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ABSTRACT

Cancer is a leading cause of death worldwide. Normally the balance between
cell growth and cell death is strongly controlled. Chronic lymphocytic leukemia
is an indolent disease that has a highly variable clinical course and is the most
common hematological malignancy amongst adults in the Western countries.
The protein tyrosine phosphatase SHP-1 is a key regulator that controls the
intracellular phosphotyrosine level in lymphocytes by inhibiting the B cell re-
ceptor signals. We have compared the expression and activity of SHP-1 in
chronic lymphocytic leukemia cells from lymph nodes with matched peripheral
blood samples. The expression levels of SHP-1 were higher in peripheral blood,
but the phosphatase activity in lymph nodes and peripheral blood did not differ
significantly. All cells in the body normally present glycans on the cell surface,
which are involved in cellular communication and in processes like cell differ-
entiation, proliferation and infection, including protecting the cells from in-
vaders and in cell-cell contacts. Sialic acid occurs on the terminal end of glycans,
and the frequency of sialic acid expression is increased on metastatic cancer cells
and overexpression controls tumor cell growth and cell differentiation. The
availability of specific antibodies against sialic acid is limited. We have been
screening sialic acid on cancer cells by using a molecular imprinting polymer
technique. Our results show that sialic acid is expressed on chronic lymphocytic
leukemia cell lines at different levels at the plasma membrane. Higher expres-
sion of sialic acid in the more aggressive chronic lymphocytic leukemia cell lines
was observed. To analyze morphological changes of death cells, digital holo-
graphic microscopy was used. Digital holographic microscopy is an approach
for label-free non-invasive 3D imaging of cultured cells. We have analyzed cell
death of adherent cancer cells using digital holographic microscopy and devel-
oped it to analyze suspension cells by combining this technique with antibody
based microassays. Digital holographic microscopy can be used for cell-death
induced cell analysis of both adherent cells and suspension cells. This thesis
takes us one step further in cancer research as regards developing techniques for
screening circulating cancer cells in blood as well as for individualized treatment
of cancer patients.
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INTRODUCTION

Cancer is a leading cause of death worldwide (Torre er al 2015). There are
more than 100 types of human malignancies found in different organs (Hana-
han & Weinberg 2000). Cancer is involved in morphological cellular transfor-
mation, uncontrolled cell proliferation, metastasis, dysregulation of apoptosis,
invasion and angiogenesis (Fischer-Fodor er al. 2015; Lin & Karin 2007).

Metastasis is a complex multi-step process, were primary tumor cells migrate
and metastasize to other organs in the body by the blood system and form sec-
ondary tumors (Chaffer & Weinberg 2011; Zimmer & Steeg 2015). However,
metastasizing tumors lose their adhesion to other cells; they destroy and degrade
the extracellular matrix and basement membrane and enter the blood system.
Figure 1 shows a schematic drawing of tumor metastasis (Fidler 2003; Lu er al.
2012; van Horssen er al. 2013).

Primary tumor Proliferation/ Detachment
angiogenesis

Metastasis €«— ‘ @ ® @0 Yot
Transport to Circulation

other organs

Figure 1. Schematic drawing of tumor metastasis. Moditied
from (Fidler 2003)
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The balance between cell growth and cell death is strongly controlled (Gérard
& Goldbeter 2014). Cell death occurs in different ways, through apoptosis or
necrosis. Apoptosis is a thoroughly investigated mechanism that occurs nor-
mally in the body and plays a central role in development as well as in homeo-
stasis and is necessary for removal of dysfunctional, mutated or tumor cells
(Alibek er al. 2014; Taylor er al. 2008). Mutations of apoptotic genes promote
disorders such as autoimmune diseases and cancer. Dying cells differ from via-
ble cells in several aspects (Ashkenazi & Salvesen 2014). Apoptosis characterize
a variety of morphological changes such as loss of cell membrane asymmetry
and attachment, cell shrinkage, formation of small blebs, nuclear fragmenta-
tion, chromatin condensation, chromosomal DNA fragmentation and finally
breakdown of the cell into several apoptotic bodies (Debatin 2004; Elmore
2007; Wong 2011).

14



Apoptosis

Apoptosis can be realized according to two different mechanisms, the intrinsic
pathway and the extrinsic pathway (Figure 2). Apoptosis is mediated by multi-
protein complexes called cysteine aspartyl-specific protease (caspases) (Logue
& Martin 2008; Nair er al. 2014). The intrinsic pathway, which is also known
as the mitochondrial pathway, can be activated by various stimuli, including
cellular stress, viral infections, toxins, free radicals, or radiation. Damage to the
cellular DNA can also induce the activation of the intrinsic pathway (Baig er a/.
2016; Khan er al. 2014).

Mitochondria release cytochrome ¢, which binds to and activate Apaf-1. Acti-
vated Apaf-1 binds to procaspase-9 to form the apoptosome complex. The
apoptosome cleaves and activates caspase-9, which leads to activation of
caspase 3 and the caspase cascade (Langlais er a/. 2015; Reubold & Eschenburg
2012).

Intrinsic pathway

i
/

—® ™~
il \ g
apoptosome [y Apaf-1
procaspase-3 casplase-s I
caspase cascade procaspase-9
|
Y,
Cell Death

Figure 2. Schematic overview over the apoptotic path-
ways. Modified from (Sessler et al. 2013).
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The extrinsic pathway, also known as the death receptor pathway, can be in-
duced through the activation of death receptors such as Fas (known as CD95)
and the tumor necrosis factor receptor (TNFR) (Ashkenazi 2015; Tchikov er al
2011). Binding of the Fas ligand (FasL) induces Fas trimerization, and the Fas
trimer recruits the initiator procaspase-8 via the FAS associated death domain
(FADD) containing protein. Activated caspase-8 can directly activate caspase-3
which leads to cell death (Fulda & Debatin 2006; Galluzzi er a/. 2012a; Kauf-
mann et al. 2012).

Apoptosis is expressly regulated by the Bcl-2 protein family. The Bcl-2 family
functions both as pro-apoptotic and anti-apoptotic proteins. Bid'is cleaved and
activated by caspase-8, which activate the pro-apoptotic Bcl-2 proteins Baxand
Bad to form mega channels in mitochondrial membranes for cytochrome c re-
lease (Goldar er al. 2015; Westphal er al. 2011). Anti-apoptotic Bcl-2 proteins,
such as Bcl-2 itself and Bcl-Xy inhibit Bax/Bad activation leading to inhibition
of cytochrome ¢ release (Kvansakul & Hinds 2013; Sessler er al. 2013).

In contrast to apoptosis, necrosis is cell death in living tissue characterized by
cytoplasmic swelling that induce an inflammatory response (Kroemer er al.
2009). Specific morphological features, in particular volume changes, accom-
pany cell death processes and are often used to define the different cell death
pathways (Krysko er al. 2008). A regulated necrotic pathway, also known as
necroptosis, is necessary for non-apoptotic signaling and is occurs when
caspase-8 is inactive or inhibited. Receptor interacting proteins will instead be
activated by FADD (Ouyang er al. 2012) and interact with other proteins to
form a necrosome complex (Pasparakis & Vandenabeele 2015). Necrosomes
stimulate regulated necrosis by activating other proteins followed by necropto-
sis, and by promoting mitochondrial fragmentation (Galluzzi er al. 2012b; Pas-
parakis & Vandenabeele 2015).
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B cell development

Hematopoietic stem cells are produced in the bone marrow and have the unique
ability to give rise to all of the different blood cell types and tissues (Wilkinson
& Gottgens 2013). Normal B cells express the antigen receptor (BCR) on the
surface, which binds antigens and transmits signals that regulate B cell activa-
tion, growth and differentiation. The B cell differentiation is a tightly regulated
process starting in the bone marrow from a lymphoid stem cell progenitor, the
(pro)-B cell (Melchers 2015). In a pro-B cell (Figure 3), the immunoglobulin (Ig)
heavy chain genes start to rearrange and when the heavy chain is expressed, the
pro-B cell develop to a precursor (pre)-B cell (LeBien & Tedder 2008). The pre-
B cell continue the development and rearrange the Ig light chain genes express-
ing a functional membrane-bound IgM and will then be classified as an imma-
ture B cell in the developmental stage. Immature B cells enter a checkpoint,
where autoantigens are presented. B cells expressing high-affinity autoreactive
BCRs are deleted via a mechanism called negative selection (Kohler er al. 2008;
Victora & Nussenzweig 2012). B cells expressing low-affinity autoreactive
BCRs are positively selected to exit the bone marrow and migrate to the sec-
ondary lymphoid organs to produce mature B cells that are characterized by the
co-expression of IgM and IgD on the surface together with two signal proteins,
Ig- and Ig- heterodimers (Dylke er al. 2007; Reth & Nielsen 2014).

Bone marrow Blood and secondary
lymphoid organs
7/ 2~ g6
2\
§/ a’
IgM IgM f Plasma B cell
IgD
N\ 7 N7 | i IeG
Stem cell Pro-B cell Pre-B cell Immature Mature Memory
B cell B cell B cell

(cLL)

Figure 3. Stages of B cell development.
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Normally the body produces autoreactive B cells at high frequency in the bone
marrow (Cambier er al. 2007). Over 85% of the newly formed immature B cells
die in the bone marrow, probably as a consequence of the negative selection
(Melchers 2015). Autoreactive B cells must be silenced to prevent autoimmune
disease (Nemazee 2006). The silencing occurs by the tolerance mechanisms,
clonal deletion, receptor editing and anergy (Figure 4) (Rosenspire & Chen
2015; Yarkoni er al. 2010). Clonal deletion is induced cell death by apoptosis.
Receptor editing is when the B cell undergoes a second rearrangement forming
a receptor specificity for a non-self-antigen instead of the self-antigen (Halver-
son et al. 2004). Finally, anergy is when B cells become tolerant to autoantigens.
Anergy can be defined as the functional long term inactivation of autoreactive
B cells to further signals through the BCR and it occurs normally when the B
cell expresses low affinity for the self-antigen (Hippen et al 2005; Phan et al.

2003).
Bone marrow M

Self-antigen \{7

Immature B cell

\,/’/\4\@,

Anergy Clonal Receptor
deletion editing

Figure 4. Autoreactive B cell tolerance.

The B cells have to bind to their specific antigen to become activated and start
to proliferate when the activating signals are provided from either the T helper
cells or when the B cell binds to an antigen via its BCR (Buchner & Muschen
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2014; Cerutti et al. 2011). Germinal centers are structures in the lymphoid or-
gans where the mature B cells proliferate and class switches take place (Eibel er
al. 2014; Klein & Dalla-Favera 2008). B cells can change their BCR isotype
form to IgG, IgE or IgA, depending on the provided signal (Lanasa & Weinberg
2011; Pieper eral 2013). In the germinal center, the B cells will undergo another
checkpoint and cells expressing BCRs with high affinity against the activating
antigen will be selected and differentiated into plasma cells or IgG expressing
memory B cells. Plasma cells can survive for extended periods of time without
cell proliferation (Tokoyoda er al. 2009; Tokoyoda er al. 2010).
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Leukemia and lymphoma

During development of hematopoiesis, different disruptions of cell division, dif-
ferentiation and apoptosis may lead to mutations and disorders that can case
leukemia or lymphoma (Packham er a/. 2014). Leukemia and lymphoma are the
classifications of tumors of the blood, bone marrow or lymphoid system. Leu-
kemia’s are single cells proliferating in the blood or lymph and lymphomas are
tumors in the lymphoid tissues proliferating as solid tumors (Goldsby er al
2000). There are different subtypes of leukemia and lymphomas (Jaffe 2009).
Examples of the leukemia types include acute lymphoblastic leukemia (ALL);
acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL) and
chronic myeloid leukemia (CML). Examples of the lymphomas types include
diffuse large B cell lymphoma (DLBCL), follicular lymphoma (FL) and mantle
cell lymphoma (MCL) (Jaffe 2001).

