
immediately and 24 h after irradiation with 2 Gy. Non-defined frag-
ments (NDF), high molecular weight fragments (HMWF) and interme-
diate molecular weight fragments/low molecular weight fragments
(IMWF/LMWF) were assigned to live, early apoptotic and LAN cells
(Figure S5), respectively, as previously described [22].

Analysis of results by multifactorial ANOVA showed that the level
of DNA fragmentation is induced 24 h post-irradiation (p = 0.002)
and also increases with the time of incubation (p = 0.01). Percentage
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Time Dose Pan-staining ImageStream (%)
18 h 0 Gy 6.02 1.39
2 Gy 26.2 3

h pan-staining fluorescence microscopy (%)

TABLE 1 Table compare percentage
of YH2AX pan-staining cells obtained by
ImageStream and fluorescence
microscopy (Metafer) after sorting that
were subsequently fixed on the
microscopic slides

Note: All populations, namely live, early apoptotic, and LAN cells were taken together.
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FIGURE 5 Apoptotic DNA fragmentation after IR. Percentage of
cells displaying non-defined fragments (NDF), intermediate and high
molecular weight fragments (IMWF and HMWF) and low molecular
weight fragments (LMWF) in control cells and cells irradiated with

2 Gy of y-rays is shown. Data from four experiments along with SD
are shown. * p < 0.05; ** p < 0.01; *** p < 0.0001 [Color figure can be
viewed at wileyonlinelibrary.com]

of cells exhibiting NDF were significantly reduced after irradiation
with 2 Gy (p = 0.002) while HMWF cells were induced by
irradiation (p = 0.001) (Figure 5A,C). Only percentage of IMWF/
LMWEF cells was not significantly changed after irradiation (Figure 5B).
On the other hand, complementary analysis of apoptosis using
Annexin-V/7-AAD assay showed changes in percentage of all frac-
tions, namely live, early apoptotic, and LAN cells (Figure S6). Percent-
age of NDF significantly correlated with the level of live cells
(p = 0.000161). HMWF fragments were also induced in time
(p = 0.000011) and dose-dependent (p = 0.000866) manner. Neither
HMWEF correlated significantly with the level of early apoptotic cells,
nor IMWF+LMWEF group correlated with the percentage of LAN
cells.

In conclusion, while analysis of apoptotic DNA fragmentation by
comet assay could be used as a marker of apoptosis it is not that sen-

sitive as the cytometric Annexin-V/7-AAD assay.

3.6 | Pan-staining and DNA repair foci in PBL of
breast cancer patients

To the aim of applying IFC for analysis of YH2AX/53BP1 foci along
with yH2AX pan-staining we analyzed lymphocytes isolated from
peripheral blood of BC patients. We observed low level of endoge-
nous YH2AX foci (0.14 + 0.12 foci/cell) with very low fluorescence
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background, what is significant advantage for future applications of
this method. On the other hand, relatively high level of 53BP1 foci
(1.72 £ 0.63) was present (Figure 6A). Based on morphology charac-
teristics, all these foci could be classified as residual foci, which remain
long time after induction and may represent unrepaired DNA damage
or alternations in chromatin structure [26]. Thus, revealed differences
between YH2AX and 53BP1 foci may indicate longer persistence of
53BP1 protein as compared to persistence of phosphorylated H2AX
at the locations of DSB in lymphocytes of BC patients. Different
kinetics of these processes at the location of radiation induced DNA
damage has already been described [27]. In addition, we found signifi-
cantly lower number of yH2AX foci in UCB (0.025 + 0.013) compare
to the BC samples (t test, p = 0.014), but not in 53BP1 foci (t test,
p = 0.5) (Figure 6A). Very low number of yH2AX pan-stained cells was
observed (0.8 + 0.2) in the BC samples, since the number of apoptotic
cells in fresh blood samples is usually very low. When compared to
the BC samples, percentage of yH2AX pan-stained cells was signifi-
cantly higher in the UCB samples (6.9 +/— 2.6) (t test, p = 0.002)
(Figure 6B). Most likely reason is the freezing-thawing cycle, which
induced apoptosis in a number of the UCB cells. In conclusion, we
successfully tested the ImageStream IFC technique for analysis of
DNA repair foci and yH2AX pan-staining in BC patients, which might

be feasible for evaluation of individual radiosensitivity.

4 | DISCUSSION

In the presented study, we analyzed yH2AX pan-staining that was
previously described as a marker of apoptosis [13,14,19] [2,8]. Along
with usually applied fluorescent microscopy we have also used imag-
ing flow cytometry. Moreover, using cell sorting and Annexin V/PI
assay, we investigated kinetics of yH2AX pan-staining through stages
of apoptotic process. Percentage of yH2AX pan-staining cells
observed in each of the sorted fractions by FM was much lower com-
pare to pan-staining detected by IFC. In line with our previous studies
[8,9], we did not observe dose response of yH2AX pan-staining using
FM. However, clear dose response was present when IFC was used.
These data are in line with our previous study where we observed
increased level of yH2AX fluorescence 18 h after 2 Gy of IR using
standard flow cytometry. This increase could be accounted for the
increased level of YH2AX pan-staining since standard flow cytometry
lacks sensitivity to detect low amount of residual yH2AX foci
remaining 18 h after irradiation [28]. The most probable reason for
this inter-methodological difference is the fact that not all yH2AX
pan-staining cells are able to attach onto the microscopic slides during
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routine cytotospin centrifugation or/and are washed away
during immunostaining procedures. Poly-I-lysine microscope slides are
coated placing a permanent positive charge on the microscope slide
what ensures a firm electrostatic attraction of cells and tissue sections
to the slide binding them to the glass surface. Cell loss during cytospin
and immunostaining procedures could be accounted for a change in
surface charge on the membrane of the apoptotic cells. The mem-
branes of apoptotic cells are known to have greater fluidity [29]. Their
protein organization is changed and their membrane asymmetry is
partially lost what could generate changes in the surface charge of
these cells [30]. Massive phosphorylation of proteins, such as YH2AX,
ATM and DNA-PK, during apoptosis, which changes the total charge
of the cell nucleus, could also play a role in the differences in mem-
brane potential that could also account for poor attachment of the
yH2AX pan-stained cells to the microscopic slides.

We used IFC for analyzing both time and dose-dependent induc-
tion of yH2AX pan-staining in UCB cells and BC patients' PBL. In addi-
tion, comet assay was used for analysis of apoptotic DNA
fragmentation. Our experiments with cell sorting have shown that the
yH2AX pan-staining appear in early apoptotic and remain in LAN cells.
These results are in line with the results of Anglada et al. who also
observed yH2AX pan-staining in both early and late apoptotic cells
[18]. However, only small amount of early apoptotic and LAN
cells displayed yH2AX pan-staining pattern, independently on the
y-ray irradiation. The question whether this fraction represents a spe-
cific cell population (e.g., B- or CD8+ T- lymphocytes) is warranted to
be addressed by further research.

Importantly, a significant increase of yH2AX pan-staining cells
was revealed at the same time points (18 and 42 h) where similar
decrease/increase in live/LAN cells was detected using Annexin-
V/7-AAD assay. Percentage of yH2AX pan-staining obtained by IFC

correlated positively with both early apoptotic and LAN cells as

FIGURE 6 DNA damage and
yH2AX pan-staining in BC and
UCB lymphocytes. Figure shows
(A) representative images of
yH2AX/53BP1 DNA repair foci in
cells from BC patients. Cells in
brightfield and fluorescence in
channel 2 (505-560 nm) are
shown before and also after the
application of custom-made mask
(B) number of yH2AX/53BP1

gH2AX

masked
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analyzed using flow cytometry, but correlation with LAN cells was
more significant than with early apoptotic cells (Figure 3). Indeed, the
total number of yH2AX pan-stained cells was highest in the sorted
LAN cells (Figure S4). In combination, our data indicate that the LAN
cells contain majority of yH2AX pan-stained cells. Higher number of
pan-stained cells among LAN cells could be accounted for the fact
that cells spend longer time in the later stages of apoptosis in compar-
ison to earlier stages. This hypothesis is supported by the data show-
ing no time dependence in accumulation of early apoptotic cells
contrary to LAN cells (Figure 2). In fact, the percentage of early apo-
ptotic cells tends to remain the same at different time-points post-
irradiation and also after incubation of unirradiated cells suggesting
that subset of early apoptotic cells moving into later stages of apopto-
sis is replaced by the cells that have just started apoptotic process.

Results of Solier and Pommier and also Ding's et al. study have
shown that yH2AX pan-staining co-localize with apoptotic DNA frag-
mentation analyzed by TUNEL assay [13,14,17]. Ding observed more
than 94% co-localization between TUNEL assay staining and yH2AX
pan-staining. Since the TUNEL staining visualizes DSB occurring in
both early and late phases of apoptosis, while at higher intensity of
signal in late apoptosis, these results confirmed prevalence of yH2AX
pan-staining in both stages of the apoptotic process. Our data are in
line with results by other research groups [17,18] and strongly suggest
that yH2AX pan-staining appears in the earlier stages of apoptosis
and preserves in the latter stages of apoptotic transformation.

Next, we analyzed apoptotic DNA fragmentation using comet
assay. During apoptosis of human lymphocytes, 2 Mb DNA loops are
cleaved from chromosomal DNA followed by subsequent cleavage to
50 kb fragments and further fragmentations to oligonucleosomes
[20,21]. We assigned various degrees of DNA fragmentation to live,
early apoptotic and LAN cells as previously described [22]. Percentage

of NDF correlated well with the live cells. No correlations of HMWF

masked unmasked
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and IMWF/LMWEF fragments were observed with early apoptotic and
LAN cells, respectively. While we did not observe correlation of
HMWEF with percentage of early apoptotic cells, significant induction
of HMWF 24 h post-irradiation was seen. We hypothesize that cleav-
age of DNA into 2 Mb relaxed loops takes place even before flipping
of phosphatidylserines that are a substrate for Annexin proteins. This
hypothesis is supported by comparison of changes in the levels of
NDF/HMWEF obtained with comet assay and live/early apoptotic cells
as analyzed using flow cytometry. Namely, 18 h after irradiation per-
centage of HMWF was about 20% higher compared to early apopto-
tic cells as analyzed using Annexin assay (45% vs. 25%, respectively).
Approximately the same difference was observed between percent-
ages of NDF compared with cytometry-analyzed live cells (30%
vs. 50%, respectively). Similarly, higher percentage of HMWF and
lower percentage of NDF could mean that some cells detected 18 h
after irradiation as live using Annexin/7-AAD assay are in the very
early stage of apoptosis since they have already started DNA
fragmentation.

Kinetics of DNA fragmentation and yH2AX pan-staining obtained
by IFC were in somewhat different. In particular, yH2AX pan-staining
obtained by IFC rose from 5% to 25% 0-18 h after 2 Gy of IR while
HMWF and IMWF/LMWE increased from 25% to 45% and from 20%
to 25%, respectively. While DNA fragmentation is an irreversible pro-
cess. Total phosphorylation of yH2AX occurs only for a short time
during the course of apoptosis. These data also supported our FM
data, which showed that not all of the apoptotic cells display pan
nuclear yH2AX staining.

Using IFC analysis, but not FM, we found that yH2AX pan-
staining could be induced in the dose and time dependent manner.
These data provide further evidence for advantage of IFC analysis
over FM. We observed induction of yH2AX pan-staining 18 and 42 h
after 2 Gy of y - rays what supported and broaden the results of Ding
et al. that showed induction of YH2AX pan-staining 24 h after irradia-
tion with 0.5 Gy of X-rays in fresh adult PBL [17]. Our current study
along with previously published data [24] showed that the low dose
of 0.1 Gy was not sufficient to induce either yH2AX pan-staining or
decrease live cell percentage as detected using Annexin/7-AAD. In
combination, our and Ding's results show that the threshold dose for
detection of apoptosis, as analyzed both by yH2AX pan-staining and
Annexin-V/7-AAD assays using IFC and FM, respectively, is between
0.1 and 0.5 Gy. We conclude that sensitivity of pan-staining assay if
analyzed by IFC but not FM is the same as sensitivity of Annexin-
V/7-AAD assay in detection of IR-induced apoptosis in human
lymphocytes.

We did not observe any 53BP1 foci either in the yH2AX pan-
stained cells or in the LAN cells, what suggest that DNA repair pro-
cesses do not take place in the cells that are already in the process
of the apoptotic transformation. Some 53BP1 foci were present in
the subset of early apoptotic cells, but those cells did not display
yH2AX pan-staining pattern. Ding et al. showed that other proteins
like ATM and DNA-PKcs, co-localized with the YH2AX pan-staining
in the apoptotic cells [17], what may suggest binding of these pro-
teins to the ends of apoptotically fragmented DNA. Whole nucleus
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hyperphosphorylation of abovementioned DNA repair proteins, that
probably takes place on the ends of apoptotically fragmented DNA.
This hyperphosphorylation could possibly mechanistically eliminate
binding of 53BP1 to the DNA breaks as was supported by our results
showing no 53BP1 foci in the pan-stained cells. In conclusion our
results showed that 53BP1 foci are present only in live cells and not
in the apoptotic cells with fragmented DNA. Thus, we conclude that
53BP1 does not bind to the broken ends of apoptotically fragmented
DNA and could not be used as a marker of DNA breaks present
during DNA fragmentation that occurs during apoptosis.

FM based yH2AX/53BP1 assay has already been tested to pre-
dict the individual response of cancer patients to radiotherapy
[1,10,31]. So far, this technique was not sensitive and specific enough
to distinguish patients with adverse outcome of the therapy from nor-
mal responders to the degree that the method could be used in clinics.
One limitation is relatively high background restraining efficiency of
yYH2AX/53BP1 focus assessment. Here, we tested yH2AX/53BP1 foci
assay based on the imaging flow cytometry, which is characterized by
the lack of fluorescence background, that may be responsible for the
insufficient sensitivity and specificity of the FM based yH2AX assay.
Indeed, the results of IFC analysis showed very low level of fluores-
cence background, which will facilitate distinguishing relatively small
changes in foci level that is suspected in radiosensitive patients [10].

Comparison of the level of YH2AX foci in the BC patients' sam-
ples and UCB showed that BC patients had significantly higher level
of yH2AX but not 53BP1 foci. This could be accounted to the fact
that mean age of BC patients was 55.8 + 13 years and UCB samples
are derived from blood taken during the birth. Indeed, Rube et al.
found that level of yH2AX foci in elderly people were higher than in
newborns UCB [32]. The detected between UCB and BC PBL differ-
ence might be also due to higher level of DNA damage present in can-
cer patients compare to healthy subjects, what is in line with our
previously published data [10]. On the other hand, the level of yYH2AX
pan-staining representing fraction of apoptotic cells was significantly
higher in UCB samples compare to patients' samples. The reason
behind this result may be the fact that UCB cells were frozen in liquid
nitrogen and then thawed while fresh samples from BC patients were
analyzed. Thus, the difference in the level of yH2AX pan-staining
could be accounted to induction of apoptosis by the freezing-thawing
cycle. Based on our results we concluded that application of IFC for
testing YH2AX foci/pan-staining in the BC samples could be poten-
tially useful in assessing the level of individual radiosensitivity in a

clinically relevant cohort of patients.
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In Vivo Endothelial Cell Gene Silencing by siRNA-LNPs
Tuned with Lipoamino Bundle Chemical and Ligand

Targeting

Mina Yazdi,* Jana Pohmerer, Morteza Hasanzadeh Kafshgari, Johanna Seidl,
Melina Grau, Miriam Héhn, Victoria Vetter, Cosima C. Hoch, Barbara Wollenberg,

Gabriele Multhoff, Ali Bashiri Dezfouli,* and Ernst Wagner*

Although small-interfering RNAs (siRNAs) are specific silencers for numerous
disease-related genes, their clinical applications still require safe and effective
means of delivery into target cells. Highly efficient lipid nanoparticles (LNPs)
are developed for siRNA delivery, showcasing the advantages of novel
pH-responsive lipoamino xenopeptide (XP) carriers. These sequence-defined
XPs are assembled by branched lysine linkages between cationizable polar
succinoyl tetraethylene pentamine (Stp) units and apolar lipoamino fatty acids
(LAFs) at various ratios into bundle or U-shape topologies. Formulation of
siRNA-LNPs using LAF,-Stp, XPs as ionizable compounds led to robust
cellular uptake, high endosomal escape, and successful in vitro gene silencing
activity at an extremely low (150 picogram) siRNA dose. Of significance is the
functional in vivo endothelium tropism of siRNA-LNPs with bundle LAF,-Stp,
XP after intravenous injection into mice, demonstrated by superior
knockdown of liver sinusoidal endothelial cell (LSEC)-derived factor VIl
(FVIII) and moderate silencing of hepatocyte-derived FVII compared to
DLin-MC3-DMA-based LNPs. Optimizing lipid composition following
click-modification of siRNA-LNPs with ligand c(RGDfK) efficiently silenced
vascular endothelial growth factor receptor-2 (VEGFR-2) in tumor endothelial
cells (TECs). The findings shed light on the role of ionizable XPs in the LNP in
vivo cell-type functional targeting, laying the groundwork for future
therapeutic applications.

1. Introduction

Nucleic acid therapy is a pioneering ap-
proach in gene-based medicine, allow-
ing highly selective and potent therapeu-
tic effects toward various life-threatening
diseases. Within this concept, the syn-
thetic small-interfering RNA (siRNA) has
emerged as a powerful tool to reversibly
silence the expression of target genes in
a sequence-specific manner by RNA in-
terference (RNAi) phenomenon.!! Chemi-
cally stabilized siRNA conjugated with tri-
GalNAc for potent receptor-targeted gene si-
lencing in hepatocytes has been the basis
for Inclisiran (Leqvio) and several other ap-
proved siRNA drugs.>* Despite this im-
pressive success in liver cell targeting, the
clinical use of siRNA to target other tissues
is still hampered due to the shortage of safe
and efficient delivery systems. As potential
alternatives to siRNA conjugates, theoreti-
cally ideal nanocarrier systems ensure op-
timal encapsulation of exogenous synthetic
siRNAs and thereby facilitate their systemic
circulation for efficacious uptake as well as
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cytosolic translocation into the intended target cell type.l*8] Con-
siderable efforts have been recently expended on the develop-
ment of efficient nanocarrier platforms, of which lipid nanopar-
ticles (LNPs) are at the forefront of advances, as exemplified by
the first siRNA drug Patisiran (Onpattro).>!l This siRNA-LNP
was approved in 2018 to trigger the transthyretin (T'TR) gene in
hepatocytes for the treatment of polyneuropathy in people with
hereditary TTR-mediated amyloidosis (hATTR).1"?] Moreover, the
recent approval of anti-COVID-19 mRNA vaccines, Comirnaty
(Pfizer/BionTech) and Spikevax (Moderna), has placed LNPs at
the center of attention in nanomedicine.[**]

The successful outcomes of LNP-based nucleic acid therapies
in numerous preclinical and clinical studies are attributed to the
important LNP characteristics such as optimal size and zeta po-
tential range, excellent stability in biological fluids, superior bio-
compatibility, and high effectiveness in the cellular transfection
process.['*l RNA-loaded LNPs are typically composed of four lipid
components, including an ionizable cationic lipid, cholesterol, a
helper phospholipid, and a polyethylene glycol (PEG)-modified
lipid, each of which plays a key role in terms of the structural and
functional aspects.!'>] Of particular importance is the role of the
cationizable lipid in stably packaging anionic nucleic acid pay-
load within LNPs and in promoting endosomal escape, originat-
ing from their pH-sensitive protonation property.!'®! DLin-MC3-
DMA (used in Onpattro), ALC-0315 (used in Pfizer/BionTech),
and SM-102 (used in Moderna) are the only examples of clinically
approved ionizable lipids that serve as gold standards for RNA
therapies.['*] These lipids acquire a positive charge at acidic pH to
enable electrostatic interactions with nucleic acids, whereas they
become neutral at physiological pH, improving systemic phar-
macokinetics and safety profiles.['®! In acidic endosomal milieu
(pH < pK,), ionizable lipids become positively charged and fuse
with anionic endosomal membranes, leading to destabilization
of both LNPs and the phospholipid bilayer of the endosome,
all of which facilitate RNA release into the cytosol.'’**] How-
ever, in a realistic scenario, the endosomal escape is still low,
with a release rate of 1-2% of the endocytosed RNAs, which can
limit their satisfactory effects in target cells.?*! Hence, developing
LNP systems for intracellular gene delivery with efficient endo-
somal escape is an area of active research, kept motivated by de-
signing novel ionizable lipids.['”?1??] Considering the structure-
activity relationship, many researchers have been trying to chem-
ically design new ionizable lipids with an optimal pK, range to
fulfill the efficiency requirements of LNPs for delivery applica-
tions. Modifying the structural motifs of ionizable lipids, includ-
ing the hydrophilic head and lipophilic tail groups, can affect
the endosomal escape, transfection efficacy, and in vivo fate of
LNPs.[23-27]

Systemic administration of RNA-LNPs ensures the
widespread distribution of the cargo throughout the body,
providing versatility in targeting different tissues and cell types.
Nevertheless, selective delivery is highly demanded from LNP
formulations to overcome biological barriers, maximize effi-
ciency, and minimize off-target effects.[?! An excellent example
of success in developing tissue/cell-targeted delivery systems
is Onpattro, designed to selectively silence TTR expression in
hepatocytes following systemic administration. Once injected,
sheddable PEG-lipids dissociate from the formulations, which
enable the adsorption of serum apolipoproteins (apoE) on the

Small 2024, 2400643
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LNP surface, acting as an endogenous ligand for low-density
lipoprotein receptor (LDLR)-mediated uptake.*’! Since LNP
pharmacokinetics can be affected by their physicochemical prop-
erties (e.g., pK,, size, and surface charge), numerous approaches
have been put forth to rationally modify the lipid composition
profiles, including the type and amount of each component in
the formulations, with the aim of specific tissue/cell delivery
of LNPs.[?83%] Replacement of the zwitterionic phospholipid in
Onpattro with an anionic alternative shifts the surface charge
and leads to the selective targeting of mRNA-LNPs to hepatic
reticuloendothelial system instead of hepatocytes.*!) Modifying
the charge of LNPs by incorporating/changing the anionic
and cationic lipids in four- or five-component formulations
can shift their organ-specificity from the liver to lung and
spleen. Conversely, including ionizable lipids enhances liver
targeting, driven by variations in pKa and the formation of the
serum protein corona induced by LNP surface chemistry.[32-35]
Furthermore, the specific type of ionizable lipid in the LNP
formulation can dictate tissue-specific gene editing.***’! Inter-
estingly, a cell-fate conversion in the liver from hepatocytes to
endothelial cells is achievable using a mixture of two distinct
pH-sensitive cationic lipids to change the ionization status
of LNPs.®®8 Although PEG-lipids can regulate the tissue/cell
selectivity of LNPs, their structure and quantity in LNPs must
be carefully adjusted due to their simultaneous impacts on LNP
size, blood circulation time, and transfection efficiency.?**) As
an alternative to chemical targeting, the surface of LNPs can be
decorated with exogenous targeting ligands. This modification
serves to augment the interaction between LNPs and their
corresponding specific receptors on target cells, facilitating
ligand-receptor-mediated uptake.[324]

We herein aimed to improve LNP platforms for siRNA de-
livery with a special focus on novel ionizable lipids. Inspired
by recently developed double pH-responsive lipo-xenopeptide
carriers, we explored their potential as cationizable compo-
nents within siRNA-LNP formulations, building on the success-
ful application demonstrated in mRNA polyplexes and mRNA
LNPs.[*#] The results reveal the high potency of the novel
siRNA-LNP systems, and the best performer (named 1621-LNP)
exhibits optimal gene silencing in endothelial cells of both hep-
atic and non-hepatic tissues via chemical and ligand targeting ap-
proaches, respectively.