Chronic Lymphocytic Leukemia

CLL is the most common hematological malignancy amongst adults in the
Western countries. In Sweden, about 400 people are diagnosed with CLL yearly,
according to the Swedish Cancer Society, and the median age at diagnosis is 72
years (Baliakas er al. 2015).

CLL is characterized by a clonal expansion of neoplastic CD5*, CD19* and
CD23* B-cells in the peripheral blood (PB), bone marrow (BM), lymph nodes
(LN) and spleen (Chiorazzi er al. 2005; Hallek er al. 2008; Rozman & Mont-
serrat 1995). CLL cells with unmutated Ig heavy chain variable (IGHV) genes
are associated with high cell proliferation and a more aggressive form of disease,
compared to CLL cells with mutated IGHV genes (Rosenwald er a/. 2001). Pa-
tients with unmutated Ig genes have a median survival of 8 years (Hamblin
2011), while those with mutated Ig genes have an indolent disease with up to
more than 25 years survival (Dighiero & Binet 2000; Siddon er a/. 2013). Her-
ishanu er al. showed that CLL cells proliferate highly in the BM and the LN
compared to CLL cells in PB, and genes significant for BCR signaling are up-
regulated in the BM and the LN CLL cells, compared with circulating PB cells
(Herishanu er al. 2011).
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Protein Tyrosine Phosphatases and Kinases

Protein tyrosine phosphorylation is a key mechanism regulating cell signaling
and occurs in every physiological process (Alonso er al. 2004). Protein tyrosine
phosphorylation controls different signaling pathways, and will affect cell pro-
liferation, differentiation and apoptosis as well as cell activation, motility and
morphology (Mustelin er al. 2005).

The protein tyrosine phosphatase (PTP) SH2-domain containing phosphatase 1
(SHP-1) is a non-receptor tyrosine phosphatase located in the cytoplasm. SHP-
1 is a key regulator that controls the intracellular phosphotyrosine level in lym-
phocytes (Wu er al. 2003). SHP-1 acts as a negative regulator of cell signaling
in several hematopoietic cells and epithelial cells (Neel er al. 2003). SHP-1
mRNA levels are shown to be decreased in lymphoma and leukemia cell lines
and tissue, and therefore SHP-1 is proposed to function as a tumor suppressor
gene (Amin er al. 2007; Khoury er al. 2004; Koyama er al. 2003; Oka er al.

2001).
P'II"P {:i}
BN

Phosphorylated ST
substrate
Inactive Active

1

PTK {::E}

Figure 5. PTP dephosphorylate the tyrosine residues
while PTK phosphorylate the tyrosine residues in tar-
get substrates. Modified from (Tonks 2013).
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Protein tyrosine kinases (PTKs) are enzymes that specifically activate proteins
by phosphorylation (Figure 5) and play a key role in cell development and lym-
phocyte activation (Chakraborty & Weiss 2014). Abnormal PTK expression or
activity can lead to malignant transformation and tumor development (Blume-
Jensen & Hunter 2001). Figure 6 shows a schematic overview of the BCR and
the different proteins involved in the phosphorylation and dephosphorylation
of the receptor. SHP-1 is the substrate for various PTKs, such as the
Lck/Yes novel protein tyrosine kinase (LYN), Spleen tyrosine kinase (SYK) and
the 70 kDa zeta chain associated protein kinase (ZAP70) (Brockdorff er al.
1999; Neel er al. 2003; Poole & Jones 2005); the PTKs function as suppressors
of BCR activation and downregulate the cell proliferation, for example by acti-
vation of SHP-1 (Neel er al. 2003).

,__\ Antigen

\\F |
Light chain %

|8 B CDS
Ig—a

Heavy chain — |

= /"\ > ‘
(K}’ZAP?C;}\J| l | k YKKZAP'Q p{SHP 1>| |

AN __/
Proliferation /
Differentiation

Figure 6. Schematic overview of the SHP-1 activation in CLL. The
BCR is activated by binding of the antigen and LYN and SYK phos-
phorylate the transmembrane proteins Ig-a and Ig-f. LYN phos-
phorylates CDS that in turn work as a docking site for SHP-1.
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ZAP70 is normally expressed in T cells, thymocytes and natural killer (NK)
cells. ZAP70 is overexpressed in CLL cells and ZAP70 positive cells with un-
mutated Ig genes are correlated with aggressiveness of the disease (Sivina er al.
2011; Wiestner et al. 2003). The SHP-1 protein has a central role in normal cell
growth by regulating the activity of PTKs (Delfani & Wingren 2012), and is
similarly expressed in CLL PB cells and normal B cells (Negro er al. 2012). In
CLL, LYN phosphorylates CDS, which in turn serves as a docking site for SHP-
1. When recruited to the plasma membrane, SHP-1 is phosphorylated (Tibaldi
etal.2011).

CLL is known to be unresponsive to BCR stimulation because of anergy
(Mockridge er al. 2007; Muzio et al. 2008). Anergized B cells are characterized
by a lower sIgM and sIgD expression compared to normal mature B cells (Apol-
lonio er al. 2013; Quach eral. 2011; Slupsky 2014). CLL with mutated Ig genes
(Guarini er al. 2008; Herve er al. 2005) and with low expression or absence of
ZAP70 are correlated with anergy and with unresponsiveness to BCR stimula-
tion (Chen er al. 2002; Packham er al 2014). Anergic CLL cells are difficult to
treat through BCR signaling pathways. However, the new treatments specifi-
cally targeting the BCR signaling pathways are showing promising results on
the aggressive form of the CLL and may lead to successful treatment (Friedberg
et al. 2010; Hoellenriegel er al. 2011; Ponader er al. 2012).

Treatment

Patients with CLL have longer survival rates due to the large number of prom-
ising new therapeutic agents and cellular therapies (Mato et al. 2015). New bi-
ological markers and improved prognosis may allow for a more targeted indi-
vidualized therapy (Vaque et al 2014). CLL is an indolent disease that has a
highly variable clinical course. Two prognostic staging systems exist, the Rai
classification (Rai er al. 1975) and the Binet classification (Binet er a/. 1981).
One of the main challenges in cancer treatment today is to choose the proper
individual treatment for each cancer patient. The three main treatment strate-
gies presently used are chemotherapy, targeted therapy, and monoclonal anti-
body therapy. When the patient does not show any symptoms, normally the

“watch and wait” policy is used and in those cases no treatment is needed (Else
et al. 2008).
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Molecular Imprinting Polymers

Glycans are polysaccharides that are present on the surface of all cells. Glycans
are involved in cellular communication and in processes such as cell differenti-
ation, proliferation and infection, including protecting the cells from invaders
and in cell-cell contacts (Adamczyk er al. 2012; Varki & Lowe 2009). Sialic acid
(SA) is a monosaccharide, terminally expressed at the end of glycan chains,
which functions as a cell marker, and can be recognized by a variety of receptors
(Ohtsubo & Marth 2006). SA plays an important role in immunity regulation
and may have an inhibitory effect on immune activation (Fujita er al. 1999).
The two main common forms of SA in nature are human N-Acetylneuraminic
acid (Neu5Ac) and nonhuman N-glycolylneuraminic acid (Neu5Gce). Nonhu-
man Neu5Gc has been found in normal human cells, where it has been absorbed
from the food intake, especially from red meat (Samraj et al. 2014; Tangvora-

nuntakul er al. 2003).

In the late 1980s, researchers started to realize an association between SA and
cancer, especially in metastatic cancer (Dennis er al. 1989; Hoff er al. 1989).
The SA expression is increased in metastatic cancer cells (Cui er a/. 2011; Varki
& Varki 2002) and overexpression is reported to affect tumor cell growth and
cell differentiation (Ferreira er al. 2013; Seidenfaden er al. 2003).

A common detection method for analyzing glycans is using labelled lectins (Cho
et al. 2014). The availability of specific antibodies against SA is limited due to
difficulties to discriminate between various glycan species in combination with
low specificity and affinity to SA (Cummings 2009; Fujitani er al. 2013). Mo-
lecular imprinting polymers (MIP) is a technique to design selective artificial
receptors produced by allowing a polymer to form in presence of a template.
After removing the template, the resulting MIP can be used as a plastic antibody
(Vasapollo er al. 2011). Recently, different monosaccharide imprinting proce-
dures have been used to produce fluorescently labeled probe nanoparticles dis-
playing an unprecedented affinity for the targeted terminal monosaccharides in
cell staining experiments (Kunath ez a/. 2015). Based on a ternary complex im-
printing approach we developed SA-imprinted core-shell nanoparticles, conju-
gated with a fluorescent reporter group (Shinde er al 2015); the SA-MIP binds
specifically to SA on the cell surface (Figure 7). The main advantage of this
technique is that it displays a high affinity and selectivity for SA (Alexander er
al. 2006) and have high stability compared to antibodies (Whitcombe er al.
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2011). We have recently shown that SA-MIPs selectively targeted prostate can-
cer and leukemia cell lines, using flow cytometry and fluorescence microscopy
(Shinde er al. 2015).

Core/shell
«~— MIP

Sialic acid

Cell membrane

Figure 7. Principle of using MIPs as “plastic antibod-
1es” for imaging of sialic acid terminated glycan mo-
tifs. Modified from (Shinde et al. 2015).
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Digital Holographic Microscopy

Dennis Gabor discovered the fundamentals of holography in the late 1940s and
in 1971 he received the Nobel Prize in Physics for this development (Gabor
1949). Since then, holography has become a well-established imaging technique.
Digital holographic (DH) microscopy is a digital high resolution holographic
imaging technique with the capacity of quantification of cellular conditions
without any staining or labeling of cells (Alm er a/ 2011; Marquet er al. 2005;
Rappaz er al. 2005).

DH microscopy builds on red coherent laser light, from a diode laser. The pri-
mary light beam is split into two beams, an object beam and a reference beam.
The object beam will pass through the sample, which in this case are living cells,
and then merge with the reference beam, thus creating an interference pattern
(Figure 8). The interference pattern will be captured by a light detector (e.g., a
CCD-sensor) and computer algorithms convert the signal into a holographic
image based on the light phase shifting properties of the cells (Xiao & Puri
2002). The three-dimensional holographic image is then an impression of the
real cells (Sebesta & Gustafsson 2005).

Various cellular parameters can be visualized and calculated from the particular
hologram, including the area, thickness, volume, confluence, and the number of
cells (Carl er al. 2004; Chalut er al. 2012; Ferraro et al. 2005; Kemper et al.
2006; Lenart er al. 2008; Mann er al. 2005). Traditional fluorescence and light
microscopy may cause phototoxicity, and therefore researchers have attempted
to develop non-damaging microscopy methods (Frigault er al. 2009; Hoebe et
al. 2007). As only very low light intensity is needed, the DH technique is a non-
destructive and non-phototoxic method (Logg er al. 2009) allowing for both
qualitative and quantitative measurements of living cells (Yu er al. 2009).

DH microscopy has been used to study different cell types e.g. protozoa, bacte-
ria, and plant cells. Mammalian cells such as nerve cells, stem cells, various
tumor cells, bacterial-cell interactions, red blood cells, and sperm cells have also
been investigated (Alm er al. 2013). The first DH microscopy images showing
living cells were published in 2003, making this a rather new research field (Yu
et al. 2003).
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Figure 8. Schematic view of the DH microscopy technique
(www.phiab.se).

Using DH for counting the number of cells and estimating the confluence di-
rectly in the culture vessels is very useful. Moreover, cell viability status can be
determined using DH microscopy (Kemmler er al. 2007). One large benefit of
DH is the ability to differentiate between viable and non-viable cells without
any laborious and time-consuming staining or labelling of the cells with com-
mon dyes, such as trypan blue or propidium iodide (Khmaladze er al. 2012;
Molder er al. 2008).

DH microscopy can be compared to other techniques such as electronic cell
sizing and atomic force microscopy for detection of differences of volumes in
cell death induced human epithelial cells. The different methods give compara-
ble results, but DH was shown to be advantageous due to noninvasive labeling,
the time resolution, and allowing measurements of both single cells and popu-
lations (Khmaladze er al 2012).

Several studies have demonstrated changes in cell volume for cell death analysis
using DH. The interest for analyzing cell volume changes with DH microscopy,
resulting from cytotoxic events or apoptosis treatment has recently increased in
popularity (Alm er al. 2013; Kithn er al. 2013; Pavillon er al. 2012; Trulsson et
al. 2011; Wang er al. 2013). When cells go in to early apoptosis, the first dis-
cernable indication is a decrease of the cell phase shift. Pavillion ez al. recognized
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early apoptotic cells within minutes by their DH phase signal, while it took
several hours to identify dead cells using trypan blue staining.

Cell cycle control plays an essential role in cell differentiation and proliferation.
Several proteins, mainly cyclins and cyclin dependent kinases (CDKs) in the
checkpoints of the cell cycle stringently control cell proliferation. (Coleman er
al. 2004). Mutations in regulating proteins such as cyclins and CDKs result in
uncontrolled cell proliferation leading to development of cancer (Malumbres &
Barbacid 2001). DH can identify specific changes in cell volume that correlate
to either G1 or G2/M arrest. Average cell volume changes in response to treat-
ment with cell cycle arresting compounds could therefore be used as a DH
marker for monitoring cycle arrest in cultured cells. Interestingly, the results
showed comparable accuracy to flow cytometry measurement of cell cycle phase
distribution (Miniotis er al. 2014).

DH can recognize small morphological changes between different cell types,
treated with the same cytotoxic drugs. Alm er al. have presented results from
individual cells where a prostate cancer cell line and a mouse fibroblast cell line
were treated with a cell death inducing drug. The prostate cancer cell line con-
tracted, became dense and rounded up over time and the cell fragmented (Figure
9). The mouse fibroblast cell line behaved very differently, with some cells start-
ing to die within one hour and others after several hours after treatment; the
cells became thinner and thinner and eventually disappeared, 7e., necrosis (Alm
et al. 2013). In addition, Colomb er a/showed details of the apoptotic process,
where the apoptotic blebbing in prostate cells was clearly visualized by DH mi-
croscopy (Colomb er al. 2008).

DH microscopy is mainly used for adherent cells. Suspension cells are difficult
to analyze using DH microscopy since they are floating at several different levels
in the medium. To facilitate DH microscopy analysis of death-induced suspen-
sion cells, we have introduced antibody-based microarrays (Wingren et al.
2009) to the experimental DH set-up. By using single-chain variable antibody
fragments (scFv), (Borrebaeck & Wingren 2011) directed against some of the
most common cell membrane proteins on T- and B-lymphocytes, suspension
cells can be analyzed.
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Figure 9. 3D holographic images showing a dying cancer cell

(www.phiab.se).

Antibody microarrays are used today for multiple screening of biomarkers in
different diseases (Wingren er al. 2009). Recombinant antibody microarrays
have been developed for cell surface membrane proteomics for immunopheno-
typing by using different scFv (Dexlin er al. 2007) and they were tested to work
well in microarray applications (Dexlin-Mellby er al. 2010; Dexlin-Mellby er al.
2011). Stybayeva et al used CD4/CD8 antibody specific microarrays combined
with two-dimensional lensfree holographic imaging by first capture the cells on
CD4/CD8 scFv coated slides and then detecting the cytokine signals by cytokine
immunoassay (Stybayeva er al. 2010).

Antibody-based microarray techniques have been used to determine phenotypic
protein expression profiles for human B cell sub-populations (Ellmark er al
2008). Antibody-based microarrays have also been used to detect soluble anti-
gens (Belov er al 2006). Antibody-based microarrays enable screening of live
suspension cells for the expression of large numbers of cell surface CD antigens.
Such profiling classify the CD antigens for leukemia classification and drug tar-
get identification (Barber er al. 2009; Kohnke et al. 2009). Figure 10 is a 3D
hologram image showing captured cells on an antibody microarray.

DH microscopy makes it possible to analyze cells without affecting them in any
way. The unique measurable parameters are the cell number, cell area, thick-
ness, and volume, which can be coupled to proliferation, migration, viability
and cell death. Cell morphology parameters can be very useful when following
the effects of different treatments, the process of cell viability, as well as growth
and cell death. The technique is cheap, fast and simple to use and have unique
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imaging capabilities for time-lapse investigations both on the single cell- and the
cell-population levels.

Figure 10. Antibody-based microarray combined

with DH microscopy. Jurkat cells captured on an-
tibody Lewis X (El-Schich Z.).
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AIMS OF THE THESIS

Paper |

To study SHP-1 expression and activity in chronic lymphocytic leukemia pa-
tients using matched lymph nodes and peripheral blood samples.

Paper Il

To analyze sialic acid expression on leukemic cells by using sialic acid molecular
imprinted polymerase.

Paper Il

To investigate whether death-induced cancer cells can be distinguished from
untreated cells by the use of digital holographic microscopy.

Paper IV

To develop digital holography for cell death analysis of suspension cells by com-
bining digital holographic microscopy with antibody-based microarrays.
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METHODS

Patient samples

(Paper I)

Mononuclear cells from patients diagnosed with CLL from PB and LN were
isolated by Ficoll gradient centrifugation. CLL cells were purified by negative
selection with B-CLL cell isolation kit (Miltenyi Biotec). The purity of the se-
lected B-CLL cells were approximately 97% as assessed by flow cytometry using
CDS/CD19 antibodies. The selected CLL PB cells were cultured and BCR stim-
ulated with anti-IgM (Thermo Fisher Scientific) for 10 minutes, 30 minutes or
48 hours or left unstimulated as a negative control. BCR stimulated and unstim-
ulated cells were then used for flow cytometric analysis and Western blot anal-
ysis as described below.

Ethics
(Paper I)

Informed consent was obtained from all CLL patients according to the Decla-
ration of Helsinki, and ethical approval was granted by the ethical review com-
mittee at Linkoping University.

Cell lines
(Paper lI-1V)

Several different cell lines were used depending on the topic of the investigation.
In paper II, four human CLL cell lines were used. HG3, CI, Wa-osel and AlIl
were from the Department of Clinical and Experimental Medicine, Linkoping,
Sweden. The mouse fibroblast cell line 1L929 and the human prostate cancer cell
line DU14S5 were obtained from The American Type Culture Collection (ATCC)
and used in paper III. In paper IV, two selected cell lines were used: the human
diffuse large B cell lymphoma cell line U2932 obtained from the Department of
Oncology, Genetics and Pathology, Uppsala, Sweden, and the T cell acute lym-
phoblastic leukemia cell line Jurkat, obtained from ATCC.
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Quantitative PCR

(Paper 1)

The RNA expression was evaluated using quantitative PCR (q-PCR). Total
RNA was isolated from purified CLL cells from matched PB and LN patient
samples using the Allprep DNA/RNA mini kit (Qiagen). The synthesis of cDNA
was performed using the Verso ¢cDNA kit (Thermo Fisher Scientific). The
mRNA expression levels for SHP-1 and Ki-67 were quantified using q-PCR
analysis with SYBR Green probes (Roche). The samples were analyzed and run
on a Light Cycler 480 II real time PCR system (Roche) and normalized against
a reference gene (GAPDH).

Western blot analysis

(Paper I)

To determine the expression of SHP-1 and phosphorylated SHP-1, western blot
analyses were performed. The selected CLL PB cells and cells from matched PB
and LN were lysed at 4 °C in ice-cold lysis buffer supplemented with protease
inhibitors (Roche) and phosphatase inhibitors. The cell lysates were collected
and cleared by centrifugation at 15,000 g. All samples were normalized to en-
sure equal loading. Protein extracts were denatured at 65 °C in sample buffer
and, separated by SDS-PAGE (Bio-Rad). The separated proteins were trans-
ferred to a PVDF membrane, and blocked overnight in Tris-buffered saline
(TBS) containing 0.1 % Tween-20 and 5 % BSA. The membranes were incu-
bated with the following antibodies: anti-SHP-1 (Santa Cruz), anti-phospho-
SHP-1 Y536, phospho-SHP-1 S591 (Abcam) or -actin (Dako). After three
washes with TBS containing 0.1 % Tween-20 and § % BSA, the membranes
were incubated with HRP-conjugated secondary antibodies (Dako). Immuno-
detection and quantification was performed on an enhanced chemiluminescence
detection kit on a ChemiDocMP Imaging system (Bio-Rad).

Immunoprecipitation and protein tyrosine phosphatase assay

(Paper I)

In order to measure the activity of SHP-1, cell lysates of matched PB and LN
cells were incubated with anti-SHP-1 antibody conjugated to agarose beads
(R&D systems) and incubated for 3 hours with constant rotation. The beads
were then washed two times with lysis buffer and once with reaction buffer.
Tyrosine phosphatase substrate I was added and incubated for 30 minutes at
37°C with constant rotation. After incubation, the samples were transferred to
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a microplate and the reaction was terminated by adding Malachite Green Rea-
gent A and incubated for 10 minutes at room temperature (RT) and thereafter
Malachite green reagent B was added and incubated for 20 minutes more at RT.
The absorbance was measured at 620 nm using BIO-TEK® microplate reader
and the results were compared with a phosphate standard.

Flow cytometry analysis

(Paper I-11)

To investigate the expression level of SHP-1, intracellular flow cytometric anal-
ysis was performed (Paper I). The selected CLL cells from anti-IgM stimulated
or unstimulated PB cells and cells from matched PB and LN samples, were fixed
in 4% paraformaldehyde, permeabilized with 0,05% saponin, and incubated
with anti-SHP1-PE (Santa Cruz). The cells were analyzed using an Accuri C6
Flow Cytometer (BD Biosciences).

The surface expression of SA was investigated by flow cytometry (Paper II). The
cells were fixed with 4% formaldehyde and incubated with sonicated SA-MIP
or left in 3 % methanol/water as a negative control. The cells were incubated at
37 °C with 5% CO,, for 60 minutes. For analyzing the expression level of the
glycans, the cells were incubated with lectin-FITC or left unstained as a negative
control and incubated in darkness on ice for 20 minutes. The cells were analyzed
using flow cytometry.

Fluorescence microscopy

(Paper II)

To analyze the binding of SA on cancer cells, fluorescence microscopy was used.
Cells were adhered to polylysine treated slides for two hours, at 37 °C with 5%
CO; at 100% humidity. After incubation, the cells were fixed with 4% formal-
dehyde and incubated with sonicated SA-MIP or left in 3 % methanol/water.
The cells were incubated at 37 °C with 5% CQ,, for 60 minutes. After incuba-
tion, the cells were washed and incubated with DAPI (Thermo Fisher Scientific)
for 4 minutes at RT for nuclear staining. The cells were mounted with one drop
of mounting medium reagent (Molecular probe) and analyzed using fluores-
cence microscopy (EVO® LS 10, Carl Zeiss).