2. Results and Discussion

2.1. Construction of siRNA-LNPs with Novel Cationizable
Lipoamino Xenopeptide (XP) Carriers

Alibrary of novel sequence-defined XP carriers has been recently
generated by combining polar cationizable succinoyl tetraethy-
lene pentamine (Stp) and apolar cationizable lipoamino fatty acid
(LAF) motifs in different sequences and topologies**! (Scheme
1A). The synthesis of LAFs was achieved through the reductive
amination of various amino fatty acids with fatty aldehydes of
different chain lengths. The number of carbon atoms in the ter-
minal alkyl chains and the amino fatty acid type are denoted
by digits (8, 12, 14, 16) and two-letter abbreviations (Oc, Bu,
He), respectively (Scheme 1A-I). XPs were assembled by solid-
phase assisted peptide synthesis (SPPS), with branching lysines

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Scheme 1. LNP preparation with lipoamino xenopeptide (XP) carriers. A) Design-based principles for synthesis of XPs. The succinoyl tetraethylene
pentamine (Stp) and lipo amino fatty acid (LAF) building blocks (1) at a ratio of 1:4 were connected via lysines (K) into bundle and U-shape topologies
(). A chemical structure is shown exemplarily for bundle XP carriers (IIl). The digits (8, 10, 12, 14, 16) and two letters (Oc, He, Bu) represent C-atom
number of terminal alkyl chains and amino fatty acid type, respectively. Oc, 8-aminooctanoic acid; He, 6-aminohexanoic acid; Bu, 4-aminobutanoic acid.
B) Simplistic illustration of components used in siRNA-LNP assembly including an ionizable component, a phospholipid (1,2-distearoyl-sn-glycero-
3-phosphocholine, DSPC), a PEG-lipid (1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000, DMG-PEG2000), and cholesterol as well as the
LNP preparation process. An ethanol solution (containing ionizable component, DSPC, DMG-PEG, and cholesterol) was rapidly mixed with an acidic
aqueous solution (10 mM citrate buffer, pH 4) containing siRNA at a ratio of 1:3 (v/v) followed by a 10-min incubation at room temperature (RT). The
resultant mixture was then dialyzed against HBG buffer (20 mm of HEPES with 5% (w/v) glucose; pH 7.4). C) Schematic drawing of a typical siRNA-LNP
formulation. D) DLin-MC3-DMA (MC3) lipid served as a gold standard for siRNA-LNP formulation. E) The siRNA-loaded LNPs were assembled with
ionizable component/DSPC/DMG-PEG /cholesterol at molar ratios (%) of 50/10/1.5/38.5 for MC3-LNPs (N/P 3) and 22.2/15.6/2.3/59.9 (N/P 9) or
36.4/12.7/1.9/49 (N/P 18) for XP-LNPs. The N/P ratio corresponds to the mole ratio of the amine groups in ionizable components to siRNA phosphate
ones. Our well-optimized molar ratio leads to an almost similar weight ratio (%) between MC3-LNP and XP-LNPs (Bundle XP carrier 1621). The final
siRNA concentration in the LNP solution was 0.012 mg mL~" for in vitro applications.

covalently connecting Stp and LAF building blocks at various ra-
tios to configure different topologies (e.g., bundle, and U-shape),
as graphically shown in Scheme 1(A-II, III). The introduction of a
tertiary amine into LAF, centered between three lipophilic hydro-
carbon tails, in combination with secondary aminoethylenes of
Stp endow carriers with a double pH-responsive endosomolytic
behavior. This tunable property renders XPs into a dynamic deliv-
ery platform for various nucleic acid cargos. An alteration in the
length of hydrocarbon chains within the used LAF changes the
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tertiary amine position, diversifying the carriers and their func-
tions.

Considering the influential parameters (i.e., LAF types,
LAF/Stp ratio, and carrier topology) on the cargo delivery out-
come, top candidates were identified for highly efficient mRNA,
pDNA, and siRNA transfer into the cells via polyplexes.[*/]
Equally remarkable is that the more lipophilic LAF,-Stp,
XPs with bundle (hydrophilic/lipophilic blocks) and U-shape
(lipophilic ends) topologies were also suitable for mRNA-LNP
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Table 1. Selected LAF,-Stp; XPs with bundle and U-shape topologies for
siRNA-LNP formulation.

Topologies ID sequence (N—C)
Bundle 1621 K[K[8Oc),],-Stp

1752 K[K(12Bu),],-Stp

1753 K[K(16Bu),],-Stp

1754 K[K(12He),],-Stp

1755 K[K(14He),],-Stp

1762 K[K(100c),],-Stp
U-shape 1612 K(120c),-Stp-K(120c¢)-K(120c)

1716 K(120c),-Stp-K[K(120c¢),]

formulations. These LNPs mediated rapid uptake and functional
delivery of mRNA to various types of tumor cells as well as im-
mune cells such as macrophages (MACs) and dendritic cells
(DCs). After systemic mRNA-LNP administration in vivo, anal-
ysis of different organs revealed a high selectivity of mRNA
expression in the spleen over liver with considerable transfec-
tion of splenic cells such as MACs, DCs, and B-lymphocyes.*!
That unique finding led us to screen the potent LAF,-Stp, XPs
with bundle and U-shape topologies in the context of LNP for-
mulations for siRNA delivery. Building upon previously estab-
lished mRNA-LNP formulations, a subset of LAF,-Stp; XPs was
selected for siRNA-LNP formulations. The chemical informa-
tion of the selected XPs with their respective ID numbers is
detailed in Table 1. They include bundle 1621 and its analogs,
and U-shapes 1612 and 1716. For head-to-head comparison, all
siRNA-LNPs were fabricated with cholesterol, 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG2000), and an ion-
izable XP carrier. The LNP composition and preparation process
are schematically illustrated in Scheme 1B. Herein, siRNA-LNPs
were assembled by rapidly mixing lipids in ethanol and siRNA in
acidic aqueous media (10 mwm citrate buffer, pH 4) at a 1:3 (v/v)
ratio. After 10 min incubation at room temperature (RT), the LNP
solution was dialyzed against HBG buffer (20 mm of HEPES with
5% (w/v) glucose, pH 7.4) for 2 h to remove ethanol and neu-
tralize the ionizable components, resulting in stable and physio-
logically compatible nanoparticles. According to publications,*¢!
LNP compositions are commonly depicted in a core-shell archi-
tecture (Scheme 1C). Typically, the outer monolayer shell, rich
in helper phospholipids, cholesterol, and lipid—-PEG conjugates,
surrounds a core containing reverse nonlamellar micelles, which
have a hydrophobic shell of low-ionized lipid around an ionized
core encapsulating the payload such as siRNA.

In this research study, the ionizable lipid DLin-MC3-DMA
(MC3) serves as a benchmark for performance comparison
(Scheme 1D). LNPs containing LAF,-Stp; XPs or MC3 lipid are
termed as XP-LNP (or ID number-LNP) and MC3-LNP, respec-
tively. Since the structure and the ratio of the ionizable compo-
nent, in combination with other lipids, are critical for optimizing
formulations,*’] the following considerations were made to en-
hance the overall similarity of the component mixture between
our XP-LNPs and the gold standard MC3-LNP. Applying iden-
tical carrier amine/siRNA phosphate (N/P) would lead to a re-
duced total lipid/siRNA mass ratio for XP-LNPs compared to
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MC3-LNP and also would not be feasible due to the large dif-
ferences in their ionization potentials. The selected amphiphilic
LAF,-Stp, XP carriers contain seven amine nitrogens, whereas
MC3 contain only one tertiary amine per molecule. However,
the actual charge of these double pH-responsive XPs at neutral
physiological pH strongly differs from their ionizable nitrogen
content. Similar as for MC3, the tertiary lipidic LAF amines are
expected to be non-protonated, and out of three secondary Stp
amines on the polar XP domain only one is expected to be proto-
nated. Furthermore, the C-terminal XP carboxylate is negatively
charged. In sum, XPs have a low zwitterionic charge and a high
lipidic preference at neutral pH (high logD values, see Thalmayr
et all*)). To address this discrepancy, we generated the XP-LNPs
at a higher formal N/P ratio while preserving a similar weight ra-
tio of components to MC3-LNP, resulting in their different mo-
lar ratios (%) (Scheme 1E). Therefore, the LNPs were composed
with ionizable component/DSPC/DMG-PEG/cholesterol in XP-
LNPs either at a molar ratio 0f 22.2/15.6/2.3/59.9% (for N/P 9) or
36.4/12.7/1.9/49% (for N/P 18), which were then compared with
MC3-LNP at the typical molar ratio of 50/10/1.5/38.5% (N/P 3)
(Scheme 1E).

2.2. Physicochemical Properties of XP-LNPs Formulated with
siRNA

In this work, LNPs were formed by LAF,-Stp, XPs, as described
in Section 2.1. After formulation, the first step was to gain in-
sight into the physicochemical properties of XP-LNPs compared
to the standard reference MC3-LNP. To do so, dynamic and elec-
trophoretic light scattering measurements (DLS and ELS) were
used to validate the size, polydispersity index (PDI), and the zeta
potential of the formulations. The average hydrodynamic diame-
ters of XP-LNPs were between 100 and 200 nm (Figure 1A), with
corresponding PDI values ranging from 0.2 to less than 0.3, in-
dicating uniform dispersion (Figure 1B). The zeta potential of
XP-LNPs indicated a range from near-neutral to slightly nega-
tive or positive in charge (with values between —4 and 5 mV)
(Figure 1C). In addition to intensity, the number-averaged di-
ameters of LNPs were also presented, which is more compa-
rable with the data of transmission electron microscopy (TEM)
(Figure 1D). To get a direct visualization and detailed information
on morphology and actual physical dimensions, the XP-LNPs
with 80c bundle 1621 and 120c¢ U-shapes of 1612 and 1716 were
analyzed by TEM, whereby their spherical shapes with diameter
sizes of < 100 nm were found in good agreement with number-
averaged size data (Figure 1E). Empty 1621-LNP (generated with-
out siRNA payload) showed a larger size than 1621-LNP/siRNA
(Figure 1E). Ithas been demonstrated that a portion of cholesterol
and DSPC is localized in the core of LNPs after siRNA loading,
leading to a smaller LNP size as well as stable siRNA encapsu-
lation efficiency (siRNA-EE).[*’] According to the results of the
RiboGreen assay, the percentage values of siRNA-EE in XP-LNPs
were in a satisfactory range of 89-99.5%, except for 16Bu 1753
(74.1%) and 12He 1754 (83.5%) (Figure 1F). As part of the LNP
preparation process, ionizable components are protonated in an
acidic environment to form cationic molecules with high binding
affinity for negatively charged nucleic acids. Thus, the N/P ratio
can influence the RNA loading capacity into LNPs. By comparing
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Figure 1. Physicochemical property characterization of XP-LNPs. The XP-LNPs were assembled with siRNA at N/P 9, as described in Scheme 1B and
the experimental section. The standard MC3-LNP served as control for comparison. A) The intensity-averaged diameter (nm), B) polydispersity index
(PDI), C) zeta potential (mV), and D) number-averaged diameter (nm) of siRNA-LNPs detected by dynamic and electrophoretic light scattering (DLS
and ELS) (mean + SD, n = 3). E) Representative TEM images of LNPs formulated with bundle 1621 (8Oc), and U-shapes 1612 (120c) and 1716 (120c)
compared to empty LNPs. The scale bar is 100 nm. F) siRNA encapsulation efficiency (siRNA-EE%) in LNPs measured by RiboGreen assay. G) Stability
of LNPs determined by agarose gel electrophoresis. Before gel run, LNPs were incubated in HBG in the absence or presence of fetal bovine serum (FBS,
90% v/v) for 2 h at 37 °C. Free siRNA at the similar concentration to that used in the LNPs and HBG buffer were considered as positive and negative

controls, respectively.

the siRNA-EE of several LNPs formulated with 1621, 1612, and
1716 at N/P 9 with N/P 18, little or no significant changes in
RNA content were observed, indicating that N/P 9 was already
sufficient to effectively condense siRNA in these formulations
(Table S1, Supporting Information). The aqueous and serum sta-
bility of LNPs were investigated by agarose gel electrophoresis
(Figure 1G). For this, LNPs were incubated in HBG buffer in the
absence or presence of 90% (v/v) fetal bovine serum (FBS) for
2 h. Compared to free siRNA that easily migrated through the
agarose gel during the assay, the slight siRNA release from XP-
LNPs implies good siRNA entrapment in most of the XP-LNPs
after 2 h incubation in HBG buffer. In the presence of a high
percentage of serum, a significant amount of siRNA was still
trapped inside the formulations, showing favorable stability of
XP-LNPs with the exception of 1753 (Figure 1G). The lower sta-
bility of 1753-LNP under both serum-free and high-serum condi-
tions, along with its relatively low siRNA-EE, may limit its utility
for delivery. Furthermore, the storage stability of XP-LNPs was
analyzed in terms of their size and zeta potential for 142 days at
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4 °C (Table S2, Supporting Information). Formulations with LAF
14He bundle 1755 as well as U-shape 1612 showed excellent sta-
bility over long-term storage at 4 °C, as reflected by no consid-
erable changes in their sizes and zeta potentials. The analysis of
nanoparticle properties led to the conclusion that our LNPs could
efficiently and stably encapsulate siRNA in their core and there-
fore we looked forward to evaluating these XP-LNPs for func-
tional siRNA delivery in vitro. Since the interactions of LNPs with
cells are influenced by their physicochemical characteristics, the
almost similar properties (in terms of size, surface charge, and
serum stability) of XP-LNPs with MC3-LNP ensure a fair com-
parison. Since the LNP interactions with biological environments
affect their in vitro behavior as well as in vivo fate,!*8] the sta-
bility of two candidate formulations (including 1621 and 1716-
LNPs) was also screened by DLS after incubating them in cell cul-
ture medium (supplemented with 10% FBS) at 37 °C for various
time points (1, 2, and 4 h) (Figure S1, Supporting Information).
We first measured the particle diameter of a blank sample (cell
culture medium + 10% FBS) and XP-LNPs at 0 h (immediately
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Figure 2. Cellular compatibility and uptake of XP-LNPs. The XP-LNPs were assembled with siRNA at N/P 9, as described in Scheme 1B and the exper-
imental section. The standard MC3-LNP served as control for comparison. A) Viability of human cervical adenocarcinoma (Hela) and murine brain
endothelial (bEnd.3) cells examined after a 48-h exposure to each LNP formulation at various siRNA doses (240, 120, 60, 30, 15, 7.5 ng/5000 cells per
well) by MTT assay. The cell viability was calculated as percentage of HBG-treated cells (mean = SD, n = 3). B) Cellular uptake quantified by flow cytom-
etry after 1 h incubation with siRNA-LNPs at an siRNA dose of 30 ng (per 5000 cells) containing 20% Cy5-labeled siRNA (Cy5. The data are presented
as percentage of Cy5-positive cells (green dots) and the mean fluorescence intensity (MFI) of Cy5 signal per cell (green bars) (mean + SD, n = 3). C)
Cellular uptake and intracellular distribution of sSiRNA-LNPs imaged by confocal laser scanning microscopy (CLSM) after 1 h incubation. A dose of 30 ng
(per 5000 cells) siRNA containing 20% Cy5-siRNA (red) was used. HBG-treated cells were considered as a negative control. The actin skeletons were
stained with rhodamine-phalloidin (green) and nuclei with DAPI (blue). The scale bar is 50 um.

after formulation in HBG), showing distinct peaks in intensity-
size distribution plots (Figure S1A,B, Supporting Information).
The plots of LNPs incubated in cell culture medium displayed
two peaks corresponding to XP-LNPs and 10% FBS. As observed
in the overlaid size distribution plots, the diameter of XP-LNPs
did not significantly change over the incubation time in cell cul-
ture medium compared to time 0 h, suggesting the colloidal sta-
bility of the tested XP-LNPs and their ability to maintain their size
in the presence of 10% serum (Figure S1C, Supporting Informa-
tion).

2.3. In Vitro Studies of Cellular Interaction with XP-LNP/siRNA
Formulations

As recently reported by Ndeupen et al., LNPs may induce in-
flammatory responses in mice, depending on the ionizable lipid
component. Therefore, high biocompatibility of LNPs is an es-
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sential parameter for their successful pre-clinical and clinical
performances.[*] In order to determine the optimal cytocompat-
ible dose/s in vitro, Hela cells were exposed to various doses
of siRNA-LNPs formulated with XPs for 48 h (Figure 2A). Over
80% cell viability was recorded at siRNA doses lower than 30 ng
in all XP-LNP treated cells, except for 12Bu 1752, for which the
maximume-tolerated dose was 15 ng. The induced toxicity at high
doses (especially 240 ng) was observed in the case of 120c¢ U-
shapes (1612 and 1716) and 12Bu bundle 1752, while MC3-LNP
was well-tolerated at all tested doses. Since host endothelial cells
are the first targets encountering nanoparticles after systemic ad-
ministration, XP-LNP cytotoxicity was also examined in murine
brain endothelial cells (bEnd.3 cell line) (Figure 2A). By analyz-
ing the obtained data from both cell lines, the cytotoxic effects
of XP-LNPs are not only dose- and XP-dependent but also cell-
line specific. Although the cell viability of bEnd.3 was lower than
that of HeLa cells at high siRNA doses of 240 and 120 ng, no
apparent cytotoxicity was seen in any of the tested cell lines at
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doses below 30 ng. These findings indicate the importance of the
biocompatibility profile, which must be determined to select the
appropriate dose for further in vitro studies. Consequently, the
siRNA concentration of 30 ng for 5000 cells per well containing
100 uL media (0.3 pg mL™') was chosen as the tolerated dose for
all XP-LNPs, allowing for a better comparison in terms of effi-
ciency. In addition to the siRNA concentration, the cell-line de-
pendency of nanoparticle-induced toxicity should also be consid-
ered before transfection.

Given that efficient cellular uptake is a prerequisite for gene
transfection, we quantified the uptake of XP-LNPs containing
20% fluorescently labeled siRNA (Cy5-siRNA) by HelLa cells us-
ing flow cytometry. The labeled cargo did not significantly change
the size, surface charge, or siRNA-EE (data not shown). After
a timeframe of 1 h, the Cy5 fluorescence signal was measured
within the transfected cells (30 ng siRNA/5000 cells) (Figure 2B).
The percentage of Cy5-positive cells was more than 90% after an
incubation time of only 1 h with XP-LNPs, and the mean flu-
orescence intensities (MFIs) of treated cells were much greater
than those treated with MC3-LNP. The results of uptake exper-
iments led us to speculate that the marked decrease in cell via-
bility at high doses (such as 240 and 120 ng) was likely due to
the excessive amount of LNPs inside the cells, causing cellular
stress. The internalization of XP-LNPs in Hela cells was visual-
ized by confocal laser scanning microscopy (CLSM). Three XP
carriers of different topologies, including 80c bundle 1621, and
120c U-shapes 1612 and 1716, were selected to form LNPs using
20% Cy5-siRNA. Hela cells were transfected with a single siRNA
dose of 30 ng (per 5000 cells) for 1 h, and then subjected to imag-
ing studies. As depicted in Figure 2C, XP-LNPs were internalized
by HelLa cells efficiently, albeit with different kinetics and local-
izations depending on their LAF type and topologies. 1621-LNP
mostly showed well-distributed fluorescence dots in the cytosol,
which may be in an endocytosed or released form. 1716-LNP fol-
lowed an almost similar distribution pattern to 1621-LNP but
with less Cy5 fluorescence intensity. In contrast, 1612-LNP was
concentrated in the regions close to the cell membrane along with
a diffuse punctate pattern in the cytosol. Looking at the cellular
uptake of MC3-LNP, a small quantity of Cy5-siRNA was detected
in the cells, which can be attributed to the low applied dose and
short incubation time of this formulation.’") To conclude, the
flow cytometry and confocal microscopy data clearly illustrated a
rapid and robust uptake of XP-LNPs. The good biocompatibility
and excellent cellular uptake render XP-LNP applications poten-
tial for siRNA-mediated gene silencing.