In order to analyze the expression level of the glycans, lectin-FITC was used.
Cells were grown on polylysine treated slides for two hours, at 37 °C with 5%
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CO; at 100% humidity. After incubation, the cells were fixed with 4% formal-
dehyde and incubated with lectin-FITC in PBS, or left unstained as a negative
control. The cells were incubated at RT for 60 minutes. After incubation, the
cells were washed and incubated with DAPI for 4 minutes at RT for nuclear
staining. The cells were mounted with one drop of mounting medium reagent
and analyzed using fluorescence microscopy.

Reagents

(Paper 111-1V)

Etoposide was dissolved in dimethyl sulfoxide (DMSO, Sigma— Aldrich) to in-
vestigate the cell death response. Etoposide was used at final concentrations of
1, 5 and 10 pM for up to 3 days (paper III). To obtain a cellular response (paper
IV), etoposide was used at a final concentration of 500 pM for up to 16 hours.

Cell viability measurements

(Paper IlI)

To measure cell viability using DH microscopy, different concentrations of cells
were seeded into 25 cm? flasks and allowed to adhere for 24 hours. The cells
were incubated further for 24, 48, 72 and 96 hours. Cell growth was monitored
with DH microscopy and several images were captured from each sample over
time and analyzed as described below.

In order to measure cell viability after etoposide treatment, cells were seeded
into 96-well plates and allowed to adhere for 24 hours followed by etoposide
treatment for 24, 48, 72 and 96 hours. MTS-assays were performed by adding
MTS solution (Promega) to the wells and the cells were then incubated for 2
hours. The absorbance was measured at 490 nm using a BIO-TEK® microplate
reader. The MTS assay is a colorimetric method for sensitive quantification of
viable cells and is based on reduction of the MTS solution by the cells, to gen-
erate a colored product.

Antibody-based microarrays
(Paper 1V)

For detection of captured cells, recombinant antibody arrays containing differ-
ent surface scFv were immobilized on glass slides through passive adsorption.
Suspension cell lines were left to bind for 30 minutes on the antibody-based
microarrays. After the incubation, attached cells were washed and treated with
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either etoposide, DMSO, or left untreated as a negative control. By using DH
microscopy, morphologic changes due to cell death were captured and analyzed
as described below.

DH microscopy analysis

(Paper 11-1V)

To detect morphology changes of death-induced cells, DH microscopy was
used. The cells were treated with etoposide and incubated for up to 3 days and
each day DH microscopy images were acquired. Several images were captured
from the samples over time and data of the cell number, confluence, cell volume,
and cell area were obtained (paper III).

Time-lapse series were run for 16 hours (paper IV). Holographic imaging was
performed every tenth minute for the same cell population. Image areas covered
with cells were then segmented using an automated computer algorithm Hsru-
dio, obtaining data of the cell number, confluence, area, volume, thickness, ec-
centricity and irregularity.

Statistical analysis

(Paper I and lll)

Mean and standard deviation were calculated for statistical analysis in paper I
and III. For the q-PCR results p-values were calculated. For the cell viability and
cell death studies, at least 20 images per sample were captured from at least two
independent experiments.
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RESULTS AND DISCUSSION

BCR signaling suppressor SHP-1 is active in CLL lymph node and pe-
ripheral blood (Paper 1)

SHP-1 expression and activity is downregulated or lost in several leukemias and
lymphomas (Amin et al. 2007; Khoury er al. 2004). This suggests that loss of
SHP-1 expression might be associated with both malignant transformation and
tumor cell aggressiveness (Kossev er al. 2001; Wu et al. 2003). In the present
study, we hypothesized that SHP-1 would be downregulated or inactivated in
the proliferative center, the LN cells. Considering that SHP-1 is a key phospha-
tase for suppression of BCR signaling, we analyzed the SHP-1 expression and
function in CLL proliferative LN cells in comparison with the PB cells. We
found that SHP-1 gene expression was decreased in 50% of patients in prolif-
erating LN cells when compared to PB cells of the same patient. Interestingly,
the expression of the proliferative Ki-67 gene expression level in these patient
samples was higher in LN than in PB, indicating lower SHP-1 expression in
more proliferative cells. However, differences in SHP-1 protein expression could
not be detected in LN and PB.

Since higher proliferative activity was seen, we investigated the phosphatase ac-
tivity of the BCR suppressor SHP-1. The results showed SHP-1 phosphorylation
in PB and LN samples. However, no significant differences in SHP-1 phosphor-
ylation comparing PB with LN could be observed. These results of SHP-1 pro-
tein and SHP-1 gene downregulation in LNs /7 vivo may be part of a strategy
for anergy maintenance in CLL, or alternatively it may indicate loss of function
by mutation (Vollbrecht er al 2015; Weibrecht er al. 2007). No changes of SHP-
1 phosphorylation after short time BCR stimulation (10 and 30 minutes) of PB
cells could be seen, however we observed a significant downregulation of phos-
phorylated SHP-1 in 48 hours BCR stimulated cells. This is in line with findings
in B1 cells in which CD5-SHP-1 association continues upon BCR engagement.
This limits the B cell response and B1 cells are retained in the anergic state (Sen
et al. 1999). This observation is noteworthy, since CLL B cells share several
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properties with B1 B cells, including CD5* expression and the anergic condition
(Bergh er al. 2014; Rosén er al. 2012).

Different expression levels of glycans on leukemic cells - a novel
screening method with molecularly imprinted polymers (MIP)
targeting sialic acid (Paper Il)

The SA expression level is known to be increased in metastatic cancer cells (Fer-
reira et al. 2013; Seidenfaden er al 2003), and hence, it is of importance to
analyze and determine the SA expression. However, the task is challenging ow-
ing to the limited availability of SA specific antibodies (Cho er al. 2014; Fujitani
et al. 2013). We have recently presented a novel method for specific detection
of SA using MIP-technology (Shinde er al. 2015). The aim of this study was to
perform an extended screening of SA expression by using SA-MIPs, including
four different CLL cell lines, conveniently analyzed by flow cytometry and flu-
orescence microscopy.

Our results showed that SA is expressed in the plasma membrane in all four
CLL cell lines at different levels. A higher expression of SA in the more aggres-
sive CLL cell lines was observed. HG3 and CI showed a higher expression com-
pared to the cell lines Wa-osel and AIIl. Lectin binding confirmed the results in
the CLL cell lines, and HG3 and CI displayed increased lectin binding, com-
pared to the cell lines Wa-osel and AIIl. This is in line with the fact that the
aggressiveness of the cancer cells correlates with increasing SA levels (Cui er al.
2011; Wang et al. 2009). HG3 and CI have unmutated IGHV genes, which are
associated with high cell proliferation and a more aggressive form of CLL. This
is in comparison to Wa-osel and Al cells, which have mutated IGHV genes, a
signature for less aggressive CLL cells (Rosenwald er al. 2001).

In order to evaluate the SA-MIP binding to the plasma membrane of the CLL
cell line HG3, cells were stained with SA-MIP or lectin-FITC and analyzed using
fluorescence microscopy. Overall, the SA-MIP led to a plasma membrane stain-
ing of the cells in a similar way as did the lectin.

These results showed that SA-MIP can be used as a plastic antibody for detec-

tion of SA using both flow cytometry and fluorescence microscopy. We suggest
that SA-MIPs can be used for screening of different circulating tumor cells of
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various stages, including CLL cells. Further analysis of the SA expression should
include primary CLL cells from patient samples.

Induction of morphological changes in death-induced cancer cells
monitored by holographic microscopy (Paper i)

DH microscopy is an approach for label-free non-invasive imaging of cultured
cells, in order to monitor growth, viability, and death (Kemper er al. 2010; Yu
et al. 2009). The aim of this study was to investigate whether death-induced
cancer cells can be distinguished from untreated cells using DH microscopy. In
the present study, we have investigated the morphological changes in two cell
lines using DH microscopy. We used a strategy similar to a previous study, aim-
ing at counting cells (Molder er al. 2008). 1L.929 and DU145 cells were treated
with different concentrations of etoposide and incubated over time. This analy-
sis was confirmed by a MTS assay.

The number of control cells increased over time, while for treated cells, the
numbers of cells was unchanged over time for L929 and DU145. The confluence
decreased for treated 1.929 cells compared to control cells that showed an in-
creased confluence over time. While for treated DU145 cells, the confluence
changed depending on the etoposide concentration and time points. However,
treated L.929 and DU145 cells showed increased cell area and cell volume com-
pared to untreated cells. The hologram images showed morphological changes
of etoposide treated 1.929 and DU14S cells over time compared to untreated
cells. The morphological changes were both time and concentration dependent
for both cell lines. At the highest concentration Etoposide induced cell death in
both cell lines already after 24 hours.

With DH microscopy, small differences between the two cell lines were clarified.
L1929 showed a lower sensitivity for etoposide at the lowest concentrations,
while for DU145 the confluence, cell area, and volume increased at first, and
then decreased over time. Our results showed that untreated control cells could
be distinguished from etoposide treated cells by determining cell number, con-
fluence, and morphological changes such as cell area and cell volume. Indeed,
the use of DH microscopy as a fast, automatic, and cost efficient evaluation tool
for different cancer treatments was promising. We believe that DH microscopy
is an important tool for personalized medicine investigations, determining the
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optimal therapeutic concentration for both individual treatment and for differ-
ent cancer types.

Interfacing antibody-based microarrays and digital holography ena-
bles label-free detection for loss of cell volume (Paper 1V)

DH microscopy has mainly been used for adherent cells (Marquet ez al. 2005).
Our previous results in paper III were based on adherent cells. Suspension cells
are difficult to analyze using DH microscopy. The aim of this study was to de-
velop DH microscopy for cell death analysis of suspension cells by combined
analysis with antibody-based microarrays. Here, we have uniquely introduced
antibody-based microarrays (Wingren er al. 2009) to the experimental DH set-
up. The DH microscopy combined with recombinant antibody microarrays pro-
vides a totally new capability regarding specific capture of suspension cells. In
the present study, we have used DH microscopy for analyzing the cell area,
thickness, and volume to evaluate the cell death progression in suspension cell
lines.

To investigate the cellular responsiveness, Jurkat and U2932 cells were treated
with either etoposide or DMSO and holograms were collected over time. Data
for cell number, cell area, cell thickness, cell volume, cell eccentricity, and cell
irregularity were collected for both cell types. Untreated Jurkat and U2932 cells
showed stable cell numbers over time and the two cell lines showed cell-specific
results of cell area and cell irregularity after treatment. The cell volume could
be analyzed in cells treated for up to 16 hours, showing a decrease in both cell
lines, whereas the volume of untreated cells was unchanged. Interestingly, the
U2932 cells showed a slightly different pattern compared with the Jurkat cells.
The mean cell area for the U2932 cells was slightly smaller compared with the
area of the Jurkat cells. Taken together, we have for the first time shown that
that DH microscopy in combination with antibody-based microarrays can be
used to analyze treated nonadherent leukemia cells in real time.