2.4. In Vitro Screening of siRNA-Loaded XP-LNPs for Gene
Silencing

Although the efficient cellular internalization of XP-LNPs was
rapidly achieved in more than 90% of the transfected cells, allow-
ing favorable siRNA performances, the transfection efficacy does
not always correlate with the cellular uptake profile. To illustrate
a potential correlation in our study, the gene silencing activity
of siGFP targeting enhanced green fluorescence protein (eGFP)
was tested in various cancer cell lines that stably express eGFP-
luciferase (eGFPLuc) reporter gene. A negative siRNA control
(siCtrl) was employed to detect non-specific knockdown effects.
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As previously well demonstrated, siRNA polyplexes formed with
different 120c U-shape carriers mediated highly-effective gene
silencing at a low dose of ~15 ng siRNA (per 5000 cells) in var-
ious tumor cell types.[**] Thus, a similar dose of siRNA (15 ng)
was applied for the screening purposes of XP-LNPs. The obtained
biocompatible dose of LNP-loaded siRNA (30 ng) in this study
was also exposed to the cells, and the luciferase activity of the
eGFPLuc fusion protein in the cells was determined at 48 h after
transfection (Figure 3). For better comparison, a table was also
provided including the differences between the effects of specific
and non-specific siRNA for each XP-LNP formulation, defined
as gene silencing efficiency (%), which were statistically signifi-
cance at both tested siRNA doses (30 and 15 ng) (Table S3, Sup-
porting Information).

The formulations were first screened on the hepatocellular car-
cinoma Huh?7 cell line, expressing eGFPLuc reporter (Figure 3A).
Expectedly, MC3 achieved a high gene silencing efficiency of over
70% at both tested siRNA doses (30 and 15 ng). When compared,
14He 1755, with different LAF motifs to 80c 1621, yielded a sim-
ilar potency to MC3 under the same transfection condition. The
difference in luciferase activity between siCtrl and siGFP-treated
cells at the lower dose (15 ng) puts bundle 1621 as well as U-
shapes 1612 and 1716 at lower levels of effectiveness than 1755
in Huh7 hepatic cell line (1755> 1621> 1612> 1716), but still
with favorable knockdown efficiencies (Table S3, Supporting In-
formation). The gene silencing effects of 1621 analogs, including
1752, 1753, 1754, and 1762-LNPs, were also found in the range
of 43-52% on Huh7/eGFPLuc cells (Table S3, Supporting Infor-
mation). The luciferase activities below 100% observed in siCtrl-
treated cells represent non-specific effects on the marker gene
expression and metabolic activity of the cells and thus indirectly
indicate a slight cytotoxic effect of the formulations (Figure 3).
The siRNA-LNPs incorporating U-shapes showed higher non-
specific effects than bundles (especially at 30 ng siRNA dose),
even though this could be addressed by lowering the siRNA dose
to 15 ng while maintaining the carrier performance (Figure 3).
These results re-emphasize the importance of finding a suit-
able formulation dose for in vitro cell transfection by consider-
ing a fine balance between efficacy and cytotoxicity in a cell-line
dependent manner. After transfection of KB/eGFPLuc cells, all
XP-LNPs outperformed MC3-LNP without any appreciable non-
specific effects (Figure 3B). The formulations with 14He 1755,
80c 1621, and 120c 1716 induced respective efficiencies of 88%,
80%, and 75% ata low siRNA dose of 15 ng, whereas control MC3
only 19% (Table S3, Supporting Information). The knockdown ef-
ficiencies of 1621 analogs and 120c¢ 1612 were more than 50% in
KB/eGFPLuc cells at 15 ng siRNA (Table S3, Supporting Informa-
tion). In N2A/eGFPLuc cells, XP-LNPs gave almost comparable
gene silencing activities to MC3-LNP at 30 ng siRNA dose. Sur-
prisingly, at a twofold lower dose (15 ng per well), 1621 and 1612-
LNPs could overtake MC3 in efficiency with knockdown rates
above 70% (Figure 3C; Table S3, Supporting Information). Al-
though an explicit cell line dependency in the gene knowdown
activity of formulations was apparent, the results sufficiently sup-
port the promising potential of XPs in the LNP formulation com-
pared to the benchmark MC3. The LNPs formulated with bun-
dles 1621 and 1755 besides U-shapes 1612 and 1716 were ranked
as top performers in terms of transfection score in this screening
study.
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Figure 3. Gene silencing activities of XP-LNP/siRNA formulations in different cancer cell lines. The XP-LNPs were assembled with siRNA at N/P 9,
as described in Scheme 1B and the experimental section. The XP-LNPs were loaded with siGFP against enhanced green fluorescent protein (eGFP)
or control siRNA (siCtrl) to transfect the cells (5000 cells per well) at two different doses (30 and 15 ng). The standard MC3-LNP served as control
for comparison. At 48 h after transfection, the luciferase activity of eGFP-luciferase (eGFPLuc) fusion protein was evaluated in cell lines with stable
expression of eGFPLuc reporter gene including A) human hepatocellular Huh7 (Huh7/eGFPLuc), B) human cervix carcinoma KB (KB/eGFPLuc), and C)
murine neuroblastoma N2A (N2A/eGFPLuc) cells. The luciferase activity is expressed as percentage relative to that of HBG-treated cells (mean + SD,
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n=3).

The siRNA transfection doses were even more reduced to
7.5 ng to distinguish the efficiency differences among the top-
performing formulations (1621, 1755, 1612, and 1716). Indeed,
dose dilution of LNPs was undertaken in buffer (HBG, pH 7.4)
to reach very low doses of 1.5 and 0.15 ng of siRNA per well.
As Figure 4(A-C) shows, the translation levels of eGFPLuc were
altered dose-dependently after siRNA-LNP transfection. The cell
type and XP-specific differences were also evident in the out-
comes of gene silencing. By comparing the gene silencing effi-
ciency of formulations (Tables S4-S7, Supporting Information)
upon the dose reduction assay on various cell lines led us to find
an order of potency as 1621 > 1755 > 1612 > 1716. However, the
higher non-specific effects of U-shapes limit a more straightfor-
ward conclusion, but still, their potencies at very low doses, be-
sides their acceptable physicochemical properties, fulfill our ex-
pectation from a suitable carrier. An important finding was the
superior gene silencing activity of 1621-LNP at an extremely low
siRNA dose of 150 pg when the N/P ratio was increased to 18, re-
markably in KB/eGFPLuc and CT26/eGFPLuc cells (Figure 4D;
Table S4, Supporting Information). Since the siRNA-EE did not
significantly change by increasing the N/P ratio from 9 to 18 in
LNP formulations (as found in Section 2.2), the extra XPs may
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improve the endosomal escaping rate of siRNA, leading to a bet-
ter gene silencing activity like what was observed in case of 1621-
LNP. Altogether, 1621-LNP was scored as the most potent carrier
for in vitro siRNA delivery in our study.

The potency ranking of different XP library members in func-
tional delivery strongly depends on the nucleic acid cargo (siRNA,
mRNA, pDNA) and the type of formulation (LNP versus poly-
plex). For small siRNA cargo, the electrostatic stability of poly-
plexes is far more critical®!! than, for example, siRNA-LNPs. It
is worth discussing here the ability of the novel XP carriers for
siRNA complexation and delivery in the form of siRNA polyplex
in comparison to siRNA-LNP formulation. We recently reported
that the U-shape (120c¢) polyplexes exhibit potent gene silenc-
ing with the most significant efficacy for 1716, even at a dose
of 3 ng siRNA/well in N2A/eGFPLuc cells. Nevertheless, find-
ing an optimal ratio of U-shape carriers (1716 and 1612) with
Stp, to siRNA (N/P), at which polyplex stability and potency could
be guaranteed, was challenging for polyplex formation. To men-
tion, the ability of 1716 was better than 1612 to make stable
siRNA polyplexes.[**] From a comparative point of view, a simi-
lar in vitro transfection efficiency was obtained with 1716-LNP in
KB/eGFPLuc cells. The difference can be attributed to the distinct
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Figure 4. Comparison of siRNA-mediated gene silencing activities among the best-performing XP-LNPs in different cancer cell lines. The XP-LNPs were
assembled with siRNA at either N/P 9 (A-C) or N/P 18 (D), as described in Scheme 1B and the experimental section. The XP-LNPs were loaded with
siGFP or siCtrl to transfect the cells (5000 cells per well) at different doses (15, 7.5, 1.5, and 0.15 ng). The two low doses (1.5 and 0.15 ng) were obtained
by dilution of LNPs in HBG buffer. At 48 h after transfection, the luciferase activity of eGFPLuc fusion protein was evaluated in A) KB/eGFPLuc, B)
N2A/eGFPLuc, and C) murine colon carcinoma CT26 (CT26/eGFPLuc) cells. D) The gene silencing activity of 1621-LNP at N/P 18 evaluated in three
cell lines of KB/eGFPLuc, N2A/eGFPLuc, and CT26/eGFPLuc after 48 h. The luciferase activity is expressed as percentage relative to that of HBG-treated
cells (mean + SD, n = 3). Statistical analysis is shown for the low dose of siRNA (0.15 ng) in Figure 4D and significance was determined as **p < 0.01

and ***p < 0.001.

structural and functional properties of LNP versus polyplexes
in their interaction with cells. In cases of mRNA and pDNA,
the XP carriers at Stp/LAF ratio of 1:4 could hardly form poly-
plexes, with a higher tendency toward aggregation in U-shape
than bundle topologies. At an optimized N/P ratio, bundles 80c
1621 and Bu 1752 could complex mRNA into positively charged
polyplexes with great potential for mRNA delivery.**] In the case
of siRNA polyplexes (Figure S2, Supporting Information), bundle
16Bu 1753 could not form siRNA polyplexes of satisfactory sta-
bility. Bundle XPs such as 1754 (12He), 1755 (14He), and 1762
(100c¢) were capable of forming polyplexes at a proper N/P ra-
tio but with moderate gene silencing at a high siRNA dose of
500 ng (per 5000 cells), which is likely due to their low stability in
10% serum-containing culture medium. The siRNA polyplexes
with 12Bu 1752 were more stable in size than the other 1621
analogs, even though their surface charge depended on the N/P
ratio, suggesting caution in their formulation and application. Al-
though bundle 1621 with shorter LAF (80c) can complex siRNA
into polyplexes at N/P 18 with acceptable size and PDI, moderate
gene silencing efficiency of ~40% was achieved by delivering a
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high dose of 500 ng siRNA, a gene silencing value that is even
lower than 1621-LNP’s potency at 30 ng siRNA in the same cell
line (N2A/eGFPLuc). When it comes to a conclusion, the full po-
tential of bundle XPs with one Stp should be utilized in LNP for-
mulations for maximal efficacy. The superior efficiency of siRNA
XP-LNPs over XP-polyplexes is well-documented by efficacy at a
20-fold reduced very low dose (0.15 ng versus 3 ng siRNA per
well).

2.5. In Vitro Assessment of Endosomal Disruption Mediated by
XP-LNP/siRNA Formulations

Having confirmed the potential of XP-LNPs for siRNA deliv-
ery, we were interested in evaluating their endosomal disrup-
tion capability as one of the underlying reasons for their out-
standing functional efficiency. To do this, Hela cells stably ex-
pressing Galectin8-mRuby3 fusion protein (HeLa-Gal8-mRuby3)
were applied to visualize the endosomal escape capability of the
XP-LNPs. Upon rupture of the endosomal membrane, punctate
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Figure 5. Image-based analysis of endosomal disruption capabilities of XP-LNPs. The XP-LNPs were assembled with siRNA at N/P 9, as described in
Scheme 1B and the experimental section. The standard MC3-LNP served as control for comparison. The endosomal disruption was assessed by galectin
(Gal8) recruitment assay using Hela cells expressing Gal8-mRuby3 fusion protein (HeLa-Gal8-mRuby3). In this cell line, the binding of cytosolic Gal8-
mRuby3 to intra-endosomal glycans in damaged endosomes leads to punctate fluorescent spots. The reporter cell line was transfected either with
XP-LNPs or MC3-LNPs for 4 h at an siRNA dose of 30 ng (per 5000 cells). Then, the cells were prepared for CLSM or the ImageStream imaging flow
cytometry according to their respective protocols. HBG-treated cells were considered as a negative control. A) The fluorescent Gal8-mRuby3 puncta
(green) tracked by confocal microscopy. The scale bar is 50 um. B) The Gal8-mRuby3 puncta count per cell quantified by the ImageStream analyzer using
the spot count feature of IDEAS software (version 6.2). Histograms were generated by plotting the spot count against the normalized frequency. The
mean spot count for each sample was provided in their plots. C) Representative images of transfected cells with 1621-LNP with high and low spot counts.
The cells were analyzed in three different channels of bright field (Ch01), Gal8-mRuby3 (Ch04; green), and Hoechst (Ch07; blue). The scale bar is 10 um.

fluorescent spots appear due to the cytosolic Gal8-mRuby3 bind-
ing to the exposed glycosylation moieties on the inner face of
the disrupted endosomes. The fluorescent puncta resulting from
Gal8-mRuby3 clustering on damaged endosomal membranes
can be easily detected via confocal microscopy. Each spot reflects
the incidence of endosomal disruption and the subsequent cargo
release, thus predicting the intracellular siRNA bioactivity.[*?]
The 1621-LNP was initially selected for the Gal8-mRuby3 re-
cruitment assay. As endosomal rupture occurs in a time and dose-
dependent manner,>! the cells were treated with a single siRNA
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dose of 30 ng for 4 h and then imaged by CLSM (Figure 5A).
In HBG-treated cells, the Gal8-mRuby3 pattern was dispersed
throughout the cytosol due to the presence of intact endosomes.
The bright fluorescent punctate pattern showed the high endo-
somal disruptive activity of 1621-LNP, while no significant Gal8
recruitment was observed in the MC3-treated cells in compari-
son to HBG-treated cells. These striking differences in the spot
patterns between 1621 and MC3 suggest the highly efficient en-
dosomal escape in cells treated with 1621-LNP at a low siRNA
dose of 30 ng, thereby leading to its high-efficiency transfection.

© 2024 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

BACK TO CONTENTS

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

sl

www.small-journal.com

A) B)
* *
‘ 4 g 150 I - g 150
Hepatocyte (HC) = J = E
28 0] 1 L0 2% 00l T Lo
5 € 1009 4 e S € 1004 4 ;}
o O A 00 ]l @
< o AIA < o 5 A A
Stellate Cell (SC) | = 3 _ =% i
Kupffer Cell (KC) S ! z e 50 Se 50 E
=] E=]
< g . A
- 3 <
Liver Sinusoidal x o0 T T T T T x o0 T T T T T
Endothelig\ Cell)(LSEC) HBG MC3 1621 MC3 1621 HBG MC3 1621 MC3 1621
Liver Sinusoid ) ) - - - -
. C) siCtrl siFVII siCtrl siFVII
pg/mL
— 100
;-2 -1 743 76.8 13.9 3:3) 14.1 ND 84.0 216 16.4 78.1
\ g - 741 64.1 13.1 3.2 14.3 ND 83.1 21.2 15.9 76.0 50
1
\\“ — g- 735 62.4 13.2 315 14.4 ND 823 215 16.3 75.7
T T T T T T T T T T — 0
D) GM-CSF IFN-y L2 IL-4 IL5  IL10  IL-12  IL17A  IL-23  TNF-a
100 150 A10 15
~ < _I_ g %. . S
| <100 o w1 S 10
2 > 1, s 4
H 0 % 50 x £ w5
< a= < £ o
e 2 G
0 I ()} 0 0

T T T T T T T T T T T
HBG MC3 1621 HBG MC3 1621 HBG MC3 1621 HBG MC3 1621

Figure 6. Effective siRNA gene silencing in liver sinusoidal endothelial cells (LSECs) by 1621-LNP. A) Scheme of liver sinusoid structure. The liver
sinusoid is a specific capillary made of highly specialized cells such as hepatocytes (HCs), LSECs, Kupffer cells (KCs), and stellate cells (SCs). HCs and
LSECs are separated by the space of Disse and produce respective coagulation factors VII (FVII) and FVIII, suggesting two distinct potential cell-specific
targets. B) FVII and FVIII activity in mouse plasma evaluated by chromogenic assay following single intravenous (i.v.) administration of siRNA-LNPs.
Each LNP (MC3 and 1621) was formulated either with siRNA against FVII (siFVII) or FVIII (siFVIII) and injected into BALB/c mice (6-8 weeks) via the
tail vein (5 ug siRNA in 150 uL HBG/mouse). The identical formulations with siCtrl were used as negative controls. After 48 h, the blood was collected
via heart puncture under anesthesia. FVIl and FVIII activities were measured in their citrated plasma. The data are presented as percentage of the value
obtained from HBG-injected mice (mean + SD, n = 4). Statistical significance was determined as *p < 0.05, and ****p < 0.0001. C) Cytokine profile
quantified in the plasma of mice after a 48-h treatment with 1621-LNP in comparison to MC3-LNP and HBG-treated groups using MACSPlex Assays
(mean of duplicate + SD, n = 3). ND, not detectable. D) Hepatic (ALT and AST) and renal (BUN and Crea) functions tested in the plasma of mice after a
48-h treatment with 1621-LNP (n = 2) in comparison to MC3-LNP (n = 3) and HBG-treated (n = 3) groups (mean + SD). ALT, alanine aminotransferase;
AST, aspartate aminotransferase; BUN, blood urea nitrogen; Crea, creatinine.

The HeLa-Gal8-mRuby3 cells treated with our panel of the
best-performing XP-LNPs (1621, 1755, 1612, and 1716) were
also analyzed by the ImageStream cytometer to determine if
there is a correlation between the performance rankings derived
from gene silencing analysis and the Gal8 recruitment assay
(Figure 5B). This advanced technique enables the quantification
of endosomal disruption frequencies by taking images from each
cell and automatically detecting and counting spots with higher
fluorescence intensity. The distribution of spot counts by our
endosome-disruptive XP carriers was highly pronounced com-
pared with MC3 (Figure 5B). Upon ranking the XP-LNPs ac-
cording to the mean spot count per cell (1621 > 1755 > 1612 >
1716), we found an apparent relationship between the endoso-
mal disruption events and the siRNA-mediated eGFPLuc gene
knockdown efficiency. Figure 5C shows representative images
of high and low Gal8-mRuby3 spot counts in cells treated with
1621-LNPs derived from ImageStream data. Overall, XP-LNPs
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are pH-responsive, endosomolytic, and capable of robustly de-
livering siRNA into the cytosol of target cells, albeit to different
degrees.

2.6. In Vivo Liver Targeting by XP-LNP with Preferential Affinity
toward Liver Sinusoidal Endothelial Cells (LSECs)

Potential targeted therapy for liver diseases demands selective
and efficient delivery of therapeutics into the cell type of interest
to enhance treatment outcome with minimum off-target effects,
as already achieved by Onpattro for hepatocyte gene silencing.l”’
Liver is a complex organ of several major cell types, consist-
ing of hepatocytes and non-parenchymal cells such as LSECs
and Kupffer cells (KCs) (Figure 6A). Hepatocytes, accounting for
approximately 80% of the liver cell population, have been the
primary targets for LNP-delivered therapeutics because of their
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central role in various hepatic complications.[>* The highly spe-
cialized LSECs contain fenestrations without a diaphragm to
form a permeable endothelium within sinusoid capillaries, al-
lowing LNPs to enter the space of Disse and interact with hep-
atocytes (Figure 6A). The endolysosomal compartment is an es-
sential part of the cellular machinery in LSECs, providing them
with a unique endocytic capacity for LNP uptake. LNPs can also
be phagocytized by KCs, the resident macrophages in the liver.
Therefore, LSECs and KCs provide a powerful scavenger sys-
tem, referred to as “the dual cell principle of waste clearance”,
for removing small and large macromolecules from the blood,
respectively.>*] Despite the commonality of apoE-mediated LNP
specificity to hepatocytes, as demonstrated by Onpattro, it has
been so far more challenging to deliver RNAs into non-hepatic
cells. Due to the unique anatomical location and provital role of
LSECs in numerous pathophysiological conditions,/>>! a grow-
ing interest has been raised in developing strategies for LNP-
mediated RNA delivery into LSECs. Progress has already been
achieved either by modulating the physicochemical properties
such as size and pK,,I*®! surface charge,®!! lipid structure,’®”! or
by applying specific targeting ligands.[**} Our previous publica-
tion by Haase et al. (2023) indicated that 1621-LNP could efhi-
ciently deliver mRNA into LSECs and KCs.[*) Building upon this
finding, and considering the lower total protein expression ob-
tained in the livers of mice injected with 1621-LNP/mRNA com-
pared to MC3-LNP, we hypothesized that this difference might be
due to the limited ability of 1612-LNP to transfect hepatocytes.
To explore this hypothesis in the context of siRNA delivery, we
compared the efficacy of 1621-LNP in delivering siRNA to both
hepatocytes and LSECs. Initially, the biodistribution of 1621-LNP
encapsulating Cy7-siRNA was validated in the liver of BALB/c
mice at 1h following intravenous (i.v.) injection (5 ug siRNA per
mouse) using an IVIS imaging system (Figure S3, Supporting
Information). Based on the ex vivo data, the 1621-LNP exhibited
a comparable accumulation pattern in imaged organs to that of
MC3-LNP, with high fluorescence efficiency in the liver. Next, the
1621-LNP uptake by different hepatic cell-types (e.g., hepatocytes,
LSECs, and KCs) was examined at 1 h-post injection of 1621-
LNP encapsulating Cy5-siRNA using ImageStream cytometer
(Figure S4, Supporting Information). The data demonstrated
1621-LNP accumulation in all three tested cell types, with
~tenfold higher distribution in LSECs in comparison to hepa-
tocytes and ~fivefold higher level than in KCs (Figure S4A, Sup-
porting Information). The LSECs were identified through spe-
cific antibody (Ab) staining, and the intracellular localization of
siRNA-LNP was determined by imaging the fluorescence emitted
from Cy5 (Figure S4B, Supporting Information). In contrast, for
MC3-LNP, a lower distribution level in LSECs has been reported
as compared to hepatocytes and KCs.®]

Since biodistribution data alone is not sufficient to predict the
functionality of RNA delivered by LNPs into specific cells,>!
we evaluated the in vivo performance of 1621-LNP for siRNA
delivery against either coagulation factor VII (FVII) or FVIII
(Figure 6B). FVII is specifically produced by the hepatocytes and
secreted into the circulation, whereas LSECs are the sites for
FVIII production. The 1621-LNP was loaded with either siFVII
or siFVIII and injected i.v. into BALB/c mice (5 pg siRNA per
mouse). MC3-LNPs encapsulating siFVII or siFVIII were also
tested for comparison. At 48 h post-injection, FVII and FVIII
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activities can be measured in plasma, reflecting the siRNA ef-
fect in the hepatocytes and LSECs, respectively. As also proven
previously,!”) MC3-based LNP efficiently triggered the silencing
of FVII (x~90%) relative to the baseline level in hepatocytes,
whereas our 1621-LNPs achieved only 30% silencing under com-
parable conditions (Figure 6B). In contrast to MC3-LNP, 1621-
LNP elicited a distinct functional targeting, resulting in optimal
FVIII gene silencing in the LSECs (~80%) (Figure 6B). The speci-
ficity of gene silencing was verified by using similar formulations
containing siCtrl. Based on the results, it can be concluded that
1621-LNP has an efficient functional siRNA targeting to LSECs
rather than hepatocytes. The interpretation of such results can be
undertaken with consideration of our novel ionizable component
and the differing chemistry of 1621-LNP from MC3-LNP. Accord-
ing to the work of others, the composition profile of LNPs plays a
key role in both efficiency and liver cell specificity of gene delivery
by influencing LNP physicochemical properties and their biolog-
ical interaction with blood proteins.l*! In our study, we therefore
compared 1621-LNP and MC3-LNP with the most similar com-
position profiles and physicochemical properties. MC3-LNP has
been validated as a very well-established reference for chemical
targeting of hepatocytes and a reliable benchmark for compar-
ison due to its known mechanism and consistent performance
across different experimental conditions.?”! When considering
the similar LNP composition and physicochemical properties (es-
pecially regarding the size, zeta potential, and pK,) between 1621-
LNP and MC3-LNP, the functional silencing activity of 1621-LNP
in LSECs can be attributed to the chemistry of 1621, enabling ef-
ficient endogenous targeting of LSECs, as opposed to hepatocyte
targeting observed with MC3-LNP. In line with our observations,
Johnson et al. reported that two LNPs sharing similarities in for-
mulation and physical properties, except for the type of ionizable
lipid, displayed different abilities to deliver RNA to various types
of liver cells. This discrepancy was attributed to differences in
protein corona formation, which in turn can impact various as-
pects of in vivo LNP behavior.[*) Interestingly, internal cellular
signaling can also alter the fate of RNAs once they reach their
targets.’8] The data of intrahepatic biodistribution and gene si-
lencing efficacy suggest that MC3-LNPs traverse the barrier of
KCs and LSECs to internalize into hepatocytes, while 1621-LNPs
may predominantly become entrapped within LSECs and KCs.
To note, the fast kinetic and ionizable lipid-assisted robust en-
dosomal escape may contribute to the efficient gene silencing in
these cells. The development of carriers to interact with and to
be taken up by a specific cell type represents a major advance in
medical research. In the current paper, we proposed an ionizable
carrier-dependent cell tropism for efficient and functional siRNA
delivery into LSECs via 1621-LNP, providing a foundation for
future studies.>! Although our experiment gives well-reasoned
predictions of 1621-LNP ability for LSEC targeting, pharma-
cokinetic studies are needed to elucidate the structural-related
activities.

Attention has always been paid to the safety aspect of de-
livery carriers in the drug development field, which has often
limited the translation of discoveries into clinical practice. It
has been reported that hepatotropic LNPs can induce liver and
systemic toxicity via accumulation in the LSECs.[®) These con-
cerns urged us to check the biocompatibility of 1621-LNP by an-
alyzing several well-known cytokines responsible for immune
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responses (Figure 6C). All measured cytokines in the plasma of
1621-treated mice were found to be within the normal range and
not significantly different from those in control groups. More-
over, the indicators for liver damage (e.g., aspartate transami-
nase, AST, and alanine transaminase, ALT) and kidney function
(blood urea nitrogen, BUN, and creatinine, Crea) in 1621-treated
mice were compared with those in HBG and MC3-treated mice
(Figure 6D). No abnormal alterations were found in these bio-
chemical parameters following 1621-LNP administration. The
immunogenicity and biochemical studies revealed a favorable
safety profile of 1621-LNP at the administered dose of 5 ug per
mouse (~0.25 mg kg™).

2.7. In Vivo Targeting of Tumor Endothelial Cells (TECs) Enabled
by Surface Modification of XP-LNP

Angiogenesis refers to the process of forming new blood vessels
from pre-existent ones to fuel the metabolic demands of fast-
growing cancer cells. Therapeutic gene delivery into TECs is a
valuable strategy in targeted cancer treatment. This importance
comes from the essential role of TECs during angiogenesis,
as well as their distinct phenotype compared to the normal
endothelial cells, ensuring safe and selective therapy.[®!] A panel
of potential targets can be found in TECs, which are among
the appropriate candidates for antiangiogenic interventions.
For instance, the vascular endothelial growth factor receptor-2
(VEGFR-2) is a key transducer of the signals from pro-angiogenic
factors (e.g., vascular endothelial growth factor, VEGF) to TECs.
Any interventions in the VEGF/VEGFR-2 signaling pathway can
impair angiogenesis and tumor growth.[®62] Another excellent
target within the tumor vasculature is the integrin «, f; receptor,
which is predominantly expressed on TECs but poorly on normal
endothelium. Moreover, integrin a,f; promotes the migration
and invasion of TECs as a critical step in vasculogenesis.[®!]
Of particular interest is the synergistic crosstalk between « 8,
and VEGF/VEGFR2 axis during pathological angiogenesis.[®]
These significances have qualified integrin «,f; not only as an
ideal target for pharmacological attack but also as a receptor for
ligand-directed therapeutics.

Using the capability of integrin «,f; to be recognized by
arginyl-glycyl-aspartic acid (RGD) sequence,*+%] various RGD-
containing peptides have been extensively synthesized, with a
preference for cyclic conformation (cRGD), for integrin-targeting
applications.[®-%] Modifying siRNA-loaded nanoparticles with
RGD-containing peptides (e.g., ¢(RGDfK)) has been identified
as an effective strategy for targeting both tumor cells and tumor
vasculature.[%-72]

By bringing these attractive concepts together, we aimed to op-
timize the effectiveness of our 1621-LNP for targeting integrin-
positive cells by changing the lipid composition and cRGD sur-
face modification. In doing so, 2% of non-sheddable DSPE-
PEG2000-N, in addition to 0.5% DMG-PEG2000 were incorpo-
rated in the formulation with proper adjustment of their ratio
to the other components (Figure 7A). This newly formulated
azido-PEG containing 1621-LNP was termed “Azido-LNP” (Az-
LNP). Moreover, ¢(RGDfK) peptide conjugated with a monodis-
perse PEG,, spacer via one N-terminally attached dibenzyl cy-
clooctene (DBCO) moiety (DBCO-PEG,,-c(RGD{K)), as well as
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DBCO-PEG,, as a ligand-free negative control were synthesized
(Figure 7B; Figures S5 and S6, Supporting Information). The
Az-LNP were subsequently post-modified with DBCO-PEG,,-
c(RGDfK) or DBCO-PEG,, via click chemistry over a 4-h reac-
tion time, thereby increasing the PEG chain length by a further
~1 kDa (Figure 7C). This reaction was optimized by applying
2 molar equivalents (eq) of DBCO-PEG-ligand per DSPE-PEG-
Nj;. The 100% conjugation efficiency between DSPE-PEG-N; and
DBCO-PEG,,-c(RGDfK) was confirmed via UV}/vis spectroscopy,
achieving this within our standard incubation time (4 h) for post-
click functionalization (Figure S7, Supporting Information). The
Az-LNP, without any modification, were well-dispersed (PDI 0.1)
and possessed a uniform size of ~115 nm in diameter. Neither
PEGylation nor cRGD modification induced apparent changes in
the particle size or zeta potential. Only PEGylation slightly de-
creased the surface charge from around —4 to —8 (Figure 7D).
To determine the transfection capacity of the formulations, we
employed siRNA to silence VEGFR-2 expression (siVEGFR-2)
in bEnd.3 cell line and the knockdown effectiveness was veri-
fied at the translation level by flow cytometry (Figure 7E). The
bEnd.3 cells served as a suitable cell line for analyzing the tar-
geting effect of RGD-modified LNPs due to the expression of
integrin a,f; receptor and VEGFR-2 (Figures S8 and S9A-D,
Supporting Information). To evaluate the changes of VEGFR-
2 expression upon various treatment groups, the cells treated
with a control isotype-matched monoclonal Ab (mAb) were used
to set the threshold for VEGFR-2 expression (Figure S9E, Sup-
porting Information). Since HBG-treated cells show the base-
line expression of VEGFR-2 compared to isotype control, the per-
centages and MFI fold change of VEGFR-2 positive cells in the
formulation-treated groups were presented relative to the HBG
group (Figure 7E). The results indicated that the formulations
of Az, PEGylated, and cRGD-modified LNPs decreased the per-
centage positivity and expression intensities, implying VEGFR-2
gene silencing with higher efficiency for the ligand-targeted LNPs
(Figure 7E). The lower total in vitro potency of the targeted LNP
(arising from the presence of DSPE-PEG) versus original 1621-
LNP (containing only sheddable DMG-PEG) aligns with previ-
ous research on DSPE-PEG effect on reducing the cellular up-
take and endosomal escape.[”>”#l However, this negative effect of
PEGylation on transfection efficiency can be restored either by
increasing the amount of ionizable lipid in LNP formulation”®]
or by employing active targeting using ligands.[*] On the positive
side, increasing PEGylation, as in the current case by adding sta-
ble DSPE-PEG (C18 acyl chains), plus subsequent further click-
PEGylation, has been postulated to increase blood circulation in
vivo by minimizing the interaction of stealth carriers with serum
proteins, ensuring accumulation in extrahepatic organs such as
tumor with favorable transfection efficiency, without necessarily
correlating with in vitro data.l’>7*7677] Accordingly, we examined
VEGFR-2 gene silencing in tumor endothelium following i.v. ad-
ministration of cRGD-modified 1621-LNP in a nude mouse tu-
mor xenograft model (Figure 7F). Since integrin a,f; can also
be found in several tumors, such as neuroblastomas, a subcu-
taneous Huh7 tumor (with no expression of integrin a,f,) was
modeled to validate the efficiency of the system to target inte-
grin a, fB;-expressing TECs. When the tumor size reached 400—
500 mm?, the biocompatible dose of 1621-LNPs (5 ug per mouse)
was applied based on the previous animal experiment. The
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Figure 7. Targeting tumor endothelial cells (TECs) by cRGD-modified 1621-LNP. A) zido-PEG containing 1621-LNP (Az-LNP) formulated with
1621/DSPC/DMG-PEG/DSPE-PEG-N; /cholesterol at a molar ratio (%) of 22.2/15.6/0.5/2/59.7 (N/P 9). B) DBCO-PEG,4-c(RGDfK) and DBCO-PEG,,
synthesized via SPPS. C) The azide groups on the surface of LNPs clicked with DBCO-PEG,4-c(RGDfK) or DBCO-PEG,, conjugates at 1:2 molar equiva-
lents (eq). D) Size distribution (number), intensity-averaged diameter, PDI, and zeta potential (ZP) of Az-LNP and modified-LNPs (PEG-LNP, cRGD-LNP)
detected by DLS and ELS. E) Expression of VEGFR-2 on bEnd.3 cells quantified by flow cytometry after a 48-h exposure to different siVEGFR-2-LNP for-
mulations at an siRNA dose of 30 ng siRNA (per 5000 cells). The cRGD-LNP (encapsulating siCtrl) was used as a negative control. The obtained data
were calculated as percentage (%) and MFI fold changes of positive cells (over isotype control) and are presented relative to the respective values found
in HBG group (mean + SD, n = 3). F) Principles for in vivo experiment-based siRNA delivery into a tumor xenograft model by modified-LNPs. The
formulations (5 ug siVEGFR-2 in 200 L HBG/mouse) were injected once into nude mice (6-8 weeks)-bearing Huh7 tumor xenografts (400-500 mm?3)
via the tail vein. The strategy for TEC targeting was based on the recognition of integrin (a, ;) by cRGD-modified LNP for efficient functional siVEGFR-2
delivery. G) Expression of VEGFR-2 on TECs quantified by flow cytometry following single i.v. administration of different siRNA-LNP formulations. At 48 h
after injection, the tumors were harvested and the TEC-expressing VEGFR-2 in each tumor cell suspension was determined as MFI and is presented as
percentage of the value obtained from HBG-injected mice (mean =+ SD, n = 3). Unstained and isotype controls were employed to eliminate background
fluorescence and non-specific binding for each sample. Statistical significance was determined as *p < 0.05, **p < 0.01 and ***p < 0.001.
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tumors were dissected at 48 h after treatment with the LNP for-
mulations, and the VEGFR-2 expression was quantified in TEC
population of single-tumor cell suspension using flow cytometry.
The gating strategy is provided in Figure S10 (Supporting Infor-
mation). Compared to HBG-treated mice, the VEGFR-2 down-
regulation was more significant in the mice treated with cRGD-
modified LNPs (p < 0.01) than in those treated with PEG-clicked
LNPs (p < 0.05) (Figure 7G). The stringent specificity of VEGFR-
2 silencing was confirmed using siCtrl (p < 0.01). No difference
was found between the PEG-clicked LNP and the initial 1621-
LNP formulation (without DSPE-PEG). In contrast to the in vitro
results, cRGD-modified LNPs outperformed 1621-LNP in gene
silencing in TECs. The results emphasize the role of DSPE-PEG
in vivo, by which the DSPE-PEG-decreased transfection efficacy
could be rescued. Remarkably, the synergistic effect of PEGyla-
tion with cRGD-targeting strategy could promote 1621-LNP effi-
ciency in targeting TECs. It is worth mentioning that the mod-
ified Az-LNPs (with PEG and cRGD) were well-tolerated by the
mice, as confirmed by no considerable changes in the blood levels
of AST, ALT, BUN, and Crea parameters (Figure S11, Supporting
Information).

3. Conclusion

Based on the encouraging therapeutic potential of RNA
medicines, novel synthetic carriers have been developed for
delivery.[”88% In summary, our research endeavors have led to the
development of LNPs with an enhanced capability for siRNA de-
livery in vitro and in vivo. The innovation lies in using double pH-
responsive XP carriers with four units of lipophilic cationizable
LAF domains and one unit of hydrophilic cationizable Stp (LAF,-
Stp,). When incorporated into siRNA-LNPs, the in vitro screen-
ing exhibited considerable improvement in cellular uptake, fast
and strong endosomal escape, and functional cargo release in
comparison with LNPs formulated with the gold standard MC3
lipid. Given the differences between XP-LNP activities in vari-
ous cell lines, LAF,-Stp, carriers with bundle topology outper-
formed U-shape topology, and 1621 attained the first rank of ef-
ficiency among all tested bundles. The excellent performance of
1621-LNP was well illustrated by >60% gene silencing at a very
low siRNA dose of 150 pg in the neuroblastoma cell line. Fol-
lowing systemic administration into mice, 1621 integration in
siRNA-LNP resulted in a higher chemical structure-dependent
functional targeting of LSECs (“chemical targeting”). These find-
ings were concluded from the efficient siRNA-mediated FVIII
knockdown in LSECs and only moderate FVII knockdown in hep-
atocytes, just the opposite of what was obtained with MC3-LNP.
The differential cellular specificity is not yet clarified and might
be ascribed to distinct scavenger receptors on LSEC surfaces in-
teracting with the formed protein corona on 1621-LNP, analo-
gous to the apoE/LDRL pathway for MC3-LNP. Alternatively, the
fast and potent escape from endosomes might be responsible for
the differences in functional targeting.

To pave the way for a 1621-LNP application to TECs, the
PEG-lipid profile in the formulation was optimized for im-
proved shielding in blood circulation and better tumor ac-
cumulation. Moreover, incorporation of c¢(RGDfK) on 1621-
LNP/siVEGFR-2 surface for “biological targeting” of integrin
(a,B;)-overexpressing TECs resulted in strong down-regulation
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of VEGFR-2 in xenografted Huh7 tumors in nude mice. In sum,
our work presents highly potent siRNA-LNPs with tunable en-
dothelial tropism achieved through chemical and active func-
tional targeting, thereby contributing to the evolution of targeted
gene silencing strategies in molecular medicine.

4. Experimental Section

Synthesis of Cationizable XP Carriers:  The library of XP carriers (Table 1)
was synthesized via SPPS as described in Thalmayr et al.[44]

Synthesis of DBCO-PEG-Ligand: The synthesis of DBCO-PEG,,-
c(RGDfK) and DBCO-PEG,, was carried out based on the previous
publications.!3-83] DBCO-PEG,,-c(RGDfK) was synthesized on a 2-
chlorotrityl chloride resin preloaded with L-Gly-OH. The linear precur-
sor structure H,N-DfKRG-OH was synthesized via automated SPPS by
9-fluorenyl-methoxycarbonyl chemistry. Cleavage of the peptide from the
solid phase was performed under mild conditions to keep the side chain
protecting groups intact (dichloromethane (DCM)/trifluoroacetic acid
(TFA) /triisopropylsilane (TIS) 92.5/5/2.5 (v/v/v), 30 min). Cyclization of
the linear peptide was achieved by amide formation between the free
N-terminal amino group of aspartic acid and the free C-terminal car-
boxylic group of glycine. Therefore, the linear peptide was dissolved in
DCM to which PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium-
hexafluorophosphate, 4 eq), HOBt (1-hydroxybenzotriazol, 4 eq), and DI-
PEA (diisopropylethylamine, 8 eq) were added for a 3 days incubation at
RT. To remove the side chain protecting groups of the cyclic peptide, the
solvent was evaporated under reduced pressure and the dried product
was dissolved in a cleavage cocktail of TFA/H,O/TIS 95/2.5/2.5 (v/v/v) for
90 min followed by precipitation of the product in a pre-cooled mixture of
n-hexane and methyl tert-butyl ether (MTBE) (3:1 (v/v)). After centrifuga-
tion and removal of the supernatant, the resultant pellet was dried under
nitrogen stream and purified via reverse-phase high-performance liquid
chromatography (RP-HPLC, LaPrep system, VWR International GmbH,
Germany) with a Symmetry C18 column (Waters, Germany). For subse-
quent in-solution coupling of a DBCO-PEG,, residue, c(RGDfK) was re-
dissolved in HEPES buffer, and the pH was adjusted to 8.5 with 1 m
sodium hydroxide (NaOH). DBCO-dPEG,,-TFP (1.2 eq.) was dissolved
in DMF, added to the H,N-c(RGDfK) solution, and the reaction mixture
was incubated for 6 h. Finally, DBCO-PEG,,-c(RGDfK) was purified via RP-
HPLC and analyzed by Matrix-assisted laser desorption/ionization-time of
flight-mass spectrometry (MALDI-TOF-MS, Autoflex || mass spectrome-
ter, Bruker Daltonics, Germany). Regarding DBCO-PEG,, synthesis, after
final cleavage, the obtained product was dialyzed (1000 MWCO, Carl Roth)
against 10 mm hydrochloric acid (HCI) for 48 h at 4 °C. Its characterization
was performed by MALDI-TOF-MS.

siRNA-LNP Formulation: siRNA-LNPs were formed using the ethanol
dilution method in a self-assembly process. First, cholesterol (Sigma-
Aldrich), DSPC (Avanti Polar Lipids), DMG-PEG2000 (Avanti Polar Lipids),
and either DLin-MC3-DMA (MedChemExpress) or XP carriers were dis-
solved in 100% ethanol at predetermined molar ratios (%). XP-LNPs and
MC3-LNP were made at N/P ratios of 9 or 18 and 3, respectively. The N/P
ratio defines the molar ratio of protonatable nitrogen molecules of the car-
rier (including all secondary amines of Stp units, tertiary amines of LAF
units, and terminal amines) to the phosphorous ones in the siRNA back-
bone. The siRNA was diluted in citrate buffer (10 mm, pH 4). Next, the
ethanolic and aqueous solutions were rapidly mixed (1:3 v/v). The resul-
tant mixture was incubated for 10 min at RT and then dialyzed against
HBG in a cassette membrane (1000 or 3500 MWCO, Sigma-Aldrich) for
2 h at 4 °C. For empty LNP formulation, all procedures were followed as
described above, except for no siRNA being added to the citrate buffer
before mixing with lipids. To post-modify the LNPs, DSPE-PEG2000-N;
(Avanti Polar Lipids) was also added into the ethanolic solution at an
optimized molar ratio (%) for azido/DBCO click chemistry reaction. The
DBCO-PEG,,-c(RGDfk) or DBCO-PEG,, was then added to the assembled
LNPs at 2 eq (defined as the molar ratio of DBCO to azide groups) for a
4-h incubation at RT. The final siRNA concentration in the transfection so-
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lution was 0.012 mg mL~" for in vitro assays and 0.025 or 0.033 mg mL™!
for in vivo experiments.

DLS and ELS Measurements:  The particle size and zeta potential were
evaluated in a folded capillary cell (DTS1070) with DLS and ELS using a
Zetasizer Nano ZS (Malvern Instruments, UK). Size and PDI were mea-
sured (three times with 6 sub-runs each) in 80 uL of the LNP solution
after an equilibration time of 30 s at 25 °C with a refractive index of 1.330
and viscosity of 0.8872 mPa*s. After diluting each sample with HEPES
to a final volume of 800 uL, the electrophoretic mobility was read three
times with 15 sub-runs, and zeta potential was calculated using the Smu-
chowski equation. All the setting parameters were the same for surface
charge measurement, except for an equilibration time of 60 s. To exam-
ine the stability of formulations in cell culture medium in the presence
of serum, LNPs were incubated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) FBS for various time points (1, 2,
and 4 h) at 37 °C before measurement. The DLS measurements of DMEM
+ 10% FBS and LNPs (immediately after formulation in HBG) were pro-
posed as references to distinguish their respective peaks in intensity-size
distribution plots.

Agarose Gel Shift Assay: A 2.5% (w/v) gel solution was prepared by
dissolving agarose in hot 1x TBE buffer (10.8 g Tris base, 5.5 g boric acid,
0.75 g disodium ethylenediaminetetraacetic acid (EDTA) at pH 8, in 1L of
water), and then cooling down to about 50 °C. The solution was stained
with GelRed, poured into a gel-forming plate with a comb, and the comb
was removed after gel solidification. Each sample was mixed with loading
buffer (6 mL glycerol, 1.2 mL 0.5 m EDTA, 2.8 mL H,0, 0.02 g bromophe-
nol blue) in a ratio of 5:1 (v/v) to a total volume of 24 uL. The samples were
loaded into the gel pockets, and electrophoresis was carried out in 1x TBE
buffer for 70 min at 120 V. Free siRNA in HBG at an equal concentration
as in the formulations was used as a positive control and HBG as a nega-
tive control. To examine the stability of formulation in serum, LNPs were
incubated in HBG in the presence of 90% (v/v) FBS for 2 h at 37 °C before
running in the gel. The bands were visualized by a UV transilluminator
(Biostep, Germany).