Our results provide support for using the concept of DH microscopy combined
with antibody-based microarray technology as a novel method for detecting
morphological changes in specifically captured death induced cells. Develop-
ment of fast and accurate evaluation tools for cancer treatments will be of great
value to clinicians in deciding the most appropriate treatment for patients.
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CONCLUDING REMARKS

The main finding in this thesis are as follows:

Paper |

50% of the patient samples showed high SHP-7 gene expression in PB
compared to LN and low Ki-67gene expression in PB compared to LN.
No significant differences in SHP-1 protein expression and SHP-1 phos-
phatase activity were observed in PB compared to LN.

We suggest that absence of SHP-1 protein and gene downregulation or
activation in proliferative centers/LNs 7n vivo may be part of a strategy
for anergy maintenance in CLL, or alternatively it may indicate loss of
function.

A limitation of our study is the low number of available matched LN
and PB patient samples. Additional patients are required to elucidate
the importance of SHP-1 in CLL pathogenesis.

Paper Il

SA-MIP have high specificity and affinity for SA and can be used as a
plastic antibody for detection of SA using both flow cytometry and flu-
orescence microscopy.

SA is differentially expressed in CLL cell lines and the expression is cor-
related to the aggressiveness.

Paper Il

42

DH microscopy is an excellent tool for cell-death analysis, where de-
crease of the cell volume could be analyzed in adherent cancer cells.



Paper IV

e The analyzed treated cells showed a decrease in volume, whereas the
volume of untreated cells was unchanged.

e Our results offer support for using the concept of DH microscopy com-
bined with antibody-based microarray technology as a novel method
for detecting morphological changes in specifically captured death in-
duced cells.

Taken together, this thesis takes cancer research one step further, which could
lead to a more individualized treatment for patients and for screening of circu-
lating cancer cells and metastasizing cancer cells in the body.
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POPULARVETENSKAPLIG
SAMMANFATTNING

Cancer ar en ledande dodsorsak i virlden och ar ett samlingsnamn pd mdnga
olika sjukdomar. Cancer utloses av att DNA i en cell muteras. Mutationen kan
paverka gener som kodar for specifika proteiner, vilka kontrollerar cellen. Cel-
len blir da okontrollerbar och vissa cancerformer kan metastaseras till andra
organ i kroppen. Cancerceller kannetecknas av formagan att undvika apoptos,
det vill siga programmerad celldod. Apoptos karakteriseras av en mangd olika
cellulara morfologiska forandringar. I normala celler dr celldod och celldelning
strikt kontrollerat via olika signaleringsvagar, dar olika proteiner aktiveras eller
inaktiveras beroende pa vilken signal cellen far.

I Sverige insjuknar ca 400 manniskor i kronisk lymfatisk leukemi (KLL) varje
ar och mediandldern for diagnos ar 72 ar. KLL paverkar B-celler i kroppen. B-
celler producerar antikroppar, vilka angriper frimmande organismer som en del
av immunforsvaret. KLL cancerceller vaxer langsamt, vilket gor att de inte alltid
slds ut av kemoterapeutiska lakemedel.

Avhandlingen har framfor allt fokuserat pd biomarkorer och teknikutveckling
i cancerforskning for en battre diagnos och en framtida individuell patientbe-
handling. Syftet med studie I var att analysera olika signaleringsviagar i KLL
som kan forhindra celltillviaxten. Vi har analyserat ett protein som heter SHP-1
och som visar hogt uttryck i KLL-celler. SHP-1 4r en signalmolekyl och har sin
normala funktion i celluldra processer, inklusive celltillvaxt och differentiering.
Vir hypotes ar att SHP-1 ar hogre uttryckt i perifert blod och darmed forhind-
rar tillvixten av KLL celler, jamfort med lymfknutan. Resultatet visar att half-
ten av de analyserade patientproverna uttryckte hogre SHP-1 i perifert blod
jamfort med lymfknutan. Dock kunde vi inte se ndgon skillnad mellan SHP-1
aktivitet i perifert blod och lymfknutan.

Det ar en utmaning for forskare att finna optimal behandling av cancer. Ofta
ar det svart att diagnostisera cancer i ett tidigt stadium. Stravan att finna effektiv

44



teknik och nya biomarkorer for att upptiacka cancer i ett tidigt stadium har varit
fokus for forskare i flera ar. I studie II har vi undersokt sialinsyra som finns pa
cellytan. Sialinsyra, som dr en del av kolhydratstrukturer, dr kand for att vara
hogt uttryckt i cancerceller och dnnu hogre i metastaserande celler. Sialinsyra
ar svar att mata for att det ar svart att producera antikroppar mot kolhydrat-
strukturer. Syftet med arbete Il var att mata sialinsyra pa cancerceller genom att
anvinda teknologin molekylart priaglade polymerer, MIP. Med hjilp av MIP
som binder till sialinsyra har vi lyckats mata och klassificera sialinsyra i aggres-
siva KLL-celler jaimfort med andra mindre aggressiva KLL-celler. Framtida MIP
forskning kan leda till tidig diagnos av cirkulerande cancer celler.

Digital holografi (DH) mikroskopi ar ett mikroskop med en inbyggd laser som
kan analysera levande celler direkt i odlingskirlen. Man far en 3D-bild av cel-
lerna och uppgifter om olika morfologiska matviarden som antal celler, celltit-
het, area, volym och tjocklek av cellerna i odlingskirlet. Syftet med studie III
var att analysera celldod med hjalp av DH-mikroskopi pa behandlade celler. Vi
har behandlat tva cellinjer med kemoterapeutiska likemedel och analyserat dem
med DH-mikroskopi under flera dagar. Resultaten visar typiska apoptoskarak-
tarer dar volymen, arean och tjockleken minskar och cellerna krymper ihop. Vi
har kunnat mita specifika skillnader mellan cellinjerna som resultat av kemo-
terapirespons. Framtida forskningsomrdden kan inkludera patientprover dar
man snabbt och enkelt kan testa olika behandlingar med DH, for att sedan valja
den behandling som patienten svarade bast pa. Detta innebdr en mojlighet att
skraddarsy cancerbehandling for den enskilde patienten.

DH-mikroskopi har frimst anvints for celler som vixer pa ytan i botten av
odlingskirl. Det har varit en utmaning att analysera leukemiceller med DH-
mikroskopi eftersom leukemiceller flyter runt, vilket gor det svart att analysera.
Syftet med studie IV var att mita celldod av leukemiceller med hjalp av DH-
mikroskopi kombinerad med en antikroppsbaserad analys. Vi har forst fingat
upp cellerna med specifika antikroppar som ar bundna pa en yta och sedan
behandlat cellerna med kemoterapi och analyserat med DH-mikroskopi. Resul-
tatet visade att cellerna band specifikt till antikropparna och satt bundna dar
under hela analysen. Behandlingen med kemoterapi visade typiska apoptos-
karaktdrer dar cellvolymen, arean och tjockleken minskade. Har kunde vi ocksd
konstatera olikheter i cellrespons hos de tva olika cellinjerna. Det bekriftar vara
resultat dar behandlingsrespons kan anvindas for bittre individuell patientbe-
handling.
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Sammanfattningsvis tar denna avhandling ett steg lingre inom cancerforsk-
ningen, vilket skulle kunna leda till en mer individualiserad behandling for pa-
tienter och for diagnos av cirkulerande och metastaserande cancerceller i krop-

pen.
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We are using the label-free technique of holographic microscopy to analyze cellular parameters including
cell number, confluence, cellular volume and area directly in the cell culture environment. We show that
death-induced cells can be distinguished from untreated counterparts by the use of holographic micros-
copy, and we demonstrate its capability for cell death assessment. Morphological analysis of two repre-
sentative cell lines (L929 and DU145) was performed in the culture flasks without any prior cell
detachment. The two cell lines were treated with the anti-tumour agent etoposide for 1-3 days. Measure-

K‘:’yf”urds" N ments by holographic microscopy showed significant differences in average cell number, confluence, vol-
Digital holographic microscopy N . .

Volume ume and area when comparing etoposide-treated with untreated cells. The cell volume of the treated cell
Cell death lines was initially increased at early time-points. By time, cells decreased in volume, especially when
Viability treated with high doses of etoposide. In conclusion, we have shown that holographic microscopy allows
Cell morphology label-free and completely non-invasive morphological measurements of cell growth, viability and death.
Imaging Future applications could include real-time monitoring of these holographic microscopy parameters in

cells in response to clinically relevant compounds.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cancer is the second leading cause of death both within the EU
as well as in America and it is a remarkably heterogeneous disease
that is characterized by unrestrained cell growth and division
(Jemal et al.,, 2011). A key challenge for researchers is to unravel
the full spectra of intricate mechanisms that drive cancer growth,
in order to aid the development of highly efficacious cancer treat-
ments that will improve prognosis and overall survival of the
patient. The loss of balance between cell viability and cell death
in cancer is a widely studied subject among cell biologists. There
are two types of cell death, apoptosis and necrosis. Apoptosis is
an orchestrated process of programmed cell death in vertebrates
that plays a central role in development and homeostasis, whereas
necrosis is the form of cell injury that results in the premature death
of cells in living tissue. The mechanism of apoptosis is complex and
involves many pathways (Wong, 2011). Morphologically, dying
cells differ vastly from viable cells in several aspects (Kroemer

* Corresponding author.
E-mail address: anette.gjorloff-wingren@mah.se (A. Gjérloff Wingren).

http://dx.doi.org/10.1016/j.jsb.2015.01.010
1047-8477/© 2015 Elsevier Inc. All rights reserved.

et al.,, 2005). Specific morphological features, in particular volume
changes accompany cell death processes and are often used to
define the different cell death pathways (Krysko et al., 2008).

Holographic microscopy is an approach for label-free non-inva-
sive imaging of cultured cells, in order to monitor growth, viability
and death. The technique is non-destructive and a non-phototoxic
method, allowing the user to perform both qualitative and quanti-
tative measurements of living cells over time. In comparison to
techniques that measure extracellular release of markers, such as
cell staining methods, and the western blot technique, holographic
microscopy enable the users to non-invasively collect information
on cellular area, confluence, shape, optical thickness and cell vol-
ume which can give an indirect measurement of cell volume
(Ferraro et al., 2005; Charriére et al., 2006; Carl et al., 2004;
Kemper et al., 2006; Rappaz et al, 2005; Mann et al., 2005;
Chalut et al,, 2012). Since the first studies on living cells, holo-
graphic microscopy has been used to study a wide range of differ-
ent cell types, e.g. protozoa, bacteria and plant cells, mammalian
cells such as nerve cells, stem cells, various tumor cells, bacte-
rial-cell interactions, red blood cells and sperm cells (reviewed
in Alm et al., 2013).
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It is also possible to use holographic microscopy for counting of
adherent cells (Mélder et al., 2008). Four different adherent human
cell lines were investigated by analyzing cells daily for up to
4 days. By performing measurements over time with holographic
microscopy, changes in proliferation pattern were recorded show-
ing high correlation with manual cell counting.

Recent holographic microscopy studies have shown that the
technique can be used to monitor cell changes in PanC-1 pancreatic
cancer cells, cell death in single DU145 prostate cancer cells (Alm
et al, 2013) as well as in microgravity-induced cell cycle altera-
tions in MLO-Y4 osteocytes (Pan et al., 2012). Moreover, holo-
graphic microscopy has been utilized for analysis of
staurosporine-induced cell death in human epithelial KB cells
(Khmaladze et al., 2012) and in studies of cell death triggered by
excessive stimulation of neurotransmitters in primary cultures of
mouse cortical neurons (Pavillon et al., 2012). Using cervical cancer
cell line, HeLa and Chinese hamster ovary cell line, CHO-K1, Kuhn
and co-workers described how the technique can be used for cyto-
toxic screening for high-throughput purposes (Kiihn et al., 2013).
Indeed, the use of holographic microscopy as a fast, automatic,
and cost efficient evaluation tool for different cancer treatments
is promising (Rappaz et al., 2014).