TEM Measurement: Each LNP sample (10 uL) was applied to a carbon-
coated copper grid (Ted Pella, Inc. USA, 300 mesh, 3.0 mm O.D.) hy-
drophilized by argon plasma (420 V, 1 min) for 30 s. After removing the
residual solvent with filter paper, the grid was quickly washed with 5 pL
of 1% (w/v) uranyl formate, stained immediately afterward with another
5 uL droplet of uranyl formate solution for 5s, and finally air-dried at RT.
The grid was imaged via a JEOL JEM-1100 (JEOL, Tokyo, Japan) electron
microscope at 80 kV.

RiboGreen Assay: The encapsulation efficiency of siRNA in LNPs
(siRNA-EE) was quantitated using Quant-it RiboGreen RNA Assay Kit
(ThermoFisher Scientific) and analyzed on a Tecan microplate reader
(Spectrafluor Plus, Switzerland). Briefly, 40 uL of LNP solution was diluted
with 210 uL 1x TE (10 mm Tris-HCl, 1 mm EDTA, pH 7.5, in RNase-free
water). HBG was used as a blank sample. Then, 50 uL of diluted LNP solu-
tion was added to either 50 pL 1x TE buffer (non-lysed LNPs) or 50 uL 1x
TE containing 2% (v/v) TritonX-100 (lysed LNPs) into a black 96-well plate
in duplicate. The plate was kept for 10 min at 37 °C under constant shak-
ing followed by RT-cooling down for 5 min. Next, the samples were incu-
bated with 100 uL Ribogreen solution (RiboGreen reagent diluted 200-fold
in 1x TE buffer) for 15 min at 37 °C under a light protected condition be-
fore measuring the fluorescent signal (excitation/emission 485/520). The
siRNA-EE was calculated by the following formula and given in percentage.

mean emission

EE (%) = 100% — ( untreated contm/> + 100% M

mean emissiony ,aied sample

Cell Culture: The human cervical adenocarcinoma Hela cells (DSMZ,
German Collection of Microorganisms and Cell Cultures GmbH, Braun-
schweig, Germany) and Hela-Gal8-mRuby3 cells®] with stably express-
ing Galectin8-mRuby3 fusion protein were cultured in DMEM-low glu-
cose (1 g L7! glucose). The gene silencing effect of siRNA-LNPs was
examined in cell lines with stable expression of eGFPLuc reporter gene,
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including murine neuroblastoma Neuro2A (N2A)/eGFPLuc cells,[®] hu-
man cervix carcinoma KB/eFPLuc cells,[®¢! and murine colon carcinoma
CT26/eGFPLuc cells!®’] grown in DMEM-low glucose, and human hepato-
cellular carcinoma Huh7/eGFPLuc cells,[®] and Huh7 WT cells (Japanese
Collection of Research Bioresources Cell Bank, Osaka, Japan) grown in
DMEM/Nutrient Mixture F12-Ham. The murine brain adenocarcinoma
bEnd.3 cells were cultured in DMEM-high glucose (4.5 g L' glucose).
For maintenance of cultures, all the media were supplemented with 10%
(v/v) FBS, and antibiotics (100 U mL~" of penicillin, 100 ug mL™" of strep-
tomycin). The cells were kept in an incubator set at 37 °C with 5% CO,
and a relative humidity of 95%.

Cellular Viability by MTT Assay:  The cells were seeded in 96-well plates
(5 x 10 cells per well). After 24 h, cell transfection was performed with
different LNPs at various doses (240, 120, 60, 30, 15, 7.5 ng siRNA per
well). For this, the indicated volumes of siRNA-LNP solution were added
to the corresponding wells as well as HBG to achieve a final volume of
100 pL per well. HBG was applied as a negative control. After 48 h incuba-
tion at 37 °C, 10 uL MTT (5 mg mL™", Sigma-Aldrich) was added to each
well followed by incubation for a further 2 h. Afterward, the supernatant
was removed and the cells were frozen at —80 °C for at least 1 h. Next, the
violet crystals were dissolved in DMSO (100 uL per well), and the plates
were kept for 30 min at 37 °C under gentle shaking. Absorbance was mea-
sured at a wavelength of 590 nm with a reference wavelength of 690 nm
using a microplate reader. The viability of transfected cells was calculated
as a percentage of HBG-treated cells (100%) and is presented as means
of triplicate wells + SD.

Cellular Internalization by CLSM: The cells were seeded overnight on
Ibidi u-slide 8-well chamber slides (Ibidi GmbH, Germany) (2 x 10* cells
per well). The LNPs containing 20% Cy5-labeled + 80% unlabeled siRNA
were exposed to cells at a dose of 120 ng siRNA per well (30 ng/5000
cells) for 1 h at 37 °C. Next, the cells were washed twice with phosphate-
buffered saline (PBS, pH 7.4), fixed with 4% w/v paraformaldehyde (PFA)
for 30 min at RT, and re-washed before staining of actin skeletons with
rhodamine-phalloidin (1 ug mL™", Invitrogen) and cell nuclei with DAPI
(1 ug mL™1, Sigma-Aldrich). After 1 h incubation at RT, the staining solu-
tions were removed, and the wells were washed and then filled with PBS
before imaging. The images were captured by a Leica-TCS-SP8 confocal
microscope with HC PL APO 63 X 1.4 objective (Germany) using Leica
LAS X software.

Cellular Uptake by Flow Cytometry: The cells were seeded in 96-well
plates (1x 10* cells per well). On the following day, the cells were treated
with LNPs containing 20% Cy5-labeled + 80% unlabeled siRNA at a dose
of 60 ng siRNA per well (30 ng/5000 cells) for 1h at 37 °C, followed by PBS
washing. HBG-treated cells served as a negative control. To remove non-
specifically bound LNPs, the cells were incubated with heparin (1000 I.U.
mL™Vin PBS) for 15 min at RT, washed twice with PBS, and collected in flow
cytometry buffer (PBS with 10% v/v FBS) containing DAPI viability dye.
The read-out was conducted in viable cells using CytoFLEX S flow cytom-
etry (Beckman, USA). Data were analyzed using FlowJo software (version
10.10). The cellular uptake was quantified as the percentage of positive
cells and MFI, and is presented as means of triplicate wells + SD.

Reporter Gene Silencing Study by Luciferase Assay: The cells expressing
eGFPLuc reporter gene were seeded in 96-well plates (5 x 10% cells/well)
one day prior to the experiment. On the day of experiment, the medium
was refreshed, and the cells were transfected with different LNPs at vari-
ous doses (30, 15, 7.5 ng siRNA per well). The LNPs were formulated with
control siRNA (siCtrl, sense strand: 5’-AuGuAuuGGccuGuAuuAGdTsdT-
3’; antisense strand: 5'-CuAAUAcAGGCcAAUAcAUdTsdT-3') or eGFP-
targeting siRNA (siGFP, sense strand: 5'-AuAucAuGGccGAcAAGcAdTsdT-
3’; antisense strand: 5'-UGCUUGUCGGCcAUGAUAUdTsdT-3’) from Ax-
olabs GmbH (Kulmbach, Germany) with 2'methoxy modifications (indi-
cated by small letters) and phosphorothioate linkages (indicated by “s”).
After 48 h incubation at 37 °C, the medium was exchanged by 100 pL of cell
culture 0.5x lysis buffer (Promega), followed by 45 min incubation at RT.
Luciferase activity was measured in 35 pL cell lysate by Centro LB 960 plate
reader luminometer (Berthold Technologies, Germany) using LAR buffer
(20 mwm glycylglycine, 1 mm MgCl,, 0.1 mm EDTA, 3.3 mwm dithiothreitol
(DTT), 0.55 mm adenosine 5’-triphosphate (ATP), 0.27 mm coenzyme A,
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pH 8-8.5) supplemented with 5% (v/v) of luciferin solution (10 mm lu-
ciferin, 29.4 mwm glycylglycine). The relative light units (RLUs) were cal-
culated as a percentage of HBG-treated cells (100%), and the luciferase
activity of the eGFPLuc fusion protein is presented as means of triplicate
wells + SD.

Reporter Gene Silencing Study by Flow Cytometry: The cells were
seeded in 24-well plates (2 x 10* cells per well). Next day, different
LNP formulations loaded with VEGFR-2-targeting siRNA (siVEGFR-2, ON-
TARGETPlus SMARTpool siRNA, Dharmacon) were given to the cells at a
dose of 120 ng siRNA per well (30 ng per 5000 cells). After 48 h incuba-
tion at 37 °C, the cells underwent PBS washing, harvesting, and incuba-
tion in flow cytometry buffer containing PE-Vio-conjugated VEGFR-2 mAb
(REA1116, Miltenyi Biotec) for 30 min on ice (in the dark). Subsequently,
the cells were washed twice and re-suspended in flow cytometry buffer
with 0.1% Sytox blue viability dye (Invitrogen). The samples were acquired
by flow cytometry (MACSQuant Analyzer 10, Miltenyi Biotec, Germany)
and the data were analyzed using Flow)o software (version 10.1) to deter-
mine the percentage of VEGFR-2-positive cells and MFl values. An isotype-
matched mAb (IgG1, REA293, Miltenyi Biotec) served as a control to set
the threshold. The data is presented as means of triplicate wells + SD (rel-
ative to HBG control group).

Receptor Gene Expression Study by Flow Cytometry:  The harvested cells
were suspended in the flow cytometry buffer containing primary integrin
a,f3 mAb (BS1310R, BIOSS) for 2 h on ice. Then, the cells were washed
and incubated with DyLight 488-secondary Ab (Poly4064, BioLegend) for
a further 2 h. After two final washing steps, the cells were re-suspended
in flow cytometry buffer with 0.1% Sytox dye. The integrin expression was
flow cytometrically quantified on the cell surface, and the resulting data
were analyzed using Flow]o software.

Gal8 recruitment Assay: The Hela-Gal8-mRuby cells were plated on
Ibidi p-slide 8-well chamber slides at 24 h before the experiment (2 x
10* cells/well). The siRNA-LNPs were then incubated with the cells at
a dose of 120 ng siRNA (30 ng per 5000 cells) for 4 h, and later the
cells were subjected to CLSM using the preparation steps explained in
Section 4.10. For the ImageStream analysis, the cells were trypsinized at
4 h post-transfection, washed with PBS, and suspended in flow cytometry
buffer containing Hoechst 33 342 dye (1 ug mL™", Invitrogen) for nuclei
staining. A number of 5 x 103 cells per sample were acquired by the Im-
ageStream X Mk Il Imaging Flow Cytometer (MilliporeSigma, Germany) at
60X magnification, and the data were analyzed by AMNIS IDEAS Software.
In this experiment, brightfield was detected in channel 1, Gal8-mRuby in
channel 4, and Hoechst in channel 7. The numbers of Gal8-mRuby3 spots
resulting from endosomal rapture were quantified using the Spot Count
feature, and the normalized results were plotted in frequency histograms
for each sample.

Animal Experiments:  All animal experiments were carried out accord-
ing to the guidelines of the German Animal Welfare Act and were ap-
proved by the animal experiments ethical committee of the Government of
Upper Bavaria (accreditation numbers Gz. ROB-55.2-2532.Vet_02-19-19
and ROB-55.2-2532.Vet_02-19-20). For in vivo liver cell and TEC targeting
studies, female BALB/c mice (Janvier, Le Genest-Saint-Isle, France) and fe-
male NMRI-nu (nu/nu) mice (Janvier, Le Genest-Saint-Isle, France) were
used, respectively. The mice were housed in isolated ventilated cages un-
der pathogen-free conditions with a 12-h light/dark cycle and free access to
water and food ad libitum, and underwent at least a seven-day acclimation
period before initiating the experiments.

Ex Vivo Biodistribution Study: The LNPs encapsulating Cy7-siRNA in
150 pL HBG were administered i.v. (via tail vein) to BALB/c mice (6-8
weeks of age, n = 3 per group) at a siRNA dose of 5 pg per mouse. Af-
ter 1 h, the mice were euthanized by cervical dislocation, and the main
organs were harvested for near infrared (NIR) ex vivo imaging using an in
vivo optical imaging system (IVIS 100; Xenogen, USA). The fluorescence
signal efficiency was analyzed following equalization of color bar scales
using the IVIS Lumina system equipped with Living Image software 3.2
(Caliper Life Sciences, Hopkinton, MA, USA).

Intrahepatic Distribution Study at Cellular Level: The LNPs encapsu-
lating Cy5-siRNA in 150 uL HBG were administered i.v. (via tail vein) to
BALB/c mice (6-8 weeks of age, n = 2 per group) at a siRNA dose of 5 pg
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per mouse. After 1 h, the mice were euthanized by cervical dislocation,
and the liver tissue was harvested to prepare single-cell suspension. The
process involved washing the harvested tissues with PBS, gently mincing
them using a gentleMACS dissociator (Miltenyi, Germany, Bergisch Glad-
bach), and incubating them in a digestion buffer containing collagenase IV
(200 U mL-1, Merck) and DNase | (100 ug mL-1, Roche) for at least 30 min
at 37 °C. Next, the cells were stained with antibodies of FITC-conjugated
CD45 (REA737, Miltenyi Biotec), PE-Vio770-conjugated CD31 (REA784,
Miltenyi Biotec), PE-Vio770-conjugated F4/80 (REA126, Miltenyi Biotec),
and PE-conjugated CD32b (AT130-2, Invitrogen) for 30 min at 4 °C. Fol-
lowing centrifugation, the supernatant was discarded, and the remaining
cell pellet was resuspended in flow cytometry buffer with Hoechst 33 342
dye. The uptake of Cy5-siRNA-LNP by hepatocytes, LSECs, and KCs was
acquired on an Imaging Flow Cytometer, and the data were analyzed us-
ing AMNIS IDEAS Software. The liver cells of HBG-treated mice were ap-
plied to exclude background autofluorescence. The siRNA-LNP delivery
was assessed by quantifying the Cy5-positive cells, using histograms de-
rived from gated cell populations.

Determination of FVII and FVIII Activities in Mice Plasma by Chromogenic
Assay: The LNPs were formulated either with siFVIl (Ambion In Vivo
Factor VII siRNA, ThermoFischer Scientific) or siFVIII (ON-TARGETPlus
SMARTpool siRNA, Dharmacon). siRNA-loaded LNPs in 150 uL HBG were
administered i.v. (via tail vein) to BALB/c mice (6-8 weeks of age, n =4 per
group) at a siRNA dose of 5 pg per mouse. After 48 h, the mice were placed
under anesthesia by isoflurane inhalation, and their blood was collected
by heart puncture in citrate-treated tubes (Sarstedt AG & Co) to separate
plasma. The activity levels of FVII and FVIII were determined in the plasma
by chromogenic assay. The plasma of HBG-treated mice represented the
baseline control level of FVII/FVIII activity, and FVII and FVIII activity in
LNP-treated groups were calculated as a percentage relative to the control
group (n = 4 per group).

Determination of Gene Knockdown in Mice TECs by Flow Cytometry: The
tumor inoculation was performed in nude mice by subcutaneous injection
of 5 x 10% Huh7 cells (in 150 L) into the left flank. The tumor volume was
measured using a caliper and calculated as [0.5 X (longest diameter) x
(shortest diameter)?], and daily body weights were monitored. Once tu-
mors reached 400-500 mm? in size, different LNP formulations encap-
sulating siVEGFR-2 (ON-TARGETPIlus SMARTpool siRNA, Dharmacon) or
siCtrl in 200 uL HBG were administered i.v. (via tail vein) to tumor-bearing
nude mice (6-8 weeks of age, n = 3 per group) at a siRNA dose of 5 pg
per mouse. After 48 h, mice were euthanized by cervical dislocation, and
the tumor tissues were harvested. The tumor cell suspension was pre-
pared as detailed in Section 4.18, and the cells were then stained with an-
tibodies including FITC-conjugated CD45 (REA737, Miltenyi Biotec), PE-
conjugated CD31 (REA784, Miltenyi Biotec), and PE-Vio770-conjugated
VEGFR-2 (REA1116, Miltenyi Biotec) for 30 min at 4 °C. After centrifu-
gation, the supernatant was removed, and the remaining cell pellet was
resuspended in flow cytometry buffer with Sytox Blue dye. Flow cytom-
etry (MACSQuant Analyzer 10, Miltenyi Biotec, Germany) was then em-
ployed to measure VEGFR-2 expression in TECs of viable tumor cell sus-
pension. Unstained and isotype controls were implemented to eliminate
background fluorescence and non-specific binding from the analysis, re-
spectively. Data were analyzed using FlowJo software (version 10.10).

Blood Biochemistry Analysis:  The blood samples of mice were collected
using EDTA-coated tubes (Sarstedt AG & Co), and plasma was separated
after centrifugation at 3000 rpm for 7 minutes. The plasma levels of ALT,
AST, BUN), and Crea were analyzed in the Clinic of Small Animal Medicine
of the faculty of Veterinary Medicine at the Ludwig-Maximilians-Universitit
(LMU), Munich, Germany.

Multiplex Cytokine Analysis: The concentrations of inflammatory cy-
tokines (e.g., GM-CSF, IFN-y, IL-2, IL-4, IL-5, IL-10, IL-12, IL-17A, IL-23, and
TNF-a) in mouse plasma samples were quantitatively measured based on
a fluorescent bead-based system using MACSPlex Cytokine Kits (Miltenyi
Biotec) according to the manufacturer’s protocol.

Ultraviolet/Visible Light (UV-VIS) Spectrometer Study: The DBCO-
PEG24-c(RGDfK) conjugate and DSPE-PEG2000-N3 lipid were mixed at
2:1 molar eq and then transferred into a micro UV-cuvettes (Brand GmbH
& Co. KG, Germany). The absorbance of DBCO was recorded at 308 nm
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at 1-minute intervals over a period of 12 h using a UV-VIS spectrometer
(Agilent Cary 3500, USA). The progress/completion of the click chemistry
reaction was verified by observing the decrease in DBCO signal over time.

Statistical Analysis: ~ Statistical analyses were performed using the un-

www.small-journal.com

(

paired Student’s t-test, one-way analysis of variance in GraphPad Prism 12]
(Version 9.5.1, GraphPad, San Diego, CA, USA). p values were considered 3]
statistically significant as follows: ns: not significant, *p <0.05, **p < 0.01, [4]
7':7‘:7':p < OOO]v and fri(v'::‘:p < 0.0001.
(3]
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1 | INTRODUCTION

While metastasis is the major cause of cancer-related
deaths, cancer treatments still largely target primary
tumors and not metastatic spreading." One reason for
this discrepancy is that cancer treatment success has
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Abstract

Metastasis is the main cause of cancer-related death and therapies specifically
targeting metastasis are highly needed. Cortical cell polarity (CCP) is a
prometastatic property of circulating tumor cells affecting their ability to exit
blood vessels and form new metastases that constitute a promising point of
attack to prevent metastasis. However, conventional fluorescence microscopy
on single cells and manual quantification of CCP are time-consuming and
unsuitable for screening regulators. In this study, we developed an imaging
flow cytometry-based method for high-throughput screening of factors
affecting CCP in melanoma cells. The artificial intelligence-supported analysis
method we developed is highly reproducible, accurate, and orders of
magnitude faster than manual quantification. Additionally, this method is
flexible and can be adapted to include additional cellular parameters. In a
small-scale pilot experiment using polarity-, cytoskeleton-, or membrane-
affecting drugs, we demonstrate that our workflow provides a straightforward
and efficient approach for screening factors affecting CCP in cells in
suspension and provide insights into the specific function of these drugs in
this cellular system. The method and workflow presented here will facilitate
large-scale studies to reveal novel cell-intrinsic as well as systemic factors
controlling CCP during metastasis.

KEYWORDS

artificial intelligence, cortical cell polarity, high-throughput screening, image analysis,
imaging flow cytometry, melanoma, metastasis

been evaluated based on primary tumor shrinkage and
not inhibition of metastasis. The Food and Drug
Administration has recently included metastasis-free
survival as an endpoint for clinical trials, offering new
prospects to advance the development of antimetastatic
treatments for cancer patients.l_3
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During distant-organ metastasis, cells can pass through
a liquid phase in lymph or blood as circulating tumor cells
(CTCs).*® To form secondary tumors, CTCs need to
survive the harsh conditions in blood circulation and
extravasate from the bloodstream through the vessel
wall.*® In circulation, CTCs are exposed to potential drugs
and can be isolated and monitored in patients by
minimally invasive blood sampling (liquid biopsies).
Circulation and extravasation, therefore, constitute partic-
ularly promising points of attack to interrupt metastasis.

Extravasation is an active process of cell attachment,
adhesion, and migration that requires polarization and
directionality.®” We have previously described a type of
cortical cell polarity (CCP) in CTCs that constitutes a
basic polarity module restricted to the plasma membrane
(PM) and the submembrane actin cytoskeleton.® This
pole is characterized by folding of the PM and local
accumulation of filamentous actin and the linker protein
ezrin. CCP promotes attachment and adhesion of CTCs
in vitro and metastatic seeding in animal models. CCP
thus constitutes a potential target to reduce metastasis by
interfering with the ability of CTCs to extravasate.>’

Methodically, CCP has been assessed by widefield
imaging and qualitative inspection or tedious manual
quantification of the fraction of polarized cells.® As this
microscopy-based method is impractical for medium- or
large-scale screens for regulators of CCP, we here
developed a methodology with comparably sensitive
but faster readout combined with robust automated
quantification.

Imaging flow cytometry (IFC) combines the spatial
resolution of microscopy with the speed and quantitative
multiparameter analysis of flow cytometry.'° On the
ImageStreamxMk II (Cytek Biosciences), used in this
study, each event is identified based on an image
captured by a charge-coupled device camera, on a
pixel-by-pixel basis in up to 12 channels. The technique
provides fluorescent and morphological parameters of up
to 5000 cells/s and is therefore a powerful method for
automated, high throughput analysis of cellular and
subcellular features of cells in suspension.

We established an IFC-based workflow as a high-
throughput method to measure CCP based on ezrin-
green fluorescent protein(GFP) localization and present
a reproducible artificial Intelligence (AI)-supported
image analysis algorithm to quantify the fraction of
cortically polarized cells. As proof of principle, we
conducted a small-scale pilot screen of compounds with
potential effects on CCP. Our results demonstrate
robust and reliable measurement of CCP in melanoma
cells and show that this workflow can be adapted to
include measurements of additional cellular features.
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2 | MATERIALS AND METHODS

2.1 | Cell culture

Generation and use of SkMel2 melanoma cells (ATCC:
HTB68, RRID:CVCL_0069) stably expressing ezrin-GFP
(SkMel2-ezrin-GFP), was described previously.® Cells were
grown at 37°C under 5% CO, in high glucose Dulbecco's
modified Eagle's medium with Glutamax (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum
(Merck), 100 U/mL penicillin, and 100 pug/mL streptomycin
(Thermo Fisher Scientific) and 1mg/mL active G418
(Merck). For maintenance, cells were detached with
0.5 g/L trypsin and 0.2 g/L ethylenediaminetetraacetic acid
(EDTA) (Merck) solution, for experiments, with 0.2 g/L
EDTA (Merck). Phosphate-buffered saline (PBS) (Merck)
was used for washes. Cell numbers and viability were
measured using a NuceloCounter NC-200 (Chemometek).

2.2 | Chemicals and drugs

Chemicals were dissolved in dimethyl sulfoxide (DMSO)
(Merck) or 96% ethanol (VWR) according to the
manufacturer's recommendations, further diluted in cell
culture medium, and used at the following concentrations:
Forchlorfenuron (FCF; Merck) at 100 uM, cholesterol
sulfate (CS; Merck) at 35uM, NSC23766 (Tocris Bio-
science) at 10 uM, Dasatinib (Merck) at 0.5 uM, and M1141
(Tocris Bioscience) at 1uM. Control experiments con-
tained 1:500 DMSO or 1:500 ethanol in a cell culture
medium. Sixteen percent formaldehyde solution (Thermo
Fisher Scientific) was added to suspension cultures to an
end concentration of 4%. 4',6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific) was used at 0.2 M.

2.3 | Polarity assays

SkMel2-ezrin-GFP cells grown in 10 cm diameter dishes
(VWR) to 80%-90% confluency were treated with the
indicated agents in the medium for 24h, washed,
detached with EDTA for 15min at 37°C, resuspended
in medium and incubated in suspension for the indicated
time (15min, 1h, or 3h) at room temperature for the
training data sets or resuspended in a medium contain-
ing the indicated reagent for 1 h at room temperature for
IFC experiments. After incubation, cells were fixed in 4%
formaldehyde for at least 1h, washed with PBS,
resuspended in PBS containing 0.2uM DAPI and
maintained at 4°C until measurement by IFC or mounted
in Mowiol (Merck) on a microscopy slide.



JESPERSEN ET AL.

2.4 | Fluorescence microscopy

Manual polarity assays were performed on an IX83 widefield
microscope (Olympus/Evident) with a halogen lamp using a
10x (Figure 1B) or 20x (Figure 3C) objective and standard
fluorescein isothiocyanate filters. Exposure time was set to
200ms, gain to three in CellSens Standard software
(Olympus/Evident; RRID:SCR_014551). Manual quantifica-
tion was done on three (Figure 3C) or four (Figure 1B)
images containing at least 200 cells per replicate. Confocal
microscopy was performed on an LSM710 microscope
(Zeiss) with multialkali PMTs using a 63X, 1.4 oil immersion
objective. DAPI was excited using a 405 Diode laser, GFP
using the 488-laser line of an Argon laser. Images were
recorded using ZEN black software (Zeiss; RRID:SCR_
018163) and processed in Fiji"' (RRID:SCR_002285).

25 | IFC

IFC was performed on an Amnis ImageStream
®XMKII (Cytek Biosciences; RRID:SCR_020142) at
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60x magnification at slow speed (for highest quality).
DAPI was excited by 405nm laser (70 mW) and
detected in channel 7, GFP was excited by a 488 nm
laser at 70-90 mW and detected in channel 2. The
488 nm laser power was adjusted for each experiment
to a level at which untreated control samples
contained =4% oversaturated cells. Brightfield images
were collected in channels 1 and 9. For each sample,
40 000 cells were imaged. A compensation matrix was
created in AmnisIDEAS software using images of
10 000 untransfected DAPI-stained SkMel2 cells and
10000 SkMel2-ezrin-GFP cells and applied to all
samples. Images were gated in IDEAS (Supporting
Information: Figure 1 and Table 1 and Supporting
Information: Methods) to exclude out-of-focus cells,
doublets, double-nucleated cells, oversaturated cells
in the GFP channel, and GFP-negative cells. Apo-
ptotic cells were identified as described by Henery
et al.'” and excluded. Approximately 50% of cells were

included for further analysis after gating and loaded
in AmnisAI software for training AI models or
classification.
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Method development. (A) Localization of ezrin-GFP in a SkMel2 cell displaying CCP imaged by confocal microscopy. Scale

bar = 10 um. (B) Quantification of the fraction of SkMel2 cells displaying CCP (black) as measured by polarized ezrin-GFP distribution using
widefield microscopy and manual quantification. For the training data set, cells were maintained in suspension for 15 min (0.25), 1 h (1.00),
or 3h (3.00). Single measurements are shown. (C) Images obtained from SkMel2-ezrin-GFP cells by IFC using 60X magnification. Cells are
manually classified into polarized (left), unpolarized (center) or patchy (right). (D) Comparison of the manual quantification (solid line,

displaying the same data sets as in (B)) and AmnisAI-supported (dashed line) classification of the fractions of polarized cells. Al, artificial
intelligence; CCP, cortical cell polarity; DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescent protein; IFC, imaging flow cytometry.
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2.6 | AI model training

Initial base truth populations were selected in IDEAS. Only
channel 2 GFP images were included for training. AmnisAl
was first trained based on the truth populations made in
IDEAS and the resulting algorithm used to classify the cells.
Cells that were by visual inspection deemed incorrectly
classified, were manually moved to the appropriate truth
population, and the AI was retrained. This process was
repeated until no incorrectly classified cells were detected
by eye. Performance of the algorithms was tested by
calculating precision, recall, and F1 values as

.. True Positives
Precision =

True Positives + False Positives’

Recall = True Positives

True Positives + False Negatives’

Fl= (Precision X Recall)

~ (Precision + Recall)’

The AmnisAI model files can be downloaded under
Supporting information as Pol_vs_Unpol_vs_Patchy_mo-
del.aimdl and CP_vs_PM_model.aimdl.

2.7 | Software and statistical analysis
AmnisIDEAS 6.3 (Cytek Biosciences) was used for visualiza-
tion, compensation, and gating of IFC data. Amnis®Al 2.0.7
(Cytek Biosciences) was used for training and classification
of polarized, unpolarized, and patchy cells and for develop-
ing the analysis algorithm. CellSens (Olympus/Evident) and
ZEN black (Zeiss) were used for acquisition and Fiji*' for
processing of fluorescence microscopy images. GraphPad
Prism 9.5.0 (Dotmatics; RRID:SCR_002798) was used for
visualization and statistical analyses of data. p values are
based on two-tailed nonpaired ¢ tests with assumed Gaussian
distribution.

3 | RESULTS
3.1 | Establishment of an IFC-based
method for measuring CCP

CCP is defined as a type of polarity adopted by cells in the
liquid phase without directional stimulus and is detected
by the formation of an ezrin-enriched pole.®* We thus used
ezrin-GFP localization as a marker of CCP in SkMel2
human melanoma cells in suspension (Figure 1A). To
establish a new IFC-based method, a template data set was
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generated using a published microscopy-based method.®
Using the observation that CCP decreases over time,
polarity assays were performed with SkMel2-ezrin-GFP
cells maintained in suspension for 15 min, 1h, or 3 h after
detachment. The fractions of polarized cells, as manually
quantified using the microscopy-based method were 62%,
49%, and 23%, respectively (Figure 1B). It is important to
note that these values do not constitute absolute values of
the fractions of polarized cells, since the analyzed images
were recorded in single focal planes. Out-of-focus poles
were not taken into account and thus fractions of polarized
cells were underscored in relation to the true numbers of
polarized cells. Since IFC also records one image plane per
cell, we aimed for similar values in quantification. The
same cell batches used for the microscopy-based measure-
ment were subjected to IFC, recording at least 40 000 cells
for each condition. IFC provided high-quality images with
clearly discernible polarized or unpolarized ezrin-GFP
localization (Figure 1C). Preprocessing steps, including
compensation and gating, were performed to remove out-
of-focus images, cell duplets, apoptotic cells, non-GFP
expressing cells, and overexposed cells from analyses
(Supporting Information: Figure 1).

Attempts to classify polarized and unpolarized cells by
manual adjustment of parameters and a machine learning
function available in IDEAS were not successful, as they
were not reflecting the results obtained by the manual
quantification method, which is the standard that initially
defined CCP (Supporting Information: Methods and
Figure S2). We therefore employed AmnisAl software
that allowed for manual corrections and training of the Al
model to optimize classification. Generation of truth
populations and Al training were performed on pooled
data from the three time points shown in Figure 1B. Three
truth populations (Figure 1C) were generated by manually
classifying polarized (1912 cells with one or two poles),
unpolarized (1817 cells with unpolarized ezrin at the PM
and unpolarized ezrin in the cytoplasm), and a third class
termed “patchy” (445 cells containing several small ezrin
spots of different intensity distributed throughout the PM).
The three final classes were established from the initial
truth populations supported by several training rounds
with manual corrections until no wrongly classified cells
were observed. When this Al-supported classification was
applied to our test data set (15min, 1h, and 3h), the
resulting fraction of polarized cells reflected the manual
quantification of the microscopy-based method resulting
in 45.9%, 37.4%, and 19.1% polarized cells as compared to
the respective 62%, 49%, and 23% polarized cells quantified
by initial manual count (Figure 1D). Precision values of
97.5%, 94.9%, and 83.3% and recall values of 92.1%, 97.7%,
and 93.3% were calculated for polarized, unpolarized,
and patchy classification, respectively, confirming that the
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FIGURE 2 Workflow. Illustration of the IFC- and Al-based method to determine the fraction of cortically polarized cells. (A-D) Polarity
assays and (E-G) IFC and image analysis (cell images from Figure 1C). SkMel2-ezrin-GFP cells are grown in adhesion cultures (A), treated
with potential polarity-modulating agents (B), detached (C), and incubated and fixed in suspension (D). Images of 40 000 cells are recorded

by IFC (E, F), gated in IDEAS, and classified into polarized, unpolarized, and patchy subpopulations (G) by AmnisAl. Al, artificial
intelligence; EDTA, ethylenediaminetetraacetic; GFP, green fluorescent protein; IFC, imaging flow cytometry.

Al-generated algorithm can classify our data with high
confidence (Supporting Information: Figure S3). In
summary, a workflow has been established that allows
for straightforward measurement and analysis of CCP
(Figure 2).

3.2 | Experimental evaluation of the
quantification algorithm

To evaluate if the quantification algorithm can be applied
to biological studies of polarity regulators, we performed
a small-scale pilot experiment using a collection of agents
that potentially affect polarity, the PM, or the submem-
brane cytoskeleton (Figure 3A). For our experiments, we
selected two Rho-family GTPase regulators, the Racl
inhibitor NSC23766 (NSC)'® and the Cdc42 inhibitor
ML141,"* the septin inhibitor FCF (1-(2-chloro-4-
pyridyl)-3-phenylurea),'” the membrane component and
signaling regulator CS, and the multitarget tyrosine
kinase inhibitor dasatinib.'® To this end, SkMel2-ezrin-
GFP cells were pretreated with NSC, ML141, FCF, CS,
dasatinib, or the respective solvent controls for 24h,
subjected to polarity assays, imaged by IFC, and classified
using our AmnisAlI algorithm (Figure 2). In addition to
polarization measurements, analysis of the DAPI chan-
nel in IFC allowed for the identification of apoptotic
cells.'? At the concentrations used in our experiments,

none of the drugs or controls enhanced the fraction of
apoptotic cells above the cutoff set at 1.0% (Supporting
Information: Figure S4). We did not observe a decisive
effect of NSC or ML141 on the fraction of polarized cells
(Figure 3B). Both FCF and CS strongly decreased the
fraction of polarized cells from 45.6+3.2% in the
untreated control to an average of 15.5+0.8% and
13.5 + 1.5%, respectively. Dasatinib decreased the frac-
tion of polarized cells to an average of 33.2+4.4%. In
summary, this pilot screen shows that the IFC-based
measurement and our AmnisAl-supported classification
model are well suited to measure differences in the
fractions of cortically polarized cells under different
treatment conditions. To compare the IFC-based method
to the microscopy-based method under treatment condi-
tions and to assess the sensitivity of the two methods,
three random samples used for the IFC experiments were
additionally imaged by microscopy and counted manu-
ally (Figure 3C). A comparison of the two methods
showed little difference in the fractions of polarized cells
(Figure 3C), demonstrating that the IFC-based method
and automated quantification is comparable in capturing
changes in CCP to the microscopy-based method with
manual quantification.

In addition to classifying polarized and unpolarized
cells, the automated quantification includes a patchy
class, which is not accounted for in the manual count.
The fraction of patchy cells remained relatively low at
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Proof-of-concept experiments. Using the workflow in Figure 2, SkMel2-ezrin-GFP cells were subjected to the indicated

treatments, and the effect on CCP was determined by IFC. (A) Treatments and concentrations used for this screen. (B) Fraction of cortically

polarized cells as assessed by IFC method after indicated treatments. Individual measurements with mean + SD, n =6, p values from
unpaired ¢ tests. (C) Three randomly selected experiments from data shown in (B) were quantified by widefield microscopy and manual
count (gray bars) and compared to AmnisAl classification (white bars). Individual measurements and bar diagrams + SD, n = 3, p values
from unpaired ¢ tests. (D) Quantification of the fraction of SkMel2 cells displaying patchy ezrin-GFP distribution classified by AmnisAI in
the experiments shown in (B). Individual measurements with mean + SD, n =6, p values from unpaired ¢ tests. Al artificial intelligence;
CCP, cortical cell polarity; Ctrl, control; GFP, green fluorescent protein; IFC, imaging flow cytometry.

4.1+1.0% in the untreated control and was slightly
increased to 5.1 +0.5 upon NSC treatment (Figure 3D).
In CS-treated cells, the fraction of patchy cells was
reproducibly strongly reduced to 0.8 +0.1%, indicating
that patchy cells constitute not only a fraction of
nonclassifiable cells but a biological cellular phenotype.

3.3 | Introduction of PM-localized
and cytoplasmic ezrin classes
Ezrin activity is regulated by phosphorylation and

membrane binding'” and active ezrin is both phospho-
rylated and membrane-bound. We set out to test

Reshaping Oncology Research Through Imaging Flow Cytometry

whether it is possible to quantify the amount of
membrane-bound ezrin and get a measure of ezrin
activity in the images previously used to measure CCP.
To this end, two new classes, PM-localized and
cytoplasmic, were introduced and analyzed from our
previously generated data. The new classes were
generated from two new truth populations made from
the previously used 15min, 1h, and 3h merged data,
membrane-localized (1576 cells with ezrin localized at
the PM) and cytoplasmic (1994 cells with cytoplasmic
ezrin) (Figure 4A). Both truth populations included
polarized as well as unpolarized cells. A new AI model
based on these truth populations was trained to
sufficient confidence in classification (Supporting
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Information: Figure S5) and applied to our full data sets
(Figure 4B). FCF treatment increased the fraction of
cells with membrane-bound ezrin, suggesting that FCF
treatment enhances the activity of ezrin while dasatinib
treatment reduced the fraction of cells with membrane-
bound ezrin indicating that dasatinib reduces the
activity of ezrin. Since the pole is by definition localized
at the PM, we tested if polarization affects the
classification of PM-localized and cytoplasmic ezrin.
To this end, polarized and unpolarized classes were
analyzed separately for cytoplasmic or PM-localized
ezrin (Figure 4C,D). As expected, PM-localized ezrin
was in general higher but differences were less
pronounced in the polarized fraction. While the effect
of FCF treatment enhancing membrane-bound ezrin
was confirmed in both analyses, the reducing effect
observed for dasatinib was not confirmed. As the pole
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was initially defined by localization at the cortex/PM,
the biological conclusions that can be drawn from
these findings are limited and this analysis should be
considered a proof-of-principle experiment to test the
flexibility of the method. However, our analyses
indicate that inhibition of septins by FCF enhances
membrane association of ezrin, reflecting its activation
state. This second level of analysis demonstrates how
simply new classifications and subclassifications can be
added and implemented in the workflow.

Altogether, our results show that IFC-based measure-
ment with automated analysis is comparably sensitive to
microscopy-based measurement with manual counting
in determining fractions of cortically polarized cells. In
addition to being considerably faster and -once
established- unaffected by human bias, the IFC-based
analysis allows for the straightforward introduction of
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FIGURE 4 Subclassification of PM-localization. The data displayed in Figure 3 were further analyzed for PM or cytoplasmic localization
of ezrin-GFP. (A) Images obtained from SkMel2-ezrin-GFP cells by IFC using 60x magnification. After gating (Supporting Information:

Figure 1), cells were handpicked in IDEAS as PM-localized (left) or cytoplasmic (right). (B-D) Fractions of cells classified as displaying PM-
localized ezrin-GFP. Individual measurements with mean + SD, n = 6, p values from unpaired ¢ tests. Subclassifications were performed on

the full data set including polarized, unpolarized, and patchy cells (B), cells previously classified as polarized (C), and on cells previously
classified as unpolarized (D). CS, cholesterol sulfate; Ctrl, control; Das, dasatinib; DMSO, dimethyl sulfoxide; EtOH, ethanol; FCF,
forchlorfenuron; GFP, green fluorescent protein; IFC, imaging flow cytometry; PM, plasma membrane.
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additional measurements (apoptosis) or classes (patchy,
cytoplasmic vs. PM).

4 | DISCUSSION

We have established a straightforward workflow to quantify
CCP. We demonstrated that this method is equally sensitive
as a previously used microscopy-based method when used
for biological screens of polarity regulators in tumor cells
while being unbiased and automated. Importantly, this
method is several orders of magnitude faster, which makes
it applicable for medium- to large-scale screens allowing
for an unbiased search for novel CCP regulators instead
of limited directed approaches testing low numbers of
suspected targets.

While imaging and analysis in this workflow are
reproducible and fast, the limitations of this method are
that it uses two-dimensional (2D) images and defines
polarization as “focal ezrin accumulation at the cellular
cortex” as observed by the eye. “Fraction of polarized
cells” in this context should therefore not be considered
an absolute value of polarization but as a means of
comparing one visibly discernible aspect of polarity
between populations of cells. Once the AI has been
trained on this visibly discernible aspect, the method is
highly reproducible. More in-depth characterization of
the extent of polarization per cell would require fast 3D
imaging such as high-speed 3D light sheet microscopy to
reach statistically valuable output and automated analy-
sis of parameters such as area of accumulated ezrin per
total cell surface, or other measures of individual cell
polarization. While the method presented here does not
assess the absolute fraction of polarized cells or the
extent of polarization per cell, it is well-suited for
comparative studies assessing changes in the fraction of
polarized cells upon treatment.

In this work, IFC and Al-supported image analyses
were used to measure how drug treatments affect the
percentage of cortically polarized cells. In addition, using
a previously published method,'” the percentage of
apoptotic cells was determined in each experiment
without requiring additional measurements. In the
course of optimizing the classification, an additional
phenotype termed “patchy” was discovered. A similar
distribution of multiple F-actin polymerization spots was
described at the cortex of T cells during immune synapse
formation upon microtubule depolymerization.'® The
patchy fraction was affected by treatments with CS and
NSC, indicating that it constitutes a bona fide biological
phenotype to be further investigated. We demonstrated
that additional parameters (such as PM or cytoplasmic
localization) can be straightforwardly implemented by Al
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training and analyzed in the whole population or in
previously generated subpopulations, to extract addi-
tional information from a single data set.

For method evaluation, a small-scale pilot screen
with regulators of actin or septin cytoskeleton, PM, or
cell signaling, was performed. Rho family GTPase
regulators NSC'* and ML141'* had no decisive effect
on CCP, which allows for different interpretations. First,
Racl/Cdc42 may not regulate CCP, which agrees with
findings that a RhoA-specific guanine nucleotide ex-
change factor (GEF) GEF-H1 regulates CCP in early
lymphocyte polarization during immune synapse forma-
tion."® Second, Rac/Cdc42 may need to act locally at the
pole or outside the pole and global inhibition therefore
shows no effect. This is supported by the finding that the
patchy fraction of cells increased upon NSC treatment,
showing that global Racl inhibition affects overall but
not local cortical distribution of ezrin and possibly actin.
Third, NSC only inhibits the interaction of Racl with the
GEFs Trio and Tiam1,'® and other Rac GEFs and GTPase
activating proteins (GAPs) might be involved in CCP.
The specific function of actin regulators in CCP needs to
be tested using systems-directed approaches taking the
entire GEF/GAP/guanosine diphosphate dissociation
inhibitors regulatory network as well as subcellular local
activities of Rho GTPases into account. The method
presented here can facilitate the screening of drug
libraries targeting actin-regulating networks.

A strong reduction of polarized cells was observed upon
FCF treatment, indicating a contribution of septins to CCP
regulation. Septins are organizers of the cell cortex and
regulators of the actin cytoskeleton and are directly
associated with PM structures.'” A recent study revealed
that membrane curvature at sites of PM blebbing induces
cortical nucleation of septin and suggested that repeated
blebbing may lead to stabilization and formation of higher-
order structures.? According to this model, membrane
blebbing and nucleation of septins could actively initiate or
stabilize cortical polarization. Interestingly, septins are also
involved in the loss of polarity in aging hematopoietic stem
cells,” indicating similarities between these two types of
polarization.