Here we show that morphological cellular changes, such as vol-
ume and area, induced by the chemotherapeutic anti-cancer drug
etoposide can be identified by monitoring with holographic
microscopy. We present data on measurements of growing cells,
proliferation, and dying cells, cell death induction, of L929 mouse
fibroblast cells and DU145 human prostate cancer cells.

2. Materials and methods
2.1. Cell lines and culture

1929 mouse fibroblast and DU145 human prostate cancer cells
were obtained from The American Type Culture Collection (ATCC/
LGC Standards, Teddington, UK). L929 cells were cultured in Mini-
mal Essential Medium (MEM) with 1% Non-Essential amino acids,
HEPES Buffer Solution 1M, t-glutamine 200 mM, 10% fetal calf
serum (FCS) and 1% penicillin/streptomycin. DU145 cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) with 1 g/l
glucose, 1% sodium pyruvate, 1% glutamine supplemented and
10% FCS and incubated at 37 °C in a humidified atmosphere con-
taining 5% CO, (medium and supplements were obtained from
Invitrogen, Carlsbad, CA, USA).

2.2. Reagents

Etoposide was dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich Co., St. Louis, USA) and used at a final concentration of 1,
5and 10 pM. 2 x 10° 1929 cells and 2 x 10° cells were seeded into
25 cm? flasks or 96-well plates, respectively. After 24 h, cells were
treated with etoposide and incubated for another 24, 48 and 72 h.

2.3. Cell viability measurements

Different concentrations of cells were seeded. L929 cells were
seeded at 50,000; 100,000; 150,000 or 200,000 and DU145 were
seeded at 150,000; 200,000; 250,000 or 300,000 into 25 cm? flasks
and allowed to adhere for 24 h. Following adherence, cell growth
was monitored with holographic microscopy over time, for 24,
48, 72 and 96 h. For cell death studies of L929 and DU145, 2,000
cells were seeded in 96-well plates with 100 ul of DMEM or
MEM medium respectively, and incubated for 24 h. Cells were then
treated with etoposide as described previously under Section 2.2.
Post-treatment, MTS-assay was performed by adding 20 pl of

MTS/PMS solution CellTiter 96° AQueous Non-Radioactive Cell
Proliferation Assay, Promega Corporation, Madison, USA) to the
desired wells and plates were then incubated for 2 h. The absor-
bance was measured at 490 nm by using BIO-TEK® micro plate
reader.

2.4. Digital holographic microscopy measurements

Following treatment with etoposide, holographic microscopy
images were acquired using Holomonitor™ M3 (Phase Holographic
Imaging AB, PHIAB, Lund, Sweden) equipped with a 0.8 mW HeNe
laser (633 nm). The laser intensity for this system is approximately
10 W/m? during imaging and the exposure time is less than 5 ms
(Gustafsson et al., 2004; Gustafsson and Sebesta, 2004). In the
M3 Holomonitor system, the laser ray is divided into two beams,
an object beam passing through the sample and a reference beam.
By combining both object- and reference beams together on a CCD
camera digital sensor, an interference pattern is created.

2.5. Computer software

The fully automated computer algorithm Hstudio (PHIAB) is
established by a standard Fresnel approximation and reconstructs
the interference shape (created of the reflected light of the object)
into a holographic image (Cuche et al,, 1999), with unwrapped
focal plane which construct a planar background (Sebesta and
Gustafsson, 2005).

The focal plane is automatically estimated by quadratic minimi-
zation of the variance of the amplitude image (Dubois et al., 2006).
The phase image at the focal plane is unwrapped using Flyn's
unwrapping algorithm (Ghiglia and Pritt, 1998) and fitted to a sec-
ond-order polynomial to construct an approximately planar back-
ground (Sebesta and Gustafsson, 2005; Miccio et al., 2007).

Several were captured from each individual sample. Image
areas covered with cells were then segmented using a
watershed-based algorithm, yielding data on cell number, conflu-
ence, cell volume and cell area could be obtained (Mdlder et al.,
2008). For absolute values of refraction indexes for cells and cul-
ture medium, assumptions were included in the automated com-
puter algorithm Hstudio. As the laser intensity is only
approximately 10 W/m? during imaging, and the exposure time
is less than 0.5, it is assumed that the laser irradiation has only
minimal effects on the physiological functions of the cells
(Molder et al., 2008; Hawkins and Abrahamse, 2006; Logg et al.,
2009; Tinevez et al., 2012).

2.6. Statistical methods

Mean and standard deviation were used for statistical analysis
of all calculations. For the cell proliferation and apoptosis studies,
at least 20 images per sample were captured from at least two indi-
vidual experiments. The error bars shown in the images were cal-
culated as the standard deviation between individual images.

3. Results
3.1. Measurements of cell growth curves using holographic microscopy

Different concentrations of 1929 cells (50,000-200,000) and
DU145 cells (150,000-300,000) were seeded and measured after
24-96 h. The number of cells per area unit (Fig. 1A and B) and
the confluence in % per area unit (Fig. 1C and D) were calculated
by digital holography. The number of cells and the confluence
increased over time for L929 and DU145 cells.
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Fig.1. 1L929 and DU145 cells were seeded at different cell concentrations and measured over time, 24, 48, 72, and 96 h. The number of cells (A and B) and the confluence in %
(C and D) were calculated for L929 cells (A and C) and DU145 cells (B and D), respectively, using holographic microscopy. Error bars are based of the total number of images.
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L1929 cells are shown in A and C, and DU145 cells are shown in B and D. Cell viability was also measured with an MTS assay on treated and untreated L929 (E) and DU145 (F)
after 24, 48, and 72 h. Error bars are based on the total number of images.

3.2. Measurements of viability, cell number and confluence

Induction of cell death was analyzed after 24, 48 and 72 h treat-
ments with 1, 5 and 10 uM etoposide in L929 and DU145 cells.
Concentrations of etoposide higher than 10 uM killed both cell

lines already after 24 h incubation. The number of control cells
per area units increased over time, while for treated cells, the num-
bers of cells was unchanged over time (Fig. 2A and B). The conflu-
ence in percent per area units increased for L929 control cells over
time, while a minor increase of the confluence was obtained over
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Fig.3. L929 mouse fibroblast cells were treated with etoposide (1, 5 and 10 M) or left untreated, control. Images of the cells were captured using holographic microscopy
after 24, 48 and 72 h, respectively. Hologram pictures show the morphology changes over time with the different concentrations of etoposide.
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Fig.4. DU145 prostate cancer cells were treated with etoposide (1, 5 and 10 uM) or left untreated. Images of the cells were captured by holographic microscopy after 24, 48
and 72 h, respectively. Hologram pictures show the morphology changes over time with the different concentrations of etoposide.
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time in the treated cells (1 and 5 pM etoposide). For 10 uM etopo-
side treated cells, the confluence was unchanged over time
(Fig. 2C). For DU145 control cells, the confluence increased over
time, while for cells treated with 1 uM etoposide, the confluence
remained unchanged over time. For cells treated with 5 M etopo-
side, the confluence increased after 48 h and decreased after 72 h.
For 10 UM etoposide treated cells, the confluence decreased at all
time-points (Fig. 2D).

To confirm the ability to use holographic microscopy for cell
viability, an MTS-assay was performed. L929 and DU145 cells were
treated and analyzed after 24, 48 and 72 h. The L929 and DU145
cell viability increased over time for control cells and decreased
for treated cells. For etoposide concentrations less than 1 puM, the
viability for DU145 decreased, whereas for L929 the viability
increased but at a much lower rate, compared to the control
(Fig. 2E and F). The addition of the drug vehicle DMSO had no effect
on the parameters investigated in this study (data not shown).

3.3. Morphological changes in hologram images

The morphology of etoposide treated L929 and DU145 cells
changed after 24-72 h compared to untreated cells. The cell area
increased and the number of cells decreased compared to the
untreated cells (Figs. 3 and 4). As seen in the hologram images,
the morphological changes were both time dependent and etopo-
side concentration dependent.

3.4. Measurements of the mean cell area and the mean cell volume
with digital holography

The mean cell area and the mean cell volume were also mea-
sured with digital holography. While the cell volume decreased,
there were no major changes of the L929 and DU145 cell area for
untreated cells over time. However, L929 and DU145 cells treated
with 1 and 5 uM etoposide showed an increased cell area (Fig. 5A

and B) and cell volume (Fig. 5C and D) compared to untreated cells,
while the cells treated with 10 pM etoposide showed decreased
cell area and volume.

4. Discussion

In the current study investigating morphological changes in two
cell lines using holographic microscopy, we undertook the same
strategy as in a previous study when counting cells using the same
method (Mdlder et al., 2008). By first optimizing the cell growth
curves for viable cells with holographic microscopy, we could
determine the morphological changes after etoposide-treatment
over time.

Here we show the results of careful measurements on cell pop-
ulations, analyzed with holographic microscopy and the commonly
used MTS viability assay. The growth curves obtained with holo-
graphic microscopy and MTS assay were very similar. With holo-
graphic microscopy, we are able to show that untreated control
cells could be distinguished from etoposide-treated death-induced
cells by determining cell number, confluence and morphological
alterations such as cell area and volume. When treating the cells
with the lowest dose of etoposide, 1 UM, the number of both
1929 and DU145 cells decreased already at 24 h, which was the
first time point analyzed. The overall decrease in cell number
was both time dependent and concentration dependent, and was
more prominent when analyzing cell confluence, especially at the
lower doses of etoposide. Indeed, this is due to the initial swelling
of the dying cells, resulting in an increase of both the cell area and
volume of the L929 and DU145 cells at etoposide concentrations of
1 and 5 pM, respectively. Only the high dose of etoposide (10 M)
induced an initial decrease in the cell area and volume.

The results shown in this study are on cell populations, but sin-
gle cells can also be analyzed. We have previously analyzed and
monitored individual cells treated with etoposide at early time-
points by holographic microscopy. DU145 cells that contracted
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became dense and rounded up after approximately 4 h of treat-
ment (Alm et al., 2013). Thereafter, the cells became uneven and
5.5 h after the beginning of etoposide treatment, the cells frag-
mented. Interestingly, the remnants of the cell body contracted
into a smaller cell-like structure that resembled an apoptotic body.
The fragmentation of the cell is a classic hallmark of apoptosis.

Cell volume regulation of neuronal cells has been monitored by
holographic microscopy phase response, which allowed estima-
tions in a very short time-frame (Pavillon et al., 2012; Rappaz
et al., 2014). By varying the concentration and exposure time of
L-glutamate to primary cultures of mouse cortical neurons, Pavillon
et al. could identify reversible phase responses corresponding to
phase recovery though an efficient ionic homeostasis. By monitor-
ing the phase shift, nuclear condensation and “blebbing” induced
by treatment was distinguished, which could indicate that cells
were apoptotic rather than necrotic. Importantly, cells recognized
within minutes by their holographic microscopy phase signal as
unable to regulate their ionic homeostasis, were only several hours
later identified as dead by trypan blue staining. Interestingly, Rap-
paz et al., compared holographic microscopy with both differential
interference contrast (DIC) and transport of intensity equation
(TIE) and showed the advantages with holographic microscopy
for automated phenotypic drug screening (Rappaz et al.,, 2014).
Moreover, Khmaladze and colleagues used holographic microscopy
to measure early stage morphological features of apoptosis in cells,
which were associated with a marked decrease in cell volume
(Khmaladze et al., 2012). Monitoring drug effects can help avoid
cancer cells from spreading or developing drug resistance as a
result of an ineffective treatment approach. Importantly, we have
also recently shown that holographic microscopy has the capacity
to identify specific changes in cell phase volume that correlate to
either a G1 or a G2/M arrest (Falck Miniotis et al., 2014). In that
study, holographic microscopy analysis of average cell phase vol-
ume was of comparable accuracy to flow cytometric measurement
of cell cycle phase distribution as recorded following dose-depen-
dent treatment with etoposide. We believe that holographic
microscopy is an important tool for future image-based analyses
of cell volume changes.