Treatment with the cholesterol analog CS reduced CCP,
indicating regulation by either cholesterol-regulated signal-
ing and/or the membrane lipid composition. Cholesterol
affects mechanical cell properties via the actin cyto-
skeleton®* and acts as a naturally occurring membrane
component but is also an inhibitor of the Rac-GEF
DOCK2.* In addition, CS could affect polarization driven
by PM lipid content or distribution, a hypothesis supported
by the observation that the integrity of cholesterol-
dependent PM microdomains is essential for the organiza-
tion of molecular cell polarity in hematopoietic stem cells.*
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Dasatinib treatment reduced the fraction of polarized
cells, implicating tyrosine kinase signaling pathways in
the regulation of CCP. Dasatinib is an anti-leukemia drug
that was developed as a dual Src-Abll kinase inhibitor
but targets a wide range of tyrosine kinases.'® The
specific tyrosine kinase pathway responsible for the
observed effect can therefore not be distinguished.
However, inhibition of cortical polarization by dasatinib
may contribute to its antitumor effects.

In summary, we developed a simple protocol for IFC-
based measurement and Al-based quantification of CCP
directly applicable to screening for polarity regulators in
tumor cell lines. Here, we only used two fluorescence
channels (ezrin-GFP and DAPI) to extract multiple layers
of data using advanced image analysis. The strength of
IFC, however, lies in the possible acquisition of multiple
fluorescence channels simultaneously, with each addi-
tional channel adding potential for multiple layers of
image analysis. Our protocols constitute a basis to build
on for further analyses.

The workflow presented here can be directly used to
screen for regulators of CCP in cells in suspension. In
addition to assessing CCP in cancer cell lines, this method
can be adapted to measure CCP and other biologically
relevant phenotypes of CTCs or immune cells, for monitor-
ing in patients as well as basic scientific research. The Al-
supported analysis allows for fast and easy adaptation and
limitless possibilities to combine polarity measurements with
additional phenotypes. Altogether, this method opens the
possibility of screening large libraries of molecules with
unknown functions to identify new regulators and reveal
possible pharmacologic inhibitors of CCP, and help design
potential antimetastatic treatments.
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Abstract

Background: The hallmark of myelodysplastic syndrome (MDS) remains dysplasia in
the bone marrow (BM). However, diagnosing MDS may be challenging and subject to
inter-observer variability. Thus, there is an unmet need for novel objective, standard-
ized and reproducible methods for evaluating dysplasia. Imaging flow cytometry (IFC)
offers combined analyses of phenotypic and image-based morphometric parameters,
for example, cell size and nuclearity. Hence, we hypothesized IFC to be a useful tool
in MDS diagnostics.

Methods: Using a different-from-normal approach, we investigated dyserythropoiesis
by quantifying morphometric features in a median of 5953 erythroblasts (range:
489-68,503) from 14 MDS patients, 11 healthy donors, 6 non-MDS controls with
increased erythropoiesis, and 6 patients with cytopenia.

Results: First, we morphometrically confirmed normal erythroid maturation, as
immunophenotypically defined erythroid precursors could be sequenced by signifi-
cantly decreasing cell-, nuclear- and cytoplasm area. In MDS samples, we demon-
strated cell size enlargement and increased fractions of macronormoblasts in late-
stage erythroblasts (both p < .0001). Interestingly, cytopenic controls with high-risk
mutational patterns displayed highly aberrant cell size morphometrics. Furthermore,
assisted by machine learning algorithms, we reliably identified and enumerated true
binucleated erythroblasts at a significantly higher frequency in two out of three
erythroblast maturation stages in MDS patients compared to normal BM (both
p =.0001).

Conclusion: We demonstrate proof-of-concept results of the applicability of auto-
mated IFC-based techniques to study and quantify morphometric changes in dys-
erythropoietic BM cells. We propose that IFC holds great promise as a powerful and
objective tool in the complex setting of MDS diagnostics with the potential for mini-

mizing inter-observer variability.

KEYWORDS
dyserythropoiesis, high-throughput morphometric quantification, imaging flow cytometry,

myelodysplastic syndrome
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1 | INTRODUCTION

Myelodysplastic syndrome (MDS) is a heterogeneous group of clonal
diseases marked by dysplasia in one or more of the myeloid cell line-
ages in the bone marrow (BM) resulting in ineffective hematopoiesis
and varying degrees of cytopenias (Arber et al., 2016; Garcia-Manero
et al., 2020; Swerdlow et al., 2017). In the diagnostic setting, cyto-
logic/histologic evaluation of BM is a key component in the assess-
ment of dysplasia. However, diagnosing cases with mild cytopenia and
sparse dysplastic changes may be challenging and subject to inter-
observer variabilities even when specimens are reviewed by experi-
enced hematopathologists (Arber et al., 2016; Goasguen et al., 2018;
Malcovati et al., 2013). In general, the BM is considered dysplastic if
two or more dysplastic features are found in more than 10% of a
given cell lineage (Swerdlow et al., 2017). However, in a substantial
number of patients the degree of dysplastic abnormalities may be
inconclusive for a definitive MDS diagnosis despite persistent
cytopenia(s). At present, these patients are categorized as having idio-
(ICUS) (Valent

et al, 2012) or—when evidence of clonality is present—clonal

pathic cytopenia of undetermined significance

cytopenia of undetermined significance (CCUS) (Kwok et al., 2015).
Adding to the diagnostic complexity, MDS must always be distin-
guished from non-clonal reactive causes of cytopenia and dysplasia
(Steensma, 2012). As such, novel methods for objective, standardized
and reproducible evaluation of dysplasia are highly sought after.

In this regard, multiparameter flow cytometry (MFC) may offer a
supplement in the diagnostic work-up of MDS (Kern et al., 2010;
M. G. D. Porta et al., 2006; Stetler-Stevenson et al., 2001; Matarraz
et al,, 2010; Cremers et al., 2017; Westers et al., 2017; Malcovati
et al.,, 2013), and flow cytometric scoring systems have demonstrated
diagnostic potential (Malcovati et al., 2013; Ogata et al., 2009; Wells
et al., 2003; Kern et al., 2010; M. G. D. Porta et al., 2012; Cremers
et al., 2017). In MFC dysplastic changes manifests as phenotypic
abnormalities (Duetz et al., 2019; Mathis et al., 2013; Porwit, 2011).
However, even though MFC-based evaluation of the erythroid cell lin-
eage is gaining attention in MDS (Cremers et al., 2017; Mathis
et al., 2013; Raimbault et al., 2019; Westers et al., 2017), it is impor-
tant to emphasize that while aberrant antigenic expression is well
established in the granulocytic and monocytic cell lineages, the ery-
throid and megakaryocytic cell lineages are less well characterized by
MFC, in part due to a relative lack of relevant surface markers (Duetz
et al., 2019). Furthermore, MFC data lack visual morphological infor-
mation, and at present, aberrant immunophenotypic features per se
are not diagnostic of MDS (Arber et al., 2016; Swerdlow et al., 2017).
The ImageStream® MKII (ISX) is a novel imaging flow cytometry (IFC)
platform that integrates the high-throughput capacity of conventional
MFC with visual information obtainable by microscopy. The detection
system simultaneously generates up to 12 digital images (2 bright field
(BF), 10 fluorescent) for every individual cell that passes through the
system, and the collected image data may be analyzed using algo-
rithms for morphometric quantification of cellular structures. Thus,
the IFC technology permits acquisition of thousands of cells from BM
aspirates, flow cytometric gating of immunophenotypically defined

Reshaping Oncology Research Through Imaging Flow Cytometry

CLINICAL CYTOMETRY B\ 1 5 5) ‘S

subpopulations, and subsequent quantification of image-based param-
eters including the size and shape of every single cell and cellular
compartments such as the nucleus. Hence, user subjectivity and
inter-observer variability may be minimized by automation and
standardization of IFC data analysis.

Based on the above, we hypothesized that IFC could act as a sup-
plement to visual morphological evaluation of dysplasia in MDS. At
the time of diagnosis as many as 90% of all MDS-patients present
ineffective erythropoiesis (Duetz
et al.,, 2019; Nguyen & Hasserjian, 2017; Santini, 2015). In a cohort of
314 MDS patients, dyserythropoiesis was detected in 99% of the

with anemia as a result of

investigated MDS samples and this finding was closely related to the
presence of anemia (M. G. D. Porta et al., 2015), underscoring the
need for a clinically relevant and robust methodology to detect and
quantify morphological abnormalities associated with erythroid dys-
plasia in an objective manner. Of note, McGrath et al. previously dem-
onstrated that IFC is well-suited for identification and quantification
of murine erythroid maturation stages through simultaneous investi-
gation of cell surface markers, DNA/RNA content, and morphometric
features (McGrath, Bushnell, & Palis, 2008a; McGrath, Kingsley,
et al., 2008b). Additionally, morphometric characterization of abnor-
mal mature red blood cells by IFC has proven useful in the context of
red cell membrane disorders, such as sickle cell disease and hereditary
spherocytosis (More et al., 2020; Van Beers et al., 2014). Recently, it
has also been demonstrated that deleterious changes in red blood
cells resulting from storage can be identified using conventional and
deep learning IFC image analysis approaches (Doan et al., 2020; Pinto
etal, 2019).

In  the the high

dyserythropoiesis in MDS together with evidence of the usefulness of

present study, given frequency of
IFC in the study of erythroid cells, we applied the IFC technology to
identify and quantify dysmorphometric changes in the erythroid cell
lineage in MDS BM samples with known dyserythropoiesis. Applying
a different-from-normal approach, in this paper, we demonstrate
proof-of-concept results of automated quantification of morphomet-
ric aberrancies in MDS by IFC. Moreover, by employing machine
learning algorithms, we show that subtle morphological variations can
be identified in a more robust manner than with standard IFC algo-
rithms. Collectively, our work establishes IFC as a promising novel
technique with exciting future applications in the challenging setting

of MDS diagnostics.

2 | METHODS

21 | Bone marrow samples

Cryopreserved BM mononuclear cells (MNCs) from 14 MDS patients
were included in the study (Table 1). As controls, cryopreserved BM
MNCs from 11 healthy volunteers (normal BM (NBM)), 6 non-MDS
patients with increased erythropoiesis on a non-malignant background
(1 patient with B-12 deficiency, 2 patients with hemolytic anemia,
1 patient affected by bleeding, 1 patient with myeloproliferative
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TABLE 1 Patient characteristics

Patient

ID Age Gender WHO subtype Karyotype®

1 66 M tMDS 46,XY [25]

2 74 M MDS-RS-MLD Complex

3 71 F MDS-EB2 Complex

4 26 F MDS-MLD 46,XX[25]

5 64 F MDS-EB1 46,XX,add(7)(p22),
add(22)(q13)
[13]/46,XX [12]

6 65 F MDS-EB2 46,XX [25]

7 67 M MDS-RS-SLD 46,XY [25]

8 78 M MDS-EB1 n.d.

9 70 M MDS-EB2 45XY,-7
[6]/46,XY del
(20)(a11)
[6]/46,XY [13]

10 68 B MDS-EB2 46,XX [25]

11 62 M MDS-EB2 Complex

12 77 M MDS-U 45XY,-7
[4]/46,XY [21]

13 62 F MDS-MLD Complex

14 81 M MDS-U Complex

15 64 M ICUS 45X,-Y [4]/46, XY
[21]

16 75 F CCUS 46,XX [25]

8 78 M CCUs 46,XY[25]

17 71 M ICUS 46,XY [25]

18 84 M CCUS 46,XY [25]

19 67 M CCUs 46,XY [25]

20 54 M Hemolytic anemia 46,XY [25]

21 74 M Hemolytic anemia n.d.

22 46 F B12 deficiency 46,XX [25]

23 65 M PV/ET n.d.

24 73 M Non-MDS n.d.

reculocytosis
25 60 M Abnormal Rh-type  45X,-Y[4]/46 XY

[21]
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Morphology

Nuclear Nuclear Nuclear Bi- and/or Megaloblastic
bridging  fragments irregularity = multinucleation  changes
n.d. Yes Yes Yes Yes
n.d. No Yes No No
No Yes Yes No No
n.d. No No No Yes
No Yes Yes Yes No
n.d. No Yes Yes Yes
No Yes Yes Yes No
n.d. No No No No
No Yes Yes Yes No
No No Yes Yes No
No Yes Yes Yes No
Yes Yes Yes Yes No
n.d. No No No Yes
n.d. n.d. n.d. n.d. n.d.
No No No No No
n.d. No No No No
No No Yes No No
No Yes No Yes No
No No No No No
No Yes Yes Yes No
No No Yes Yes No
No Yes Yes Yes No
No Yes Yes Yes Yes
No Yes Yes Yes No
n.d. No No No No
Yes Yes Yes No No

Abbreviations: CCUS, Clonal cytopenia of undetermined significance; ET, Essential Thrombocythemia; ICUS, Idiopathic cytopenia of undetermined
significance; MDS-EB1, MDS with excess blasts 1; MDS-EB2, MDS with excess blasts 2; MDS-MLD, MDS with multilineage dysplasia; MDS-RS, MDS with

ring sideroblasts, MDS-RS-MLD, MDS with ring sideroblasts and multi lineage dysplasia; MDS-RS-SLD, MDS with ring sideroblasts and single lineage
dysplasia; MDS-U, MDS unclassifiabel; n.a., not available; n.d., not determined; PV, Polycythemia Vera; tMDS, therapy related MDS.

2Complex karyotype: > 3 aberrations.

disorder, and 1 patient who had a BM aspiration performed based on
the finding of spontaneous Rhesus type D alteration (Kérmoczi
et al., 2007)) were included (Table 1). Furthermore, we included
2 patients diagnosed with ICUS and 4 patients with CCUS to assess
possible subtle dysmorphometric changes (Table 1). One CCUS
patient (ID-8) was diagnosed with MDS 1 month after the CCUS

diagnosis, and was therefore included in both disease entities. Inclu-
sion criteria for both MDS patients and controls was more than 10%
erythroblasts (CD45"8CD235a*CD71") out of all leukocytes in the
routine diagnostic flow cytometric analysis or a confirmed MDS asso-
ciated dyserythropoiesis (Supporting Information). The study was con-
ducted in accordance with the Declaration of Helsinki and approved
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by The Central Denmark Region Committee on Health Research
Ethics (record no.: 1-10-72-125-17) and the Danish Data Protection
Agency (record no.: 1-16-02-849-17).

2.2 | Sample preparation, IFC acquisition, and
gating of erythroid maturation stages

Cryopreserved MNCs were thawed in a 37°C water bath and
resuspended in stain buffer containing 10% heat-inactivated fetal calf
serum (Biowest, Nuaillé, France). Thawed cells were incubated for
10 minutes at 37°C with DNase (Sigma-Aldrich/Merck, MO) and
MgCl, in final concentrations of 80 U/mL and 5.5 mM, respectively.
Afterwards, cells were stained with Zombie Violet™ Fixable Viability
dye (Biolegend, CA), washed and stained with the following pre-
titrated monoclonal antibodies (MoAb): CD235a PE (clone JC159,
Agilent), CD105 PE-CF594 (clone 166, BD Biosciences, CA), CD71
PerCP-Cy5.5 (clone CY14G, Biolegend), CD117 PE-Cy7 (clone
104D2, BD Biosciences), and CD45 KrO (clone J.33, Beckman Coul-
ter, CA). Additionally, DRAQ5 (ThermoFisher Scientific, MA) and Thia-
zole Orange (TO; Sigma-Aldrich) was included for DNA and RNA
staining in final concentrations of 1.25 pM and 0.25 pg/ml, respec-
tively. Data acquisition was performed on an ImageStream®* Mark II
imaging flow cytometer dual camera system (Luminex, Seattle, WA)
equipped with four lasers; 405 nm (set to 120 mW), 488 nm (set to
200 mW), 561 nm (turned off) and 642 nm (set to 150 mW). Channels
1 and 9 were used to capture cellular brightfield (BF) images. Stains
were detected in the following channels: Thiazole Orange (TO), chan-
nel 2; PE, channel 3; PE-CF594, channel 4; PerCP-Cy5.5, channel 5;
PE-Cy7, channel 6; Zombie Violet channel, 7; KrO, channel 8; DRAQS5,
channel 11. Side scatter (SSC) was detected in channel 12. Consecu-
tive raw image files (.rif) containing 20,000 single cells, were collected
at 60x magnification using a data acquisition template created in the
INSPIRE® software (version 200.1.620.0, Luminex). A median of
13 (range: 4-37) replicates were acquired depending on available
archival sample material. Compensation was set daily using UltraComp
eBeads™ (ThermoFisher)
moAbs in addition to single-color-stained cells (DRAQ5, TO and Zom-

bie Violet). Compensation controls were acquired using the INSPIRE®

stained with fluorochrome-conjugated

compensation wizard and subsequent fluorescence compensation
matrix calculations and data analysis was performed in the IDEAS®
software (version 6.2.187.0, Luminex). Subsequent gating of erythroid
maturation stages was performed in the IDEAS® software (version
6.2.187.0, Luminex). In human erythropoiesis, five morphologically
distinct erythroblast intermediates can be identified; proerythroblasts
(ProE), early basophilic erythroblasts (BasoE), late BasoE, polychro-
Hu
et al.,, 2013; Gautier et al., 2016). Here, we refer to the terminology
IMDS Flow Working group (Westers
et al., 2017) and define three erythroblast developmental stages; ProE,

matic erythroblasts and orthochromatic erythroblasts (J.

applied by the clinical

BasoE, and the combined population of poly- and orthochromatic
erythroblasts (PolyOrthoE). The PolyOrthoE subset was evaluated as
a combined population, as these cell subsets share immunophenotype
and appeared as a continuum in morphometric parameters. In short,
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live, single, nucleated cells in focus were gated for identification of
erythroid cells defined by expression of CD71 and co-expression of
either CD235a and/or CD105 (Machherndl-Spandl et al., 2013;
Westers et al., 2017). Next, erythroblasts were further gated by their
CD117 and CD105 expression to distinguish between ProE
(CD117°CD105"), BasoE (CD117-CD105%), and the combined subset
of PolyOrthoE (CD117-CD1057).

(SSC'°*“CD45" ") were used as an internal negative control population

Mature lymphocytes

(Figure S1; full gating strategy is provided in Supporting Information).

2.3 | Masking and gating strategy for single and
binucleated erythroblasts (BNEs) using machine
learning

Morphometric features were calculated using function masks that were
created to highlight the cellular, nuclear and cytoplasmic areas of single
nucleated erythroblasts (Figure S2; Supporting Information). By apply-
ing the specific masks to populations of interest (i.e. ProE, BasoE, and
PolyOrthoE), relevant morphometric features were calculated and were
used to quantify dysmorphometric erythropoiesis. Moreover, an
advanced nuclear function mask was constructed to identify BNEs
(Figure S2d; Supporting Information), however, visual inspection of the
BNE population revealed the presence of doublet events (Figure S2e).
To distinguish true BNEs from doublet events, and to exclude doublets
from all morphometric analysis, we took advantage of advanced combi-
nation features and machine learning (ML) classifiers generated in the
IDEAS® software (Supporting Information). Full lists of relevant features
are provided in Table S1 and Table S2.

24 | Statistical analyses

For comparison of continuous variables between NBM and MDS
patients, the Mann-Whitney U Non-Parametric test was applied. p-
values <.05 were considered significant. For MDS patients, correlation
between erythrocyte mean corpuscular volume (MCV) and cell area
was analyzed for significance by the Non-parametric Spearman's rank
order correlation. All calculations were conducted in GraphPad Prism
version 7 (GraphPad Software, La Jolla, CA). For continuous parame-
ters cut-off values for morphometric aberrancies were based on the
5th and or 95th percentile of the data of healthy controls.

3 | RESULTS

3.1 | IFC enables identification of erythroblast
intermediates and subsequent confirmation of
morphometric changes during erythroid development
in healthy BM

To ascertain the robustness of the IFC technique to morphometrically
delineate erythropoietic intermediates, we initially examined the
erythropoietic maturation-pattern in BM from healthy controls. We
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identified the three well-described nucleated erythropoietic matura- expression of surface markers (Figure 1a; Figure S1), and next investi-

tion stages based on immunophenotype; ProE, BasoE, and the com- gated |IFC related morphometric changes of these three

bined population of PolyOrthoE characterized by distinctive immunophenotypically defined erythroblast stages. As erythroblasts
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FIGURE 1 Immunophenotypic and morphometric delineation of erythroid intermediates in healthy controls. (a) Extract of the gating strategy.
Live, single, nucleated cells in focus were gated for commitment to the erythroid lineage by their expression of the transferrin receptor CD71 and co-
expression of either CD235a and/or CD105 (left and middle panel). Expression of CD117 and CD105 were used to distinguish between the three
erythroid developmental stages; proerythroblasts (ProE, CD117*CD105"), basophilic erythroblasts (BasoE, CD117"CD105"), and the combined
subset of poly- and orthochromatic erythroblasts (PolyOrthoE, CD117-CD1057) (right panel). This alternative nomenclature for human erythropoiesis
includes an early basophilic erythroblast which, based on the immunphenotype, would fall into our proerythroblast gate (Gautier et al., 2016). The full
gating strategy is depicted in Figure S1. (b) Image gallery of ProE, BasoE, and PolyOrthoE cells illustrating their surface marker expression, decreasing
cell size (BF) and nuclear condensation (DRAQS5). (c) Representative bivariate plot of nuclear and cell area from one healthy control illustrating
decreasing nuclear and cell area along the maturation sequence (yellow: ProE; purple: BasoE; orange: PolyOrthoE). (d) Bivariate plot of TO intensity
and nuclear compactness as hallmarks of RNA degradation and nuclear condensation, illustrating synchronous nucleocytoplasmic maturation profile
during healthy erythropoiesis in one representative healthy control (yellow: ProE; purple: BasoE; orange: PolyOrthoE) [Color figure can be viewed at
wileyonlinelibrary.com]
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differentiate, they become progressively smaller and the nucleus con-
denses until it is finally extruded (Porwit et al., 2011). Reassuringly,
we found that immunophenotypically defined erythroid precursors
(ProE > BasoE:

demonstrated significantly decreasing cell area

CLINICAL CYTOMETRY B\ 1 5 5) ‘S

(ProE > BasoE: p = .0002 and BasoE > PolyOrthoE: p <.0001), and
(BasoE > PolyOrthoE: p <.0001)

Figure 2a; Figure S3a-b). Thus, we could morphometrically confirm

cytoplasm area (Figure 1a-b;

the generally described maturation process where both cellular and

p = .0049 and BasoE > PolyOrthoE: p <.0001) nuclear area nuclear area, as well as the ratio between these two parameters
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FIGURE 2 Dyserythropoietic cell size enlargement among erythroid precursor. (a) Scatter plot representation of median cell area of ProE,
BasoE, and PolyOrthoE for healthy donors with normal BM function (NBM), MDS, ICUS/CCUS and non-MDS patients. Representative imagery
shows the BF, CD235a, CD71 and DRAQS5 images of PolyOrthoE as well as specific cell area feature values in pm2 for one MDS patient (ID-4)
(top image gallery) and one NBM (bottom image gallery). (b) Scatter plot of the coefficient of variation (cv) within subpopulations of
immunophenotypically defined ProE, BasoE, and PolyOrthoE cells. (c) Histogram visualization of cell size heterogeneity demonstrating cell size
enlargement for individual MDS patients as compared to the concatenated population of PolyOrthoE in healthy controls. Red line indicates the
median cell area for NBMs. (d) Scatter plot representation of macronormoblast percentages in ProE, BasoE, and PolyOrthoE BM cells including
representative imagery of PolyOrthoE macroblasts from the MDS patient with the highest percentage of macronormoblasts (ID-7). Cell area
values (pmz) are shown on individual cells. MDS patients and the vitamin B12 deficiency control with morphologically confirmed megaloblastic
changes are indicated with open symbols. Likewise, high-risk CCUS patients are indicated with open symbols. Patient IDs are listed in Table 1

[Color figure can be viewed at wileyonlinelibrary.com]
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(Figure S3c), progressively decline during maturation. Furthermore,
we demonstrated gradual decline of cytoplasmatic RNA content and
concomitant nuclear condensation as tokens of cytoplasmic and
nuclear maturation, respectively (Figure 1c). Of note, the nuclear fluo-
rescence signal was significantly more compact at the transition from
ProE to BasoE (Figure S3d; p = .0400) and also from BasoE to Poly-
OrthoE (Figure S3d; p < .0001). Collectively, these morphometric find-
ings correlate with pathologic examination of normal erythropoiesis
(Palis, 2014; Porwit et al., 2011).