5. Conclusion

We demonstrate that morphological changes in cancer cell cul-
tures can be monitored by holographic microscopy. The cell-death
induction provides data on decreased cell volume. This can open a
new window for personalized medicine investigations, determin-
ing the optimal therapeutic concentration for both individual
treatment and for different cancer types.
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Future Science

Interfacing antibody-based microarrays
and digital holography enables label-free
detection for loss of cell volume

Background: We introduce the combination of digital holographic microscopy (DHM)
and antibody microarrays as a powerful tool to measure morphological changes in
specifically antibody-captured cells. The aim of the study was to develop DHM for
analysis of cell death of etoposide-treated suspension cells. Results/Methodology: We
demonstrate that the cellnumber, mean area, thickness and volume were noninvasively
measured by using DHM. The cell number was stable over time, but the two cell lines
showed changes of cell area and cell irregularity after treatment. The cell volume
in etoposide-treated cells was decreased, whereas untreated cells showed stable
volume. Conclusion: Our results provide proof of concept for using DHM combined
with antibody-based microarray technology for detecting morphological changes in
captured cells.

We use an innovative technique that combines digital holographic microscopy and
the capture of cells with antibody microarrays as a powerful tool to measure cellular
morphological changes. With this technique, the cells can be noninvasively viewed
in 3D over time. We obtain results showing changes in cellular parameters including
cell area, thickness and volume of the captured cells after treatment with the cell
death-inducing drug etoposide. The cell volume in etoposide-treated cells showed
a decrease, while untreated cells remained stable. Digital holographic microscopy
combined with antibody microarray technology can be a future method for detecting
morphological changes in treated cancer cells.

Keywords: antibody e cellular ¢ holography e microarray e volume

The novel technique for noninvasive cell
analysis used in this study is label-free and
enables qualitative and quantitative measure-
ments of cellular shape and optical thick-
ness [1-10]. Digital holographic microscopy
(DHM) have previously been evaluated by
us, as a cell counting tool for adherent cells
and compared with manual counting with a
hemocytometer, showing that the technique
was comparable with manual counting,
with the additional benefits of being auto-
matic, label-free and not damaging to the
cells (3. The recent development in digital
holography has been possible due to techni-
cal advances in digital sensors and comput-

ers [11. The holographic principle is based

on the phenomenon of interference between
wave fronts of coherent light scattered by the
object studied and an unaffected (not scat-
tered) reference wave front. In digital holog-
raphy, a digital sensor (e.g., a CCD-sensor)
is used for recording and the reconstruction
is performed numerically by computer soft-
ware [12]. In one recording, three images are
taken in three different exposures; the object
image, the reference image and the hologram
image, which is the interference pattern of
the object and the reference light 113). All
information needed for 3D reconstruction
is contained in the hologram since the focus
depth can be altered to any distance after the
image has been taken. By reconstructing the
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Table 1. Schematic of the array layout and binding of the 13 different single-chain variable antibody

fragment fragments directed against two carbohydrates and five different cell surface membrane

proteins.
Array row Specificity scFv clone scFv concentration (mg/ml) Jurkat binding U2932 binding
1 CD40 ligand Clone-1 0.20-0.23 - -
2 LeX Clone-1 0.20-0.28 ++ ++
3 LeX Clone-2 0.20-0.28 ++ -
4 LeY Clone-1 0.20-0.21 - +
5 Sialyl LeX Clone-1 0.20-0.24 + -
6 CD40 Clone-1 0.28-0.40 - +
7 CD40 Clone-2 0.20-0.26 - +
8 CD40 Clone-3 0.20-0.24 - +
9 HLA-DR Clone-1 0.20-0.24 - ++
10 ICAM-1 Clone-1 0.20-0.26 - -
1" IgM Clone-1 0.20-0.28 - -
12 IgM Clone-2 0.20-0.28 - -
13 IgM Clone-3 0.20-0.26 - -
14 Phosphate-buffered - - - -
saline

image of the object in multiple adjacent planes the 3D
image can hence be built up [12].

The balance between cell growth and controlled
cell death is very crucial for many physiological pro-
cesses [14]. Morphologically, dying cells differ from via-
ble cells in many ways, including cell volume changes.
The characteristics of apoptosis are a variety of mor-
phological changes such as loss of cell membrane
asymmetry and attachment, cell shrinkage, forma-
tion of small blebs, nuclear fragmentation, chromatin
condensation and chromosomal DNA fragmentation
and finally breakdown of the cell into several apoptotic
bodies [15.16]. The most commonly used assays to dif-
ferentiate between viable and non-viable cells today are
trypan blue and propidium iodide staining, both labo-
rious and time-consuming methods. Therefore, DHM
is now one of the popular technologies that are used
by several groups for cancer cell morphology analyses.
DHM has recently been used to measure cell volume
changes induced by apoptosis with high time and vol-
ume resolution, and in real-time [17]. In another study,
excessive stimulation of neurotransmitters through
addition of L-glutamate was used to induce cell death
in primary cultures of mouse cortical neurons [10].
Cell volume regulation was monitored by DHM phase
response which allowed estimation in a very short
time-frame, if a neuronal cell would survive or die.

To enable DHM analysis of death-induced suspen-
sion cells, we have uniquely added antibody-based
microarrays [18] to the experimental set-up. High-

performing recombinant antibody microarrays have
been developed for immunophenotyping, paving the
way for large-scale analysis [19]. Indeed, antibody-based
microarray techniques have been used to determine dis-
criminating surface antigen (CD) expression profiles
for different B-cell populations and their correlations
to discrete leukemia subtypes as well as drug target
identification of leukemia cells [20-23]. Moreover, Sty-
bayeva et al. recently showed that lensfree holographic
imaging combined with antibody microarrays can be
used for both characterization of T lymphocytes (CD4
vs CD8) and quantification of cytokine signals [24].

The recombinant antibody-based microarrays were
used in this study for specific antigen-capture and
immobilization of two selected suspension cell lines,
a diffuse large B-cell lymphoma (DLBCL) cell line
(U2932) and the T-cell acute lymphoblastic leukemia
cell line Jurkat, in combination with subsequent analy-
sis with DHM. Results showed a stable cell number
over time for both untreated and treated cells. The
cell volume was not changed in untreated cells when
analyzed for up to 960 min (16 h), whereas for Jurkat
T-cells, the etoposide and dimethyl sulfoxide (DMSO)
concentrations used in the study resulted in a decline
in cell volume after treatment. For the U2932 B-cells,
the etoposide-treatment showed a decrease in cell
volume after the same time. The results suggest that
DHM is advantageous as a future evaluation tool for
suspension cell treatments based on the morphological
volume changes accompanying cell death.
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Digital holography enables detection of cell volume loss

Materials & methods

Cell lines

The Jurkat cell line was from ATCC-LGC (LGC Stan-
dards, Teddington, Middlesex, UK), whereas U2932
was obtained from Department of Oncology, Genetics
and Pathology, Uppsala, Sweden. Both cell lines were
maintained in RPMI 1640 (Invitrogen, San Diego,
CA, USA) supplemented with 10% fetal calf serum
and 50 pg/ml gentamycin (Invitrogen). The cells were
cultured in a humidified atmosphere at 37°C with 5%
CO,. A volume of cell suspension containing 2 million
cells was centrifuged and thereafter re-suspended in
1 ml phosphate-buffered saline (PBS) with 0.5% (w/v)
bovine serum albumin (BSA). The cell suspension con-
taining 200,000 cells/100 pl in PBS with 0.5% (w/v)
BSA was applied to an antibody array and incubated at
room temperature for 30 min. The array was thereaf-
ter washed manually less than equal to ten-times with
100 pl PBS-0.5% BSA each time, until no cells were
found outside the antibody functionalized spots, in
other words the cell binding areas were clearly visible.

Cell treatment

For each experiment, time-lapse series were run for
960 min (16 h) and holographic imaging was per-
formed every tenth minute. Each experiment was per-
formed at least twice. The experiments were conducted
in air without supplemented CO, and at room tem-

(5]

perature. To avoid drying, a cover glass was attached
over the cells. The cell suspension containing 200,000
cells in 100 pl PBS-0.5% BSA was applied to an anti-
body array and incubated at room temperature for
30 min. After washing, the antibody coated spots 10
which any cells had specifically bound were clearly and
distinctly visible. For untreated cells, 30 ul PBS-0.5%
BSA was added to the adhered cells. For treated cells,
either 30 ul of 10% DMSO, or 30 pl of 500 uM eto-
poside (Sigma-Aldrich Co., MO, USA) in PBS-0.5%
BSA was added to the array before covering.

Antibody microarrays

Recombinant antibody arrays containing 13 different
single-chain variable antibody fragments (scFv) [25]
against five different cell surface membrane proteins
and two carbohydrates, plus a negative control (PBS)
were immobilized to silane-coated glass slides (Sigma-
Aldrich) through passive adsorption. The scFv anti-
bodies were selected from a large phage display library.
This library represents a renewable antibody source,
and the antibodies have been designed for microar-
ray applications by molecular design, thus displaying
high-on chip performance (e.g., stability, reproduc-
ibility, functionality and specificity). The probe source
(format) has been found to display superior on-chip
performances compared with conventional mono-
clonal and polyclonal antibodies [2526]. The specific

(C)

Research Article

Figure 1. Jurkat cells captured on antibody Lewis X Clone-1. (A) Reference diffraction pattern; (B) object diffraction pattern and (C)
hologram diffraction pattern; (D) numerical reconstruction of the hologram rendered the 3D image of the cells; (E) segmentation
algorithm marked each individual cell; and (F) 3D image of the Jurkat cells.
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Figure 2. Hologram images of Jurkat cells captured on antibody Lewis X Clone-1. The images are showing control,
DMSO and etoposide-treated cells at four different timepoints: 10, 310, 630 and 950 min. The cells are segmented

to analyze cell parameters.

DMSO: Dimethyl sulfoxide.

13 antibodies used in this study were selected based
on the criteria that they were tested to work well in
microarray applications and directed against target
antigens located in the cell surface membrane [19.27.28].
More specifically, we use recombinant scFv antibod-
ies that have been designed for microarray applica-
tions by molecular design, thus displaying high-on
chip performance. The scFv antibodies can target both
high- and low-abundant (pM to fM range) analytes in
crude nonfractionated proteomes in a highly specific
and reproducible manner (CV < 10%). The scFv anti-
bodies were produced in Escherichia coli and purified
using Ni**-NTA affinity chromatography as described
elsewhere [29].

The purified antibodies were stored in PBS at
4°C until use. The arrays were produced by dispens-
ing 300 pl antibody solution (0.24 + 0.35 mg/ml) in
discrete positions using the noncontact inkjet printer
Sci Flexarrayer S11 (Scienion AG, Berlin, Germany).
In this study, we printed four subarrays per slide, and
each subarray was composed of 14 x 8 individual spots,

meaning that 13 antibodies + 1 control was spotted in
cight replicates.

Microscope & software

For cell imaging the HoloMonitor™ M2 (Phase Holo-
graphic Imaging AB, Lund, Sweden) was used, which
combines both phase contrast microscopy and digital
holography. It uses a 0.8 mW HeNe laser (633 nm) with
an intensity of approximately 10 Wm™. The exposure
time during imaging was less than 3 ms which assures
insensitivity to vibrations and minimal physiological
effects on cell function. The image algorithm HoloStu-
dio (Phase Holographic Imaging AB) was used to ana-
lyze different cell parameters, for example, cell area, cell
thickness and cell volume, as described elsewhere [3.6-8].

Results

Antibody binding of Jurkat & U2932 cells

The degree of cell binding to the arrayed antibodies was
first studied using phase contrast microscopy (Table 1).
One cell binding antibody area was selected for holo-
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graphic photography. The antibody area was selected
based on representative cell binding and number of
cells bound, over several trials. The number of cells
that bound to each antibody spot varied between about
25 and 65, but most spots contained 30 to 40 specifi-
cally captured cells. The last criterion was included to
avoid two cells being segmented as one because of too
close binding. The consistency in the binding patterns
could hence be noticed. The Jurkat cells bound to the
Lewis X Clone-1 and Clone-2 antibodies and some-
times a weak binding to sialyl Lewis X antibodies could
be observed. For Jurkat cells Lewis X Clone-1 antibody
was used for holographic measurements. U2932 cells
bound consistently to Lewis X Clone-1 and HLA-DR
antibodies and in some cases also to CD40 and Lewis
Y antibodies. When imaging U2932 cells, HLA-DR or
Lewis Y antibody spots were selected.

Image acquisition & analysis of cell properties
For each time point of holographic measurements,
three images were obtained: the object wave image,

310 min

10 min

Control

DMSO

Etoposide
500 M

the reference wave image and the hologram image,
which is the interference pattern of the former two,
as shown for untreated Jurkat cells (Figure 1A-C). A
‘height map’ (Figure 1D), was performed by the com-
puter software, which subsequently used a segmenta-
tion algorithm to find the individual cells enabling
analysis of cell parameters (Figure 1E). The segmen-
tation process most often succeeded well in dividing
between adjacent cells, but for some samples the focus
had to be reset manually to make the image sharp
enough for segmentation or the segmentation param-
eters (e.g., threshold for core thickness) had to be
adjusted. Numerical reconstruction of holograms into
a 3D image (Figure 1F) was performed by the com-
puter software which subsequently used a segmenta-
tion algorithm to find the individual cells enabling
analysis of cell parameters.

Analysis of cell holograms
To investigate the cellular responsiveness, Jurkat and
U2932 cells were treated with etoposide, DMSO or

630 min 950 min

Figure 3. Hologram images of U2932 cells captured on antibody HLA-DR. The images are showing control, DMSO
and etoposide-treated cells at four different timepoints: 10, 310, 630 and 950 min. The cells are segmented to

analyze cell parameters.
DMSO: Dimethyl sulfoxide.
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left untreated and a cover glass was added to avoid
evaporation and keep concentrations constant. Holo-
grams were collected every tenth minute for a period
of 16 h. To show images of the holograms after seg-
mentation, four different time points were chosen for
Jurkat cells and U2932 cells, respectively. Jurkat cells
captured on antibody Lewis X Clone-1 are displayed

El-Schich, Nilsson, Gerdtsson, Wingren & Gjérloff Wingren

as control, DMSO and etoposide-treated cells at the
time-points 10, 310, 630 and 950 min (Figure 2). An
enlargement of the cell area is seen in Jurkat cells after
DMSO-treatment. U2932 cells captured on antibody
HLA-DR are displayed as control, DMSO and etopo-
side-treated cells at the timepoints 10, 310, 630 and
950 min (Figure 3).
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Figure 4. Different cellular parameters of treated (etoposide or dimethyl sulfoxide) or untreated Jurkat cells
captured on antibody Lewis X Clone-1 were analyzed over time. (A) Number of cells; (B) mean cell area; (C) mean
cell volume; (D) mean cell thickness; (E) mean cell eccentricity; and (F) mean cell irregularity.
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Analysis of cell parameters

Data for cell number, cell area, cell thickness, cell vol-
ume, cell eccentricity and cell irregularity were col-
lected and the results for the different treatments of
Jurkat and U2932 were plotted versus time. Untreated
Jurkat cells showed stable cell number over the time
period (Figure 4A). The mean cell area for untreated
Jurkat cells was also stable and was measured to 110—
120 pwm? (Figure 4B). When treating the Jurkat cells
with either the solvent DMSO or high concentrations
of etoposide (500 puM), the mean cell area became
unstable. The DMSO treatment initially resulted
in an increase of the cell area (also seen in Figure 2),
and with time a decrease down to 60-70 pm?, which
was similar to the final mean cell area of etoposide-
treated Jurkat cells. The mean cell volume was initially
around 600 um’. The volume of DMSO-treated cells
decreased much faster than etoposide-treated cells, but
after about 800 min, the cells have reached about the
same decrease in mean cell volume. The mean eccen-
tricity of the cells does not show any major variations
(Figure 4E), whereas an increase in the mean cellular
irregularity was more pronounced for DMSO-treated
cells (Figure 4F).

Interestingly, the U2932 cells showed a somewhat
different pattern compared with the Jurkat cells. First,
the untreated U2932 cells showed stable cell number
over the time period (Figure 5A), but the cell number
for the treated U2932 cells were lower from the begin-
ning of the experiment (also seen in Figure 3). The
mean cell area for the U2932 cells was slightly smaller
compared with the area of the Jurkat cells (Figure 5B).
The DMSO-treatment resulted in a fast increase of the
cell area, but at a later time point the area decreased.
The etoposide-treatment resulted in a later increase of
the cell area (600 min), which finally declined. The
mean cell thickness and volume of treated U2932 cells
showed initially a slight increase (Figure 5C). Over
the time period of measurement, only the etoposide-
treated U2932 cells showed a change in cell volume
from 600 um® down to 200 um?’. The mean eccen-
tricity of the U2932 cells does not show any major
variations (Figure 5E), whereas etoposide-treated cells
showed a peak in increased mean cellular irregularity
between 600 and 900 min. (Figure 5F).Taken together,
we showed for the first time that DHM in combina-
tion with antibody microarrays could be used to ana-
lyze treated nonadherent DLBCL and T-cell acute
lymphoblastic leukemia cells in real time.

Discussion

Development of fast and accurate evaluation tools for
cancer treatments will be of great value to clinicians in
deciding the most appropriate treatment for patients.

The novel technology of DHM uniquely combined
with recombinant antibody microarrays presented
here provides a whole new ability of specific capture of
suspension cells and determination of qualitative and
quantitative cellular parameters, combined with a sub-
sequent in real time analysis of induced morphologi-
cal changes after treatment with cell-death inducing
agents. In this study, we have used DHM for deter-
mining the cell area, thickness and volume to evalu-
ate the cell death progression in suspension cell lines
treated with either etoposide or the solvent DMSO.
Experiments were conducted over night with a cover
glass attached on top of the antibody microarray to
minimize evaporation. Untreated controls for both
U2932 and Jurkat cells showed very good stability for
measurements up to 16 h, with no changes in the mea-
sured cell number. Furthermore, no notable detach-
ment of cells from the antibodies could be detected.
The adhesion profile is in agreement with a previous
study using the DHM, where U2932 cells were found
to adhere strongly to antibodies binding to HLA-DR
and Lewis X antibodies (unpublished results). For con-
trol cells, the mean cell area, thickness and volume
measurements were stable.

Both cell lines were treated with high concentra-
tions of etoposide for induction of fast morphological
changes. Changes in cell volume are associated with
both normal cellular processes such as proliferation and
cell cycle regulation, butalso associated with programed
cell death 17]. Here, we show that the cell volume of
ctoposide-treated Jurkat cells and U2932 cells decreases
2-3 h after initiating the treatment. For U2932 cells,
the decrease in cell thickness after etoposide-treatment
was prominent and also affects the overall cell volume
decrease. Etoposide causes errors in the DNA synthesis
and promotes apoptosis of the cancer cell by forming
a ternary complex with DNA and the enzyme topoi-
somerase II [30]. Interestingly, the solvent DMSO also
resulted in prominent swelling of the Jurkat cells, quite
in contrast to the outcome of the U2932 cells.

We also show novel results on the morphological cell
parameters eccentricity and irregularity. Interestingly,
the Jurkat cells showed a high degree of irregularity
after DMSO-treatment. In contrast, the etoposide-
treated U2932 cells showed a peak in both cellular
eccentricity (unconventional or irregular behavior)
and cellular irregularity after 600 min of treatment,
indicating the possibility to measure morphological
changes at any time point during DHM analysis.

The interest for analyzing cell volume changes of
adherent cells with DHM as a result of cytotoxicity or
apoptosis treatment has recently increased in popular-
ity (101731-33). Hematological neoplasms, such as leu-
kemia and lymphoma, are examples of diseases that
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could benefit from development of the DHM tech-
nique. There are many different subtypes of hemato-
logical malignancies and several different techniques
are used to classify samples from patients, for exam-
ple, morphology, pathological studies, immunophe-

El-Schich, Nilsson, Gerdtsson, Wingren & Gjérloff Wingren

notyping, cytogenetics and molecular genetics [34,33].
Although significant advances in diagnostics have been
made during the last decades, there are still difficulties
with stratification of important disease categories such

as DLBCL and follicular lymphoma.
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Figure 5. Different cellular parameters of treated (etoposide or dimethyl sulfoxide) or untreated U2932 cells
captured on antibody HLA-DR were analyzed over time. (A) Number of cells; (B) mean cell area; (C) mean cell
volume; (D) mean cell thickness; (E) mean cell eccentricity; and (F) mean cell irregularity.
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In conclusion, we have provided evidence that sus-
pension cells specifically captured by recombinant
antibody-based microarrays, ecither individual cells
or cell populations, could be monitored in real time
directly on glass slides, and morphological parameters
such as cell area, thickness, volume and irregularity
could readily monitored and analyzed.

Conclusion & future perspective

Different subclasses of leukemia and lymphoma
need different treatment protocols involving chemo-
therapy, radiation therapy and bone marrow stem
cell transplantation and the prognosis for different
diagnoses is also varying. To improve the outcome
for patients with hematological malignancies, new
therapies are required, but as a correct diagnosis is
crucial for the choice of treatment and hence the
outcome. There is also an urgent need for fast and
more accurate diagnostic tools. Considerable prog-
ress has been made in the DHM field in the past few
years, and the use of DHM combined with antibody
microarrays as a fast, automatic and cost efficient
evaluation tool for different cancer treatments looks
promising.

Executive summary
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¢ Suspension cell lines can be captured to antibody-based microarrays and thereafter measured for cell number,
mean cell area, thickness and volume using digital holographic microscopy.

irregularity after treatment.

untreated cells showed stable volume.

The cell number was stable over time and the two cell lines showed cell-specific results of cell area and cell
The cell volume could be analyzed in cells treated for up to 16 h, showing a decrease in both cell lines, whereas

Our results provide support for using the concept of digital holography combined with antibody-based

microarray technology as a novel method for detecting morphological changes in specifically captured death-

induced cells.
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