3.2 | Morphometric quantification using IFC
demonstrates cell size enlargement associated
with MDS

Cell size enlargement among erythroid precursors can represent a dys-
plastic feature in MDS and is associated with megaloblastic changes,
macronormoblasts, and giant erythroblasts (Goasguen et al., 2018). While
megaloblastic changes are distinguished as erythroblasts of increased size
with asynchrony between cytoplasmic and nuclear maturation (Goasguen
et al,, 2018; Porwit et al., 2011), macronormoblasts are enlarged cells with
normal cytoplasmic/nuclear maturational profile. Moreover, in some
MDS cases highly abnormal giant erythroblasts can be seen (Goasguen
et al,, 2018). However, while the latter two morphological characteristics
are considered clearly dysplastic, these cells are rare and difficult to quan-
tify by pathologists (Goasguen et al., 2018). Importantly, as MDS is often
characterized by erythroid maturation arrest, that can lead to increased
fractions of the most immature erythroblasts stages (Ali et al., 2018), the
value of erythroblast subpopulation analyses must be emphasized, as a
shift in proportions of otherwise morphologically normal erythroblasts
can lead to relative enlarged average erythroblast cell size. In the present
study, cytologic examination of BM smears identified substantial megalo-
blastic changes in the erythroid lineage in four of the MDS patients (ID-1,
4, 13, and 16; Table 1). In accordance, evaluation of the cell size dimen-
sion by IFC showed enlarged median cell areas at one or more erythroid
maturation stages for these four patients (Figure 2a). As a confirmatory
control of megaloblastic erythropoiesis, we found substantially enlarged
cell areas for all erythroid maturation stages in a patient with known B12
deficiency (ID-22) (Table 1; 1997;
Wickramasinghe, 1999).

In MDS BM samples, increased cell areas were also identified in

Figure 2a) (Koury et al,

cases initially not categorized as megaloblastic by pathology, and at
the PolyOrthoE stage, the median area of all MDS samples was signifi-
cantly increased compared to healthy controls (p < .0001) (Figure 2a).
In addition, analyses of cytoplasm and nuclear area revealed that cell
enlargement was derived from increased cytoplasm area, as this was
significantly increased in MDS patients when compared to healthy
controls (Figure S3b; PolyOrthoE: p < .0001), while the nuclear com-
partment was not enlarged (Figure S3a). Interestingly, for the included
ICUS/CCUS patients, the median cell area of PolyOrthoEs was also
significantly increased (p = .0044) (Figure 2a). Of note, we observed
that the three ICUS/CCUS patients (ID-8, 16, and 19) with the largest
cell areas were high-risk CCUS patients (according to Malcovati
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et al. (2017)), and had high variant allele frequencies (VAFs) of
myeloid-associated mutations (Table S3). Of further interest, for the
MDS patients, we found a significant correlation of erythrocyte mean
corpuscular volume (MCV) and cell area for all erythroid maturation
stages (ProE: p = .0047; BasoE: p = .0149; PolyOrthoE: p = .0145,
Figure S4).

Recognizing that not all erythroid cells are necessarily dysplastic
in MDS, we sought to evaluate whether the distribution of cell area
in MDS erythroblasts was different from control BMs. In fact, at the
PolyOrthoE maturation stage, the median coefficient of variation
(CV) of cell area proved to be significantly higher in MDS BM com-
pared to healthy controls (p = .0042) (Figure 2b), indicating a more
heterogeneous cell population. Furthermore, by plotting all cell area
values on a histogram, it can be seen that the distribution skews
towards larger PolyOrthoE cell areas in MDS BM (Figure 2c). More-
over, based on the 95th percentile of the healthy controls (n = 11),
the CV cell area could be considered increased for 50% of the MDS
patients (ID-4, 5, 6, 9, 11, 13, and 14) (data not shown). Next, we
investigated if we could identify erythroblasts with very large cell
areas corresponding to macronormoblasts and giant erythroblasts at
higher frequencies in the MDS samples. As such, we used cut-offs
of 186 pm?, 165 pm?, and 89 pm? corresponding to the 95th per-
centile of pooled healthy ProE (n = 10,394), BasoE (n = 6509), and
PolyOrthoE (n = 25,049) subpopulations, respectively. At the Poly-
OrthoE stage, the percentage of cells larger than the 95th percentile
was significantly increased (Figure 2d; p < .0001). Of note, we found
the highest macronormoblast percentage in an MDS patient (ID-7)
with no previous records of megaloblastosis (Figure 2d). Remark-
ably, the three high-risk CCUS patients had the highest percentages

of abnormally large erythroblasts at all maturational stages
(Figure 2d).
3.3 | Machine learning assisted morphometric

analysis allows for robust identification and
quantification of BNEs

The presence of BNEs is a WHO classified dysplastic feature in MDS,
but may also be found in cases with non-neoplastic acquired anemia,
and in healthy controls (Bain, 1996; Goasguen et al, 2018).
Hematopathological BM examination identified erythroid bi- and mul-
tinuclearity in eight out of 14 MDS patients (Table 1; Figure 3a).
Moreover, BNEs were identified in two ICUS/CCUS patients and four
non-MDS controls (Table 1). For BNE identification on IFC, we
designed a refined BNE masking strategy that allowed separate mas-
king of individual nuclei. By applying the spot counting feature to the
BNE mask combined with ML algorithms created in the IDEAS® soft-
ware, we accurately differentiated doublets from true BNEs and enu-
merated the latter within each subpopulation (Figure 3b). Indeed, for
MDS patients, we detected significantly increased BNEs in both the
ProE and PolyOrthoE subpopulations (Figure 3c; ProE: p = .0001;
PolyOrthoE: p = .0001). In agreement with pathologic examination,
we confirmed the presence of BNEs at one or more maturation stages
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in the aforementioned MDS patients, ICUS/CCUS patients, and non-
MDS controls (Figure 3c). Interestingly, we identified considerable
numbers of BNE ProEs in three additional MDS patients (ID-4, 8, and
13), and also in the CCUS sample from patient ID-8 (Figure 3c). In
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NBM the presence of genuine BNEs was confined to the immature

erythroid progenitors (ProE and BasoE) and overall the frequencies

were below previously reported levels of 1-2% BNEs in BM of
healthy adults (Bain, 1996).
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FIGURE 3
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deficiency control with morphologically verified bi-and/or multinuclearity are indicated with open symbols. Likewise, high-risk CCUS patients are
indicated with open symbols. Patient IDs are listed in Table 1 [Color figure can be viewed at wileyonlinelibrary.com]
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34 |
of subtle dysplastic nuclear irregularities

Abnormal nuclear shape, i.e. nuclear budding and/or lobulation, inter-
nuclear bridging and nuclear fragments, is a prominent dysplastic fea-
ture in many MDS BMs. However, nuclear irregularities are infrequent
and difficult to identify morphologically and furthermore, such abnor-
malities can be detected at low numbers in NBM as well as during

non-neoplastic causes of anemia and as such are not specific of MDS

Examining the potential for IFC quantification
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(Goasguen et al., 2018). In line with this, pathologic examination iden-

tified nuclear irregularities in 10 out of 14 MDS patients, two out of
six ICUS/CCUS patients, and five out of six non-MDS patients
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(Table 1). We investigated the possibility of applying IFC associated
features for morphometric evaluation of nuclear shape. Intriguingly,
when depicting histograms of nuclear Aspect Ratio (defined as the
ratio between the minor and major axis of an object) distribution for
all three maturational stages (Figure 4a), we observed that for selected
MDS samples (e.g., ID-1, ID-7, and ID-9) at both the ProE and BasoE
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FIGURE 4 Morphometric evaluation of nuclear shape irregularities in BM samples from MDS patients and controls. (a) Histogram
visualization of the distribution and heterogeneity of nuclear Aspect Ratio for individual MDS patients as compared to concatenated populations
of ProE, BasoE, and PolyOrthoE in healthy controls. (b) Bright field and DRAQS5 imagery illustrating ProEs with low nuclear Aspect Ratio in a BM
sample from MDS patient ID-1. In addition, the nuclear mask and Aspect Ratio values are indicated for individual cells. (c) Scatter plot
representation of the percentage of irregularly shaped nuclei within the 5th percentile of the Aspect Ratio. (d) Bright field and DRAQ5 imagery
illustrating ProEs with low nuclear Aspect Ratio in a BM sample from one healthy control. () lllustration of the coefficient of variation (CV) within
erythroblast subpopulations. MDS patients and the vitamin B12 deficiency control with morphologically verified nuclear irregularities are
indicated with open symbols. Likewise, high-risk CCUS patients are indicated with open symbols. Patient IDs are listed in Table 1 [Color figure
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stages, the distribution was clearly shifted towards lower Aspect Ratio
values, indicating high numbers of cells with non-circular and/or elon-
gated nuclei (Figure 4b). To investigate whether BM samples from
MDS patients contained larger fractions of irregular nuclei, we used
10,394), BasoE
25,049) as region boundaries to

the 5th percentile of merged healthy ProE (n =
(h = 6509) and PolyOrthoE (n =
demarcate subpopulations with profound nuclear irregularities. We
found MDS ID-1 and ID-7 to hold the largest percentages of nuclear
irregularities, but only at the ProE stage (Figure 4c). Moreover, we
observed considerable fractions of irregularly nucleated ProEs,
BasoEs, and PolyOrthoEs in NBM and non-MDS controls (Figure 4c-
d). Of note, at the PolyOrthoE stage, in most MDS samples, there
seemed to be a more homogenous distribution of cells with higher
Aspect Ratios (Figure 4a) and correspondingly lower CV values
(Figure 4e; p = .0384). Although, we could identify and visually con-
firm the presence of nuclear irregularities in all MDS patients, the
applied strategy did not support distinction between dysplastic MDS
BM and control samples, emphasizing the difficulties associated with

quantification of nuclear irregularities.

4 | DISCUSSION

This paper demonstrates proof-of-concept applicability of IFC as a
promising tool in the difficult diagnostic work-up of MDS. Currently,
while morphological examination of BM remains the cornerstone in
the diagnostic classification of MDS, correct evaluation of dysplastic
changes requires great expertise and is prone to significant inter- and
intra-observer variability (Goasguen et al., 2018; Valent et al., 2017).
Typically, evaluation of MDS BM is based on approximately 500 cells,
and it is generally accepted that by increasing the number of analyzed
cells, the reproducibility of dysplasia assessment improves (Bennett &
Orazi, 2009). To this end, we posit that IFC technology represents an
exciting and novel approach as it allows for morphometric quantifica-
tion of practically an unlimited number of cells combined with delinea-
tion of erythropoietic differentiation stages. Specifically, IFC offers a
substantial increase in statistical robustness and sensitivity by analyz-
ing a larger number of cells and through refined subpopulation ana-
lyses of biologically relevant cells based on immunophenotyping. In
the present study, we selectively analyzed up to 68,000 erythroblasts
in a single sample with an automated analysis strategy that enabled
quantification and retrieval of classical dysplastic features in an objec-
tive manner.

Knowledge of morphometric changes during healthy erythropoi-
etic maturation is mandatory in order to identify MDS associated
abnormalities. Thus, by employing IFC related morphometric features
such as cell and nuclear area, RNA content and nuclear compactness
in combination with immunophenotypic characterization, we were
able to recapitulate the normal maturation pattern of early erythropoi-
esis in healthy BM (Figure 1). Of note, despite abnormalities in some
of these parameters, both MDS and pathological controls generally
followed the same maturational pattern (Figure 2a, Figure S3a-b). In
this study, an archival cohort of anonymized healthy controls with no
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records of clinical data was used as biological reference. As such, we
were not able to account for confounding factors such as age, sex and
comorbidities in the control population. Yet, we expect that our MDS
patients, whose average age is 68, are significantly older than our con-
trols. Moreover, assessment of BM morphology was not part of the
protocol for healthy BM sampling, which could be of importance as
morphologically dysplastic cells are common in BM from healthy indi-
viduals above 50 years of age (Bain, 1996). Collectively, age associ-
ated dysplasia and maybe even pre-malignant clonal hematopoiesis
may, to some extent, explain the variation observed in the healthy
controls.

Next, we studied the dyserythropoietic phenomenon of cell size
enlargement in MDS samples. By combining advanced masking tech-
nigues and features in the IDEAS software, it was possible to morpho-
metrically identify and quantify abnormally enlarged erythroblasts at
the PolyOrthoE stage in MDS BM (Figure 2a). While median cell size
enlargement in the compound PolyOrthoE population among MDS
BM samples could be attributable to a universal enlargement of all
cells in the subset, it could also represent an alternative scenario. For
instance, as observed by Ali et al., impaired terminal differentiation is
evident in many MDS patients, where abnormal accumulation of poly-
chromatic erythroblasts results in a decreased level of orthochromatic
cells, which in our analysis would skew the distribution towards the
larger polychromatic cells (Ali et al., 2018). In addition, when we quan-
tified abnormally large cells based on a numeric cell area threshold
corresponding to the 95th percentile of NBM erythroblasts, the most
pronounced and statistically significant cell size aberrations were
again observed among late-stage erythroblasts, i.e. PolyOrthoE
(Figure 2d).

In recent years, an increasing amount of molecular data has in
some ways increased the diagnostic complexity of myeloid malignan-
cies, and distinguishing MDS from pre-MDS conditions such as ICUS
and CCUS remains a major clinical challenge (Valent et al., 2017). Pre-
vious studies of ICUS/CCUS have associated the presence of two or
more mutations at VAFs 210% with an increased risk of subsequent
hematologic neoplasia (Cargo et al., 2015; Malcovati et al., 2017). In
addition, Malcovati et al. demonstrated that CCUS patients with spe-
cific mutational pattern have similar overall survival and risk of disease
progression as lower risk MDS, and the authors suggest that such
high-risk CCUS cases should be classified as MDS in line with MDS-
defining cytogenetic abnormalities (Malcovati et al., 2017). Our results
show that within the group of ICUS/CCUS patients, abnormally large
erythroblasts were consistently observed in CCUS cases which
according to the definition by Malcovati et al. are high-risk CCUS
based on their mutational status (Figure 2a,d). In spite of the small
sample size among the ICUS/CCUS patients, it is probable that these
correlations were observable from analyzing large numbers of cells
with IFC and it is possible that such correlations may be missed
through visual histological examination. Overall, a shift towards cell
size enlargement coupled with the presence of significantly higher
proportions of  macronormoblasts could represent early
dysmorphometric manifestations preceding recognizable morphologi-
cal dysplasia. In support of this, the CCUS patient (ID-8), who was
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diagnosed with MDS 1 month after the CCUS diagnosis, had compa-
rable IFC results at both timepoints with regard to Area Cell, CV Area
Cell, percentage of macronormoblasts and frequency of BNEs (data
not shown).

Given the fact that binucleation is a prominent but sometimes
infrequent erythroid dysplastic feature in MDS, IFC could prove
advantageous over slide-based scoring as it allows for evaluation of a
far larger number of cells. Thus, by creating a nuclear masking strategy
to identify binucleated erythroblasts and using the ML module in the
IDEAS software, we were able to robustly quantitate true BNEs
(Figure 3b-c). Here, the ability to examine three component images of
each cell (e.g., BF, CD235a and DRAQS5) proved highly useful in the
discrimination of doublets from true BNEs. We observed that by
examining only the BF and DRAQS5 images, all double nucleated
events could be mistaken for BNEs, but the observable boundary in
the CD235a image permitted doublet identification. As such, the
advanced features created by the ML module in IDEAS® provided a
significant advantage over the standard features, permitting the
detection of false positive BNEs. By combining the ML classifiers with
advanced features in IDEAS, we were able to remove i) doublets with
near-circular nuclear shape and with nuclear areas comparable to sin-
glets in a heterogeneous population where all cells are unequal in size
and ii) cells in which the nuclear mask erroneously captured a single
nucleus as binucleated due to imperfect differentiation of DRAQ5
intensity leading to a false segmentation point in the nuclear image.
Significantly increased frequencies of BNEs at the ProE and Poly-
OrthoE stages in MDS BM were observed and interestingly, we could
practically not detect any BNEs at the PolyOrthoE stage in NBM,
which should be regarded as highly aberrant (Figure 3c).

As expected, we observed a pronounced morphometric heteroge-
neity in the group of MDS patients. This inter-donor variability was
most noticeable within ProE and BasoE subpopulations while late-
stage erythroblasts appeared more homogenous. Of note, both the
presence and the degree of morphometric dysplasia (i.e. the extent of
area enlargement and level of BNE frequency) varied between MDS
patients, and for individual patients also between the different eryth-
roblast maturation stages. Exemplified by patient ID-6, median cell
area enlargements were clearly evident for both ProE and BasoE,
while late-stage erythroblasts were affected to a lesser extent. How-
ever, as late-stage erythroblasts comprised 73% of all NECs, examina-
tion of the compound NEC population revealed that the median cell
area for this patient was comparable to healthy controls (data not
shown). This marked inter-donor and intra-patient variability of
dysmorphometric features reflects the extreme biological heterogene-
ity in MDS, and our data emphasize the importance of refined sub-
population analysis facilitated by IFC.

The pronounced heterogeneity at different maturational stages
presented difficulties in studying nuclear irregularities. In MDS, subtle
morphometric changes, for example, nuclear irregularities might only
be evident in a small fraction of cells in a given subpopulation. We
were only able to observe an increased fraction of such cells in two
MDS patients at the ProE stage (Figure 4a-c), but precise detection of
the nuclear boundary is dependent on how well the IDEAS software
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can mask the nucleus. As such, accurate masking of small nuclei
(i.e. PolyOrthoEs) is more difficult than for larger nuclei given the
smaller number of pixels in the image. Therefore, in future studies it
might be relevant to include a nuclear skeleton lamin stain to better
demarcate the nuclear boundary to enhance masking accuracy (Tsai
et al., 2020). Additionally, identification of subtle nuclear irregularities,
such as nuclear budding and nuclear bridges, may be enhanced with
more advanced machine learning techniques (e.g., convolutional neu-
ral networks) that do not rely on image masking (Rodrigues
etal, 2018).

The results presented here add to the growing evidence
supporting the applicability of IFC in hematological diagnostics
(Grimwade et al., 2012; Mirabelli et al., 2012; Sundaravel et al., 2015;
H. Hui et al,, 2018; H. Y. L. Hui et al., 2019). However, IFC requires
cells to be in suspension and morphological architecture, for example,
abnormal localization of immature precursors, cannot be captured by
IFC. Thus, as no single biological or genetic reliable diagnostic parame-
ter has yet been discovered for MDS, IFC should be viewed as a
promising supplement to established diagnostics in line with MFC,
and we envisage that integration of IFC technology into existing diag-
nostic MFC scoring models complemented by routinely documented
clinical parameters (Abelson et al., 2018; L. Hu et al., 2017), cytoge-
netics and molecular genetics may assist in identifying
dyserythropoiesis in MDS (Van De Loosdrecht et al., 2008; Ogata
et al.,, 2009; Cremers et al., 2017; M. G. D. Porta & Picone, 2017;
Westers et al., 2017). We have presented a novel, proof-of-concept
image-based flow cytometric platform to study and quantify morpho-
metric changes in erythropoietic intermediates in BM samples from
MDS patients. Using a different-from-normal approach, the ability to
MDS patients

dyserythropoiesis has been demonstrated. Certainly, exploration of

identify abnormalities in with  morphological
the technique in a clinical context will need confirmation in a larger
cohort of known MDS patients and respective controls performed on
fresh BM samples. Importantly, the study of MDS erythropoiesis
should preferably be performed on non-lysed BM samples, as the lys-
ing procedure has been shown to alter the distribution of erythroblast
stages (Violidaki et al., 2020; Westers et al., 2017). Ideally, validation
should be designed as a prospective study with blinded examination
of samples by both morphology, MFC, cytogenetic analyses and IFC
including longitudinal samples from patients with unexplained
cytopenia that might turn out to be diagnosed with MDS at a later
timepoint. Moreover, such a study should include definitions of IFC
related cut-off values and assessment of intra- and inter-observer var-
iability/consistency. Taken as a whole, we propose that IFC holds
great promise as a powerful supplemental tool in the challenging and

complex setting of MDS diagnostics.
